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Abstract

One of the most important 'messengers’ of many high energy phenomena in our universe
are y-rays. The detection of very high energy (VHE) cosmic y-radiation by ground-based
Cherenkov telescopes has opened a new window to the Universe, called vy-ray astronomy.
It is a rapidly expanding field with a wealth of new results, particularly during the last
two years, due to the high sensitivity of a new generation of instruments. The major
scientific objective of y-ray astronomy is the understanding of the production, acceleration
and reaction mechanisms of very high energy particles in astronomical objects. This is
tightly linked to the search for sources of the cosmic rays.

The MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) telescope is one of
the new generation of Imaging Air Cherenkov Telescopes (IACT) for VHE ~-ray astronomy.
With its 17 m diameter mirror the MAGIC telescope is today the largest operating single-
dish TACT. It is located on the Canary Island La Palma (28.8°N, 17.8°W, 2200 m asl.).

Recently, eight new galactic VHE ~-ray sources were detected by the HESS collabora-
tion. They have either no or very weak counter-parts in other wavelengths. This makes
them ideal candidates for accelerators of hadronic cosmic rays. The Galactic Center was
also found to be a source of VHE v-rays by various groups. However, the reported spectra
differed significantly such that the nature of the source could not yet be identified.

In this thesis, observations of three galactic sources of VHE v-rays with the MAGIC te-
lescope are discussed: the source at the Galactic Center and two sources in the galactic disc
HESS J1813-178 and HESS J1834-087. The positions, extensions, morphologies and the
differential fluxes of these sources are presented using the data from the MAGIC telescope,
and possible flux variations with time are studied. To identify the y-ray production mech-
anism and the nature of the sources, the y-ray sources are related to possible counter-parts
in other wavelength bands. For HESS J1813-178, leptonic and hadronic models for the
multiwavelength emission are developed and compared to the data to identify the physical
processes at work in the source. The source at the Galactic Center is shown to be a stable
emitter of VHE v-rays, and the implications for the source models are discussed.

As these sources are located in the southern sky and can only be observed under large
zenith angles with the MAGIC telescope, suitable observation and analysis procedures for
large zenith angles had to be developed. In order to achieve the best possible background
determination, the sources were observed in the off-source tracking observation mode.

To further increase the sensitivity of the MAGIC telescope, new ultra-fast read-out
electronics components have been developed as an upgrade project for the MAGIC tele-
scope. The performance of the new system is evaluated based on prototype tests in the
MAGIC telescope at La Palma. The production, tests, and installation on the MAGIC
telescope of a full-scale read-out system are described.
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Zusammenfassung

Die Beobachtung von sehr hochenergetischer kosmischer ~-Strahlung durch erdgebun-
dene Cherenkov-Teleskope hat ein neues Fenster zu unserem Universum geoffnet: Die -
Astronomie. Eine der bedeutendsten Fragestellungen der y-Astronomie ist das Verstandnis
der Produktion, Beschleunigung und der Reaktionsmechanismen hochenergetischer Teilchen
in astronomischen Objekten, die Suche nach den Beschleunigern der kosmischen Strahlung.

Das MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) Teleskop ist ein
abbildendes Cherenkov-Teleskop der neuesten Generation fiir die y-Astronomie. Mit seinen
17 m Spiegeldurchmesser ist das MAGIC Teleskop das gréfite Cherenkov-Teleskop. Es
befindet sich auf der Kanarischen Insel La Palma (28.8°N, 17.8°W, 2200 m iiber NN).

In 2005 wurde hochenergetische y-Strahlung von acht neuen Quellen in der galak-
tischen Ebene von der HESS Kollaboration beobachtet. Diese Quellen haben entweder
keine oder nur sehr schwache Emission in anderen Wellenldngen. Dadurch sind sie ide-
ale Kandidaten fiir die Beschleuniger der kosmischen Strahlung. Auch aus Richtung des
galaktischen Zentrums wurde hochenergetische y-Strahlung von verschiedenen Gruppen
beobachtet. Allerdings zeigten die veroffentlichten Spektren signifikante Unterschiede, so
dafl die Natur der Quelle nicht identifiziert werden konnte.

In dieser Arbeit werden die Beobachtungen von drei galaktischen Quellen hochener-
getischer y-Strahlung diskutiert: Die Quelle im galaktischen Zentrum, HESS J1813-178
und HESS J1834-087. Die Position, Ausdehnung, Morphologie und der differentielle -
Fluf} dieser Quellen wird préasentiert. Um den Mechanismus der ~-Strahlen Produktion
und die Natur der Quelle zu identifizieren, werden die y-Quellen mit Quellen in anderen
Wellenlangenbereichen in Beziehung gesetzt. Fir HESS J1813-178 werden leptonische und
hadronische Modelle fiir die Emission iiber das gesamte Wellenlangenspektrum erstellt und
mit den Daten verglichen. Ferner wird gezeigt, dal die y-Strahlen Quelle im galaktischen
Zentrum einen zeitlich konstanten Flufl von y-Strahlen aussendet und die entsprechenden
Auswirkungen auf die Modelle der Quelle diskutiert.

Da die beobachteten Quellen in der siidlichen Hemisphare des Himmels gelegen sind,
konnen diese nur unter einem grofien Zenitwinkel mit dem MAGIC Teleskop beobachtet
werden. Deswegen werden in der Arbeit die entsprechenden Verfahren fiir die Beobachtung
und Datenanalyse unter hohen Zenitwinkeln entwickelt. Um den Hintergrund best moglich
bestimmen zu konnen, wurden die Quellen in einem speziellen Beobachtungsmodus etwas
auflerhalb des Kamerazentrums abgebildet.

Um die Sensitivitiat des MAGIC Teleskops noch weiter zu steigern, wurde eine neue,
besonders schnelle Ausleseelektronik entwickelt. Die Leistung des neuen Elektroniksystems
wurde in einem Prototypentest im MAGIC Teleskop untersucht. Die Produktion, Tests
und die Installation des Gesamtsystems der neuen Elektronik wird beschrieben.
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Introduction - This Thesis

Astronomical observations have been made since ancient times with the unaided human
eye, having their origins in the religious practices of pre-history. However, visible light
constitutes only a very narrow part of the entire electromagnetic spectrum. Since the
middle of the 20th century, technical progress permitted the extension of observations of
celestial objects to other wavelengths, invisible to the human eye. These are the radio
(< 1073 eV), infrared (O(0.1eV)), ultraviolet (O(10eV)), X-ray (O(keV)) and y-ray (>
511 keV) wavelength bands. Their observation created entire new branches of science,
which are still in rapid development.

Not a single celestial object is hot enough to thermally emit very high energy (VHE)
y-rays (E, > 100 GeV). These must be produced in extreme dynamical processes. As of
today one has measured VHE ~-ray signals from active galactic nuclei (supermassive black
holes in the center of galaxies), supernova remnants (exploded stars), pulsar wind-driven
nebulae, and ~-ray binaries (binaries of a solar mass compact object and a giant star).

The earth is exposed to a continuous flux of high energy particles from space. This ra-
diation mainly consists of positively charged nuclei and a few electrons, positrons, photons
and an unknown number of neutrinos. Although the cosmic radiation has been known
and intensively studied since its discovery by V. Hess (1912), its sources have not been
unambiguously identified yet. The main difficulty in the search for the sources and the
acceleration mechanisms of the cosmic rays is due to the diffusion of charged particles in
the non-regular interstellar magnetic fields. Because of these fields, the charged cosmic
rays lose completely their directional information on their way from the source to earth.
In inelastic collisions of high energy cosmic rays with ambient matter y-rays and neutrinos
are produced. These neutral particles give direct information about their source, as their
trajectories are not affected by magnetic fields. Due to their extremely small interaction
cross-section neutrinos are very difficult to detect.

Cosmic ray particles with energies between 1 GeV and at least up to the knee feature of
the energy spectrum at about 10'® eV are supposed to be accelerated in our galaxy (Hillas
2005). The flux of cosmic rays from other galaxies is expected to be negligible at that en-
ergies due to their large distance. For a long time shocks produced at supernova explosions
have been considered as best candidates for the sources of the galactic component of the
cosmic ray flux, see e.g. Baade & Zwicky (1934). To study the acceleration sites and the
propagation of the charged cosmic rays in our galaxy one has to observe our galaxy in the
light of VHE ~-rays.

Nevertheless, not all VHE ~v-rays from galactic sources are due to the interactions of
cosmic rays with ambient matter. There are also other mechanisms for the production of
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VHE ~-rays like the inverse Compton scattering of ambient low energy photons by VHE
electrons. In order to determine, which of the VHE ~-ray sources is also a source of the
hadronic cosmic rays, for each individual source of VHE ~-rays, the physical processes of
particle acceleration and 7-ray emission in this source have to be determined. A powerful
tool is the modelling of the multiwavelength emission of the source and comparison to
multiwavelength data.

A specially interesting region for the cosmic ray acceleration is the very center of our
own galaxy, the Milky Way. The region around the Galactic Center contains most likely
a super massive black hole of about (3 — 4) - 10° solar masses (Schidel et al. 2002; Genzel
et al. 2003; Eisenhauer 2005), supernova remnants, a pulsar wind nebula candidate, hot
gas, and large magnetic fields between 10 uG up to a 1 mG (Uchida & Guesten 1995; Morris
& Serabyn 1996; LaRosa et al. 2005). Recently, evidence for VHE 7-radiation from the
Galactic Center was reported by the CANGAROO (Collaboration of Australia and Nippon
for a GAmma Ray Observatory in the Outback, Tsuchiya et al. (2004)), VERITAS (Very
Energetic Radiation Imaging Telescope Array System, Kosack et al. (2004)) and HESS
(High Energy Stereoscopic System, Aharonian et al. (2004b)) collaborations. The fact
that the measured spectra of the three groups differ significantly has stimulated discussions
about the origin of the differences. The source of the VHE ~-radiation is still unclear.

The HESS collaboration has reported the detection of 7-ray emission above a few
hundred GeV from eight new sources located in the Galactic Plane (Aharonian et al.
2005a), close to the Galactic Center. Most of these newly discovered sources are part of a
new population of galactic VHE ~-ray sources. None of them had previously been predicted
to be observable in the VHE ~-ray domain. They also have only very weak counter-parts
in other wavelengths — or none at all.

In my thesis I want to determine the nature and the physical properties of the VHE
~v-ray source at the Galactic Center and some of the newly detected VHE ~-ray sources
in the Galactic Plane. For this goal, it is important to exactly measure the location,
extension, energy spectrum and source variability in ~-rays. Moreover, to identify the
~v-ray production mechanism and the nature of the source, I relate the y-ray source to
possible counter-parts in other wavelength bands, located positionally coincident in the
sky to the VHE ~-ray source. Only the spectral modelling of the multiwavelength emission
can uniquely identify the physical processes at work in the source.

The earth’s atmosphere corresponds to a “calorimeter” with a thickness of about 28
radiation length. Therefore, it is not transparent for y-rays, nor for X-rays. Consequently,
instruments to measure these wavelengths are installed in satellites. Due to the limited
size of the detectors and the exponential drop of the cosmic ray spectrum with increasing
energy, the satellite borne y-ray telescopes have a very limited photon statistics for energies
above a few tens of GeV. Future projects will push this limit towards higher values, though
(Wood et al. 1995).

The development of high performance imaging air Cherenkov telescopes (IACTSs) in the
last 20 years allowed a comparably inexpensive ground-based measurement of very high
energy 7y-rays in the energy range above 300 GeV. In order to detect the primary 7-rays,
an IACT produces images of the vy-ray induced air showers in the atmosphere using their
emitted Cherenkov light.
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The MAGIC telescope is a new generation TACT, located on the Canary Island of La
Palma (28.8°N, 17.8°W, 2200 m above sea level). With a mirror diameter of 17 m it is
the largest single-dish IACT currently in operation. The main aim of MAGIC is to cover
the unexplored energy range between the satellite based 7-ray telescopes and previous
generation TACTSs, i.e. the energy range between few tens of GeV up to about 300 GeV.

The observations of the Galactic Center and the new HESS sources in the inner galaxy
(i.e. located close to Galactic Center on the sky) have to be conducted with the MAGIC
telescope under large zenith angles (ZA) — up to 62° — due to the location of the sources
on the southern sky. This large zenith angle, together with the location of the sources in
bright star fields, require a careful choice of the observation modes and a dedicated analysis
procedure, which will be developed in this thesis.

The MAGIC telescope does not only record y-ray shower images, but it is also triggered
by cosmic ray showers, single isolated muons and fluctuations from the light of the night sky.
In fact, the background images are by a factor of up to several thousands more numerous
than the images of y-ray showers. Thus a statistical method has to be applied for the
sample separation of +-ray candidates (signal) and background events. It exploits the
physical differences between hadronic and electromagnetic showers. In general, hadronic
showers are broader, more irregular and subject to larger fluctuations. Also the arrival
time structure of the Cherenkov light from ~-ray and hadron induced showers as well as
single isolated muons shows differences.

The camera of the MAGIC telescope consists of 576 photomultiplier tubes (PMTs),
which deliver about 2 ns full width at half maximum (FWHM) fast pulses from the ~-
ray air shower Cherenkov light to the experimental control house. There they are passed
through a 300 MSamples/s “flash” analog-to-digital converters (FADC) system. To record
the pulse shape in detail, an artificial pulse stretching to about 6.5 ns FWHM is needed.

In this thesis I develop an FADC pulse reconstruction algorithm for Cherenkov tele-
scopes and implement it in the common MAGIC analysis software. The algorithm com-
putes the signal charge and the arrival time from the recorded FADC samples in each
camera channel for each triggered Cherenkov light pulse. Based on the features of the
read-out electronics, the reconstruction algorithm performs a numeric fit of the known sig-
nal shape to the recorded signal samples. The full noise autocorrelation will be taken into
account.

Although quite satisfactory for many new measurements (see e.g. this thesis), the
performance of the current read-out electronics is limited by the relatively slow sampling
rate of 300 MSamples/s and the 6.5 ns pulse stretching. This causes a 'wash-out’ of the
pulse shape differences between hadron and v-ray induced showers as well as a rather
large integrated noise due to the light of the night sky. For the fast Cherenkov pulses
an FADC with 2 GSamples/s can provide an improved reconstruction of the pulse shape,
which should improve the v/hadron separation, minimizing at the same time the integrated
noise.

Fast FADCs with GSamples/s are available commercially; they are, however, very ex-
pensive and power consuming. The aim for the hardware part for my thesis work is to
develop a fiber-optic multiplexing technique which uses a single 2 GSamples/s FADC to
digitize 16 read-out channels consecutively. This multiplexed FADC read-out will greatly
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reduce the cost compared to using one ultra-fast FADC per read-out channel and will per-
mit the production of a full scale ultra-fast read-out system as an upgrade of the MAGIC
telescope.

Thus, my thesis has the following four main aims.

1.

Observation of very high energy 7-rays from galactic sources with the MAGIC tele-
scope. Modelling and discussion of the multi-wavelength emission of the sources.

Development of dedicated observation and analysis procedures for large zenith angles.
Implementation of the off-source tracking observation mode (the so-called wobble
observation mode). Computation of VHE ~-ray sky maps and comparison with
multiwavelength data.

Development and implementation of an FADC pulse reconstruction algorithm in the
common MAGIC analysis software framework MARS.

. Development of new ultra-fast read-out electronics for the upgrade of the MAGIC

telescope, including prototype-tests, production and installation of the full-scale sys-
tem.

This thesis is organized in five chapters.

1.

A short introduction into VHE ~-ray astronomy: The search for sources of VHE
~v-rays is linked to the search for the sources of the cosmic rays. The known sources
of VHE ~-rays in our galaxy and beyond are discussed. Possible v-ray production
mechanisms and the corresponding models for the multiwavelength source emission
are studied. Finally, the choice of the observation targets of this thesis is explained.

The MAGIC Telescope: The technique of imaging air Cherenkov telescopes is
described in general, including the production of Cherenkov light in air shower cas-
cades and its imaging by a telescope. The particular hardware layout of the MAGIC
telescope and its observations are presented in detail.

Data Analysis: To analyze the data of the MAGIC telescope an FADC signal recon-
struction algorithm is developed. The calibration, image parameterization, v/hadron
separation, energy and arrival direction reconstruction are discussed. Subsequently,
~v-ray sky maps and spectra are calculated. Dedicated reconstruction algorithms
for data taken in the wobble observation mode are developed and the special re-
quirements for large zenith angle observations are discussed. The basic performance
parameters of the MAGIC telescope, including the systematic errors, are investigated.

Observations of VHE v-rays from Galactic Sources are discussed: the Galactic
Center, HESS J1813-178 and HESS J 1834-087. The source positions, extensions
and the energy spectrum of the VHE ~-rays are determined and possible VHE ~-
ray flux variations with time are studied. The results are put in the perspective of
multiwavelength observations and the models of the multiwavelength emission.



Introduction - This Thesis 7

5. The Data Acquisition System Upgrade of the MAGIC Telescope: In order
to increase the sensitivity of the MAGIC telescope for future observations, a new
ultra-fast data acquisition system using the novel technique of fiber-optic multiplex-
ing is developed. The performance of the new data acquisition system is accessed
in a prototype test in the MAGIC telescope. The full system is build, its quality
controlled, installed and commissioned in the MAGIC telescope.

6. Conclusion and Outlook: The results of this thesis work are summarized and
based on this knowledge an outlook to future observations and developments is given.
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Chapter 1

Very High Energy v-Ray Astronomy

Astronomy (Greek: aoTpovoura = aotpor + vopog, astronomia = astron + nomos, liter-
ally, "law of the stars”) is the science of celestial objects (e.g. planets, stars and galaxies)
and phenomena that originate outside the Earth’s atmosphere (e.g. supernova explosions
and the cosmic background radiation). The different disciplines of the observational as-
tronomy can be defined by the type of the 'messenger’ particle used (e.g. photons or, in
future, possibly also neutrinos) and its energy. v-ray astronomy uses photons with energies
above the rest energy of an electron (511 keV). ~-rays with energies above 100 GeV are
called Very High Energy (VHE) 7-rays. Part of the y-ray astronomy is devoted to study
the individual and collective properties of the astrophysical sources of VHE ~-rays such as

e pulsar wind nebulae

shell-type supernova remnants

e ~-ray binary systems

active galactic nuclei

(still) unidentified VHE ~-ray sources.

The observation of VHE ~-rays can be used to answer fundamental questions in physics
such as

e the origin of cosmic rays

e the so-called y-ray horizon, which is directly related to the spectrum of the extra-
galactic background light (EBL)

phenomena around compact objects (black holes and neutron stars)

the probing of possible quantum gravity effects

the nature of hypothetic Dark Matter particles.
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Figure 1.1: The position of the 35 currently known VHE ~y-ray sources in the sky (galactic
coordinates). The white area is accessible to the MAGIC telescope. The light shaded area
displays the sky region which the MAGIC telescope can observe only under large zenith
angles between 50 and 70 degrees. The dark shaded area corresponds to even larger zenith
angles and cannot be observed by the MAGIC telescope at all.

Figure 1.1 shows the full sky in galactic coordinates indicating the currently known
35 VHE ~-ray sources. One can clearly distinguish two source populations, the sources
clustering along the Galactic Plane as well as the uniformly distributed extra-galactic
sources (AGNs from the blazar type and a radio galaxy).

This chapter is structured as follows: First, in section 1.1 the different instruments to
observe ~-rays and their accessible energy bands are reviewed. Thereafter, the production
mechanisms for v-rays are modeled (section 1.2) and connected to the acceleration of
charged particles to very high energies (section 1.3) and the production of the cosmic
rays (section 1.4). In sections 1.5 and 1.6 the different types of galactic and extra-galactic
sources of VHE ~v-rays are introduced. Section 1.7 studies the prospects to search for y-rays
from hypothetical Dark Matter particle annihilation with the MAGIC telescope. Finally,
based on the presented status of the field of vy-ray astronomy, in section 1.8 the targets for
observation with the MAGIC telescope are chosen for this thesis.

1.1 Observation of v-Rays

~v-rays have been detected within eight decades of energy, between 1 MeV and about
100 TeV (Aharonian et al. 2004a). They are expected to exist also up to the highest
measured particle energies of above 10?° eV. This large energy range of y-rays is covered
rather inhomogeneously by completely different detection methods and flux sensitivities:
Soft y-rays up to about 10 MeV can be observed by so-called coded mask instruments
like the ones on board the INTEGRAL satellite (INTErnational Gamma-Ray Astrophysics
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Laboratory, Winkler et al. (2003)) or by scintillation detectors like OSSE (the Oriented
Scintillation Spectrometer Experiment, Johnson et al. (1993)). Above that energy, instru-
ments, which utilize Compton scattering of the ~-rays in the detector, offer the highest
sensitivity. Examples are COMPTEL (the Compton Telescope, Diehl (1988)) on board
the CGRO (Compton Gamma Ray Observatory) satellite and the future MEGA (Medium
Energy Gamma-Ray Astronomy, Ryan et al. (2004)) satellite project.

High energy vy-rays between 100 MeV and 100 GeV can be efficiently detected by space-
borne pair-conversion telescopes. These instruments use the conversion of the y-ray into
an electron-positron pair in the detector material and measure the energy and direction
of these charged particles. Examples are the EGRET (Energetic Gamma Ray Experiment
Telescope, Kanbach et al. (1988)) and the future GLAST (Gamma-ray Large Area Space
Telescope, Wood et al. (1995)). In general, the y-ray flux decreases steeply with energy.
Beyond energies of about 100 GeV the space-borne 7-ray telescopes suffer from very limited
y-ray statistics due to their small effective area (in the order of m?).

The energy range above 100 GeV can be best observed with ground-based instruments
which offer large effective areas. Up to several tens of TeV, Imaging Air Cherenkov Tele-
scopes (IACTs) offer the best sensitivity. Historically the first source of VHE ~-rays, the
Crab Nebula, was detected with high significance by the Whipple telescope in 1989 (Weekes
et al. 1989). For energies above ten TeV air shower arrays, integrated air Cherenkov arrays
like AIROBICC (Alr-shower Observation By Angle Integrating Cherenkov Counters, Karle
et al. (1995)) and water Cherenkov telescopes like Milagro (see e.g. Shoup et al. (1994);
Atkins et al. (2004)) offer good sensitivity.

0 = Detector sensitivities 3
E COMPTEL ]
compared to the Crab Nebula

CELESTE

Whipple

\ HEGRA =3
5@5

"100GeV" IACTs

Energy Flux (erg/cm s?)

10° 10 10 10

Energy (eV)

12 13

Figure 1.2: Sensitivities of the different instruments (in operation or planned) to detect +y-
rays in comparison to the energy spectrum of the Crab Nebula. The full line shows a model
of the Crab Nebula emission. The green band labelled “100 GeV” IACTs shows the average
sensitivity of the new generation IACTs CANGAROO, HESS, MAGIC, VERITAS. Figure
from Aharonian (2004).

Figure 1.2 shows the flux sensitivities of different ~-ray detection instruments, including
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future satellite missions like GLAST and MEGA, as well as high-altitude ground based
telescopes (here the study 5@5 (Aharonian et al. 2001) is shown) in comparison to the
predicted and detected flux from the Crab Nebula (figure taken from Aharonian (2004)).

1.2 Production Mechanisms of VHE ~-Rays

According to Planck’s law, the average energy of the thermal black body radiation is
directly linked to its temperature. Stars with typical surface temperatures of around
6000 K (like our sun) emit visible light with a tail extending to X-ray energies. The
hottest observed objects in the universe like accretion discs around compact objects emit
X-rays in the range of up to tens of keV. Nevertheless, no celestial object is hot enough
to emit photons in the VHE ~v-ray range. Therefore, the y-rays must be produced in
non-thermal extreme dynamic processes, which will be discussed in this section:

e decays of neutral mesons produced in interactions of VHE hadrons, section 1.2.1

e inverse Compton scattering of ambient low energy photons by VHE electrons, section
1.2.2

e bremsstrahlung of VHE electrons in ambient matter, section 1.2.3
e curvature radiation, section 1.2.4
e decays of hypothetic heavy relic particles from the big bang, section 1.2.5

e relativistic boosting of lower energy vy-rays to VHE, section 1.2.6.

In optically dense sources, internal absorption of v-rays due to electron positron pair
production in 7+ collisions has to be taken into account, see e.g. Gould & Schreder (1966);
Biller et al. (1995). Nevertheless, this process will not be discussed in this thesis.

1.2.1 ~-Rays Produced in Hadronic Interactions

Most of the VHE cosmic rays observed on earth are protons and heavier nuclei, see section
1.4. These particles produce VHE ~-rays in inelastic interactions with ambient matter
via production and subsequent decay of secondary pions, kaons, hyperons, etc. The most
important process is the decay of 7° mesons into two y-rays:

prp—=>m+X 5 yy+ X . (1.1)

Also the production and subsequent decay of other neutral mesons like 1 contributes
a few percent to the y-ray signal. In addition, protons (and hadrons in general) can also
produce 7% via the process of photo-meson production: p + v — p + 7°. The threshold
center of mass system energy for this process is the sum of the proton and 7° masses.
Therefore, this process requires either extremely high proton energies above 10 eV in
the case of proton scattering of the Cosmic Microwave Background (CMB) (Greisen 1966;
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Zatsepin & Kuzmin 1966) or higher energy photon fields (e.g. visible light), which require
correspondingly lower proton energies of around 10 eV.

The observation of 7° decay 7-rays near the acceleration site of the hadronic cosmic
rays offers the opportunity to probe the acceleration mechanism of the cosmic rays, see
e.g. Ginzburg & Syrovatskii (1964) and Aharonian (2004). In addition to 7’s, also charged
pions are produced in similar numbers in the proton proton collisions. These charged pions
subsequently decay into muons and electrons and the corresponding (anti-) neutrinos. As
an example the production and decay of a positive pion proceeds according to the following
reaction chain:

p+p—=1+ X ot +y+ X ettty +7,+ X (1.2)

The production of charged and neutral pions in hadronic collisions provides an impor-
tant link between the -ray and future neutrino astronomy (for a review see e.g. Halzen
& Hooper (2002)). The observation of neutrinos in the future would prove the hadronic
production of the ~-rays observed today. Unfortunately, the neutrino interaction cross-
section is minute, which requires km?® detectors to observe a significant neutrino signal
from galactic y-ray sources, see e.g. Kappes et al. (2006).

In the following the vy-ray spectrum produced by a population of cosmic ray protons
confined in a source is derived: Let N,(E,) be the number of protons with minimum
energy E,, then the flux of protons in the energy interval [E,, E, + dE,] is J,(E,) =
cf/(4m)dN,(E,)/(dE,dV). These high-energy protons react with ambient protons and
nuclei of number density n (for example in a molecular cloud or from the wind of a star)
and may produce 7’s. The number of 7% in the energy interval [E,, E, + dE,| per source
volume (the so-called 7° emissivity Q,0(E0)) is then obtained to be (see e.g. Stecker
(1971)):

By do(E0, E
Qo (Ero) = 47n / dE, J,,(Ep)M

: (1.3)
En(E o) dEro

where E7'** is the maximum energy of the protons in the system, and Ei,(Ero) is the
minimum proton energy required to produce a pion with total energy FE.o, which is de-
termined by the reaction kinematics, see e.g. Moskalenko & Strong (1998) and Blatning
et al. (2000). Finally, do(E o, E,)/dE o is the differential cross section for the production
of a pion with energy E,o, in the lab frame, due to a collision of a proton of energy FE,
with a hydrogen atom basically at rest. Different parameterizations of cross-sections have
been studied in depth by Domingo-Santamaria & Torres (2005): One possibility is the use
of a parameterization of the differential cross-section like the one given in Blatning et al.
(2000). Another way is to relate the differential cross-section for the 7° production to the
total cross-section of inelastic proton-proton collisions, oy, (E),), the so-called d-functional
approximation (Aharonian & Atoyan 2000):

do(Eyo, Ep)

dEﬂ.O = 6(E7r0 — '%Ekin) O'pp(Ep) y (14)

where £ is the mean fraction of the kinetic energy Ey, = E,—m,c? of the proton transferred
to the secondary neutral mesons (7%, 5 etc.) per collision. In a broad region from GeV to
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TeV energies, k ~ 0.17 (Gaisser 1990). In this approximation the 7% emissivity is given as:
Qﬂo (Eﬂo) = 471’71/ dEp Jp(Ep) (S(Eﬂo - HEkin) Upp(Ep) y
En(E,0)
4mn FE.o E o
= —J 24— el 1.5
p p<mpc+ﬁ>app<mpc+ﬁ> (1.5)

Therefore, a reasonably good knowledge of the total inelastic cross section is needed.
Aharonian & Atoyan (2000) proposed that, since from the threshold at Ey;, ~ 0.3 GeV the
cross section appears to rise rapidly to about 30 mb at energies of about Ey;, ~ 2 GeV, and
since after that energy it increases only logarithmically, a sufficiently good approximation
is to assume:

Ty~ 30 (0.95+0.06In(Eyn/GeV))mb  for E > 1GeV
~ 0  otherwise. (1.6)

The produced 7°s subsequently decay instantaneously (half-life about 107!s) with a
98.8% chance into two v-rays. Let ¢ be the angle (in the 7° rest-system) between the
boost direction of this system and the flight direction of one of the v-rays. Then the y-rays
have, in the system of the observer, the energies £, = Er0/2 £ 1/2,/E?, —m?2, cos¢. As
the ¢ values of the produced ~-rays are uniformly distributed, the probability density to
get a y-ray with energy E, from a 7° with energy Ero is 2/y/E2, — m?,. The minimum
pion energy required to produce a photon of energy E, is E%"(E,) = E, + m2,¢*/(4E,).

ﬂ—O
Hence, the v-ray emissivity @, (£,)_, is obtained from the neutral pion emissivity Qo as:
E;HOBX(E;)I]&X) Qﬂ'o (E’]TO)
Qy(E,) o = 2/ _ dF o - — (1.7)
EmR(Ey) By —mzoc

here BT (E;'*) is the maximum pion energy that the population of protons can produce,
determined from the kinematics.

Assuming a uniform cosmic ray density and a uniform matter density, the flux of y-rays
coming from an emission region of volume V' at a distance D is than given by:

N, VvV
dE,dAdt  4m D2

Qy(Ey) - (1.8)

The total energy in cosmic rays in the source, W,(E, > 1GeV), is (assuming a uniform
cosmic ray density):

o0 N, (E
W,(E, > 1GeV) :v/ WNoE) iy (1.9)

1 qev dVdE,

In case of supernova remnants this energy can be compared to the supernova explo-
sion power of typically 10°! erg (for reviews see e.g. Woltjer (1972); Jones et al. (1998)).
Acceleration efficiencies up to around 10% are expected (Berezhko & Vo6lk 1997, 2000).
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There is also a useful direct relation between the total cosmic ray energy stored in the
source and its y-ray luminosity L. :

L, = cnoppkW), . (1.10)

The probability of an inelastic interaction of a high-energy proton with the ambient
matter is cnopp. Assuming a constant value of o, = 30 mb one can define a characteristic
cooling time of the high energy protons due to y-ray production:

- n o\t
topsy = (cnoppk) ™t ~ 6 x 10'%s (m) . (1.11)

As will be shown in section 1.4, the accelerated protons and heavier nuclei follow a
power-law spectrum, see also Bell (1978). Assuming a maximum achievable energy Eax,
one often assumes the following spectrum of high energy protons:

AN, (Ep)

1V dE, = A,(E,/GeV) % exp(—E/Emax) (1.12)

where A, is a normalization constant for the number density of protons per energy interval.
To summarize, a simple hadronic model for the y-ray emission, as will be used in section
4.2, has the following parameters:

1. A,: normaliztion constant of the number density of protons per energy interval
2. «: the slope of the energy spectrum of the protons

3. Emax: the maximum energy of the protons

4. n: the number density of the ambient matter

5. V: the volume of the vy-ray emission region

6. D: the distance to the source.

1.2.2 Synchrotron and Inverse Compton Emission of VHE Elec-
trons

Suppose that VHE electrons are captured in a region characterized by a magnetic field
B and an ambient photon field of energy density wpy. In case of low matter density
the electrons only produce a low bremsstrahlung power. They mainly lose energy due to
synchrotron radiation (in the radio to X-rays) and inverse Compton (IC) up-scattering of
the ambient photons to GeV-TeV energies. The proton mass is about 2000 times larger than
the electron mass und the cross-sections for synchrotron radiation and IC up-scattering
depend strongly on the particle mass. Therefore, VHE protons emit only negligible power
in synchrotron and IC radiation. Only for energies above 10'® eV proton synchrotron
radiation will play an important role.
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The photon energy density w,, receives contributions by several radiation fields such
as:

1. the 2.7 K cosmic microwave background radiation

2. the diffuse galactic dust far-infrared (FIR) and starlight near-infrared /optical back-
grounds

3. possible intensive radiation fields of local origin, especially the synchrotron radiation
emitted from the same electron population.

In most cases, for the production of VHE ~-rays in galactic sources the 2.7 K CMB is
the dominant target field (Aharonian, Atoyan & Kifune 1997) for the VHE electrons. For
higher target photon energies the scattering cross-section, as given by the Klein-Nishina
formula, decreases. Only in very dense radiation environments near the Galactic Center do
other photon fields also contribute (Aharonian et al. 2005b). In AGNs there is a very high
density of synchrotron radiation such that this radiation is the dominant ambient photon
field to be up-scattered, the so-called synchrotron-self-Compton (SSC) effect (Rees 1967;
Urry & Padovani 1995).

The inverse Compton emissivity is given by (see e.g. Blumenthal & Gould (1970)):

o0 do(E,, ¢, B,) dAN,(E,)
E — kg E 1.1
Q’Y( 'Y)IC /0 nph(ﬁ)de/Emin dE/)/ c dVdEe d e ( 3)

where npp(€) is the number density of the ambient low energy photons with energy in
the interval [e,e + de]. N.(E.) is the number of electrons with a minimum energy of
E.. FEuyiy is the minimum electron energy needed to generate a photon of energy FE.,
ie. Emin = (E,/2) [1+ (1+ (mec®)?/eE,)'?]. do(E,,€ E.)/dE, is the Klein-Nishina
differential cross-section for the inverse Compton scattering (see e.g. Schlickeiser (2002)):

do(E,, €, E,) (Cq)*(1 —q)
dE, 20+ Cq) |’

= [3o1(m.c®)?/4€eE?] |2¢In2 + (14 2¢)(1 — ¢q) + (1.14)

where or = 6.65 x 1072 ¢m? is the Thomson cross-section, C' = 4eFE,/(mec?)? is the
so-called Compton factor, and ¢ = E,/ [C(E. — E,)].

Assuming a uniform distribution of the VHE electrons and of the ambient photons, the
flux of y-rays coming from an emission region of volume V' at a distance D is then given

by:
N, VvV
dE,dAdt  4m D2

Q(E,) . (1.15)

In addition to the vy-ray production via IC scattering, the VHE electrons also produce
synchrotron radiation, see e.g. Jackson (1975), in the ambient magnetic fields (generally
extending from radio to X-rays). The emitted synchrotron radiation energy of a relativistic
electron or positron per unit time per unit frequency interval, as a function of frequency
v, is given by (see e.g. Kembhave & Narlikar (1999)):

P(E,,v) = V3(eB)sin F (v/ve)(e*/mec?) . (1.16)
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Here, v, = 3eBsin ¢(E,/m.c?)?/(4mm.c) is the so-called critical frequency, E, and m,. are
the energy and the mass of the electron, B is the absolute value of the magnetic field, ¢ is
the magnetic field pitch angle, and F(z) =z [° K5/3(£)dE, with K53 being the modified
Bessel function of order 5/3. The power emitted by all electrons per frequency interval,
€sync (), can then be obtained by integrating P(E.,v) over the distribution of the electron
energies and averaging of the magnetic field pitch angles:

V3(eB)e? ANJ(E,) (™% v ., ™
W/dEem/o d¢y—c Sin ¢[/Vc d§K5/3(§) . (]_]_7)

€sync(V) =

Assuming a uniform distribution of VHE electrons and a uniform magnetic field, the
energy flux of the synchrotron photons coming from an emission region of volume Vi, at
a distance D is than given by:

d N, Vs v
Esyne 2 = X esync (—) : 1.18
M A Fagmed Adt  dnD2 ™}, (1.18)

In principle only part of the IC emitting volume may be filled with the magnetic field,
which is defined as the magnetic filling fraction fg:

‘/;ync - fB‘/iC . (119)
In most particle acceleration models the accelerated particles follow a power-law spec-

trum (see section 1.4 and Bell (1978)). Modelling the achievable maximum energy as an
exponential cut-off, the electron distribution can be described by:

dN,(E,)

“iVel\Te) —a _ ~1, -3
17 dE, A(E/GeV) “exp (—E/Emax) GeV cm 7 | (1.20)

where A, is a normalization constant. Thus a simple leptonic model for the multiwavelength
radio to -ray emission, as used in section 4.2, uses the following seven parameters:

1. A,: the number density of electrons per energy interval
2. «: the slope of the energy spectrum of the electrons

3. Emax: the maximum energy of the electrons

W

. Vic: the volume of the v-ray emission region

5. B: the average magnetic field strength

D

. fp: the magnetic filling factor

7. D: the distance to the source.
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1.2.3 Non-thermal Bremsstrahlung of Electrons

VHE electrons can also produce VHE ~7-rays in interactions with the ambient matter,
through the process of bremsstrahlung, see e.g. Heitler (1954). The ~-ray emissivity is
proportional to the density of the ambient matter. In most astrophysical sources, the
photon density is typically many orders of magnitude higher than the matter density.
Therefore, in general VHE electrons lose their energy much more efficiently by inverse
Compton scattering and synchrotron radiation than by bremsstrahlung (see e.g. Aharonian
(2004)). Only in very dense environments (like for example in the v Cygni SNR with
n = 300cm? (Uchiyama et al. 2002)) bremsstrahlung may dominate. The cross section
for the bremsstrahlung process depends sensitively on the particle mass. Due to the high
mass of protons compared to electrons, bremsstrahlung energy losses for protons can be
neglected.

1.2.4 Curvature Radiation

Like synchrotron radiation, curvature radiation is caused by charged particles being accel-
erated in magnetic fields. However, in the case of curvature radiation the acceleration is
due to the motion of the charged particle along the curved magnetic field lines, see e.g.
Zhang & Yuan (1998). Magnetic field lines are often curved, e.g. in pulsar magnetospheres
(Lovelace 1976; Bednarek 1997).

1.2.5 ~-Ray Production from Relic Particle Annihilation

In the Big Bang some hypothetical weakly interacting massive particles might have been
produced, which might still be abundant in some regions of the universe, see e.g. Scherrer
& Turner (1986); Jungman et al. (1996). One possibility for such particles is the neutralino
x (Ellis et al. 1984). Two neutralinos may annihilate with a rate I per unit volume and
time given by (Bergstrom et al. 1998):

1 (ov) ,
'=-. . 1.21
2 X (1.21)

Here m, is the neutralino mass, p, is the neutralino density and (ov) is the thermally
averaged annihilation cross-section. The rate of «-rays produced per energy interval in the
source volume AV is then given by:

dN,  dN,(m,,SUSY)
dt dE dE

% <””>/ 2 (R, (1.22)

X

where W is the so-called fragmentation function, i.e., the number of produced

~-rays per energy per neutralino annihilation, and 7 is the spatial position.
Let d be the distance to the annihilation position, the v-ray flux detectable on earth
with an detector of active area A is then given by:

dN, dN,(m,,SUSY) 1 (ov) 1 / 9 13
_ L & | 1.2
dt dA dE dE 2" m2 Axd |y AN (1.23)
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Using the identity =5 [ p2(P)d*r = [, dQ [, . p3(7(s,Q))ds, where s is the distance
on the line of sight (los) from the observer, the differential flux per solid angle can be
obtained to be:

dN,  dN,(my,SUSY)
dt dA dE dE

(ov) / / 2 (=
. dQ 7(s,82))ds . 1.24
47rm>2< AQ(PSF) los pX( ( ) ( )

The solid angle €2 has to be integrated at least over a range corresponding the instruments
PSF.
Thus the rate of observable ~-rays is a function of the following unknowns:

1
2

L. py(7): the spatial distribution of the neutralinos with respect to the observer

2. m,: the neutralino mass

3. W: the y-ray yield per annihilation, which depends on m,, and also (weakly)

on all other SUSY parameters.

The energy spectrum of the produced ~-radiation has a very characteristic feature with
a cut-off at the mass of the Dark Matter particle. Moreover, the flux should be absolutely
stable in time.

1.2.6 Relativistic Boosting of Lower Energy v-Rays to Very High
Energies

In some cases, the v-radiation is produced in an object which moves with a bulk Lorentz
factor v (corresponding to the velocity fc¢). Examples are the jets of AGNs and micro-
quasars (see sections 1.5.4 and 1.6) and maybe GRBs. Then the v-ray energy in the
restframe of the observer is given by (Rees & Sciama 1966; Krawczynski et al. 2004):

Eobs = [f)/(l - BCOS 9)]_1 Eemission ) (125)

where 6 is the angle between the velocity of the emission region and the line of sight in the
observer frame.

1.3 Cosmic Rays

The earth is exposed to a continuous flux of high energy particles from space. The cosmic
rays arrive isotropically from space and have an energy density of about 1 eV/cm3. This
radiation mainly consists of positively charged nuclei and a few electrons, positrons, pho-
tons and neutrinos (the flux of neutrinos has not been measured yet). Figure 1.3 displays
the energy spectrum of the charged cosmic rays, according to Cronin, Gaisser & Swordy
(1997). For energies above about 1 GeV the spectrum follows a power law dN/dE ~ E~®
with a spectral index o &~ 2.7. At an energy of a few 10'5 eV the spectral index steepens
to a ~ 3.0 (known as the “knee” of the cosmic ray spectrum). At an energy of around 10'®
eV the spectral index gets again harder, which is dubbed to be the “ankle” of the cosmic
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ray spectrum. The energy spectrum extends to at least about 10%° eV, an energy entirely
out of reach for ground-based accelerators. A center of mass energy of 10 TeV of colliding
accelerator beams corresponds to the center of mass energy of the collision of a 5 - 10'¢ eV
cosmic ray proton with a proton at rest. The shape of the spectrum for energies above
10% eV is currently under intense experimental study, see e.g. Kampert et al. (2006).
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Figure 1.3: Cosmic ray spectrum after Cronin, Gaisser & Swordy (1997). The “knee” and
“ankle” features are indicated, see text for details.

Although the cosmic radiation has been known and intensively studied since its dis-
covery by V. Hess (1912), its sources have not been unambiguously identified yet (for a
recent review, see e.g. Gaisser (2001); Yao et al. (2006)). The relevant questions are a)
which astrophysical objects are the main sources of the cosmic rays, and b) which are the
mechanisms for their acceleration.

The main difficulty in the search for the sources and the acceleration mechanisms of
the cosmic rays is due to the diffusion of charged particles in the non-regular interstellar
magnetic fields. The charged cosmic rays lose completely their directional information on
their way from the source to earth. In addition, the spectrum of the cosmic rays at their
acceleration site may be significantly altered by this diffusion process to yield the observed
spectrum at earth. Thus, from charged cosmic rays the identification of the sources of the
cosmic radiation is not possible. In contrast, y-rays and neutrinos give direct information
about their source, as their trajectories are not affected by magnetic fields.

Cosmic rays with an energy below 1 GeV are mainly produced in the sun as shown by
several space missions. Particles with higher energy (at least up to the knee feature of the
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spectrum at about 10'® eV) are supposed to be accelerated in our own galaxy (Hillas 2005),
while particles with energies above the “ankle” (10'® eV) are assumed to be accelerated
in extra-galactic sources. The origin of the particles with energies between the knee and
the ankle is a matter of recent scientific discussion. Data may suggest that the spectral
break at the knee is due a limitation in the maximum energy of the cosmic ray accelerator
(Haungs 2003) and the cosmic rays between the knee and the ankle are produced in the
same galactic sources as the cosmic rays with energies below the knee.

For decades supernova remnants have been assumed to be sources of the galactic cosmic
rays (Baade & Zwicky 1934; Ginzburg & Syrovatskii 1964). In the case this is true, su-
pernova remnants should also be sources of high energy 7-rays, which are produced in the
interactions of the accelerated particles (electrons and hadrons) with the ambient matter
and radiation fields near the accelerator (Aharonian, Drury & Voelk 1994). This is the
main motivation to study supernova remnants. Historically, the search for the sources of
the cosmic rays was even one of the main motivations for the development of Cherenkov
telescopes. Nevertheless, the VHE ~-rays may either be produced by interactions of VHE
electrons (e.g. Inverse Compton Scattering of the CMB, see section 1.2.2) in the source or
by the reaction of accelerated cosmic ray hadrons with ambient matter (see section 1.2.1).

For the search for the sources of the galactic cosmic rays the total acceleration power
and the source spectrum of the cosmic rays are important parameters. Approximating the
galaxy as a cylinder of radius R = 15 kpc and height d = 200 pc, one obtains an estimate
for the volume of the galaxy:

V = nR*d ~ 7(15kpc)?(200pc) =~ 4 - 10%cm? . (1.26)

The average time of a cosmic ray particle spent in the galaxy is 7es. ~ 3 - 10%a ~ 10'*s
(Gaisser 2001). During that time only about 6% of the cosmic rays may interact with the
interstellar matter. If one furthermore assumes that the energy density of cosmic rays in
the galaxy is constant and equal to the locally measured energy density of pp ~ 1 eV /cm?,
one obtains the total power needed to accelerate the cosmic rays:

P:PEV

~4-10%eVs ! & 7-10%ergs ™" (1.27)
TQSC

If one assumes that there is one SN explosion every thirty years in our galaxy, the
average power released from all SN explosions is 10°'erg/30years ~ 10*?ergs™" (Ginzburg
& Syrovatskii 1964).

Moreover, the time 7., which the cosmic ray particles spend in the disk and the halo
of our galaxy, is energy dependent. Therefore, the spectrum of the measured cosmic rays
is different from the energy spectrum at the accelerator:

dN dN
1 esc E)=|-+= E'_Q'7 . 1.2
< dE > source T ( ) < dE > observed > ( 8)

The energy dependence of the escape time 7o (F) may be measured by comparing the
spectrum of a secondary cosmic ray nucleus (created through interaction of the primary
cosmic rays with ambient matter) to that of a parent primary nucleus (accelerated in the
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source), e.g. boron to carbon. It was found to follow a power law (Garcia-Monoz et al.
1987; Swordy et al. 1990):

Tese(F) oc B0 (1.29)

Therefore, the source spectrum should follow a power law with spectral index of around
—2.1:

dN

Nevertheless, other authors suggest different spectral indices of Tes.(E) as high as —0.3
(Seo & Ptuskin 1994) such that also source spectral indices of —2.4 may be possible.

1.4 Acceleration of Charged Particles to Very High
Energies

The most widely studied mechanism for the acceleration of charged particles to very high
energies is the so-called diffusive shock acceleration (for reviews see e.g. Blandford & Eichler
(1987); Jones & Ellison (1991); Longair (1994) and Malkov & Drury (2001)). It is based
on the first order acceleration mechanism proposed by Fermi (1949, 1954). A shock front
is a surface of discontinuity across which there is a steady flow of mass, momentum and
energy. The distance, over which the flow variables vary, the shock thickness, should be
much smaller than the corresponding scales ahead of and behind the shock. Therefore, the
overall flow pattern does not change substantially in the time it takes a fluid element to
cross the shock (Blandford & Eichler 1987). An example for a shock front is the accelerated
stellar material of a supernova explosion, which expands into the interstellar material, see
section 1.5.2.

The general principle of the first order Fermi acceleration is illustrated in figure 1.4: A
flow of charged particles (from left to right) impinges on the interstellar matter at rest and
creates a shock, which travels with velocity Ssc (typically around 10* km/s). The matter
up-stream of the shock (right part) is at rest, while the swept-up matter down-stream
(left part) travels with velocity Spc from left to right. Treating the interstellar matter in
the up- and down-stream regions as an ideal gas, the matter density of the swept-up gas
(down-stream) is four times the one up-stream of the shock and fp = 3/455 (Blandford &
Eichler 1987).

A relativistic particle can cross the shock front in either direction in case the thickness
of the shock is smaller than the gyro-radius of the particle. Let us consider the case when
a particle of energy FE; crosses the shock from the up-stream to the down-stream region.
In the rest frame of the downstream material the particle has the energy E}, > E;. It
is elastically scattered by irregular magnetic fields such that its flight direction becomes
isotropic in the down-stream rest-frame. Eventually it crosses the shock. In the restframe
of the up-stream gas the particle now has an energy of Fy > E!, > E;. The particle again
scatters off some magnetic fields and will cross the shock multiple times until it leaves the
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Figure 1.4: Fermi acceleration: picture inspired from Longair (1994). See text.

shock region by chance. On average the particle gains the energy AFE per shock-crossing:

AFE
) . 1.31
=~ fs (1.31)

An initially monoenergetic spectrum of relativistic particles evolves through this Fermi
acceleration process into a power-law spectrum:

dN 9.
17 & E , (1.32)
with € being a small number of the order or 0.1, see e.g. Berezhko & Vo6lk (1997, 2000).
The particle acceleration may be a quite efficient process such that the influence of the
accelerated particles on the shock has to be taken into account in non-linear calculations.
In addition to the diffusive shock acceleration, other mechanisms for the particle accel-
eration to very high energies are also discussed like acceleration in relativistic pulsar winds
(Arons et al. 1998; Bednarek 2006), in the inner pulsar magnetosphere (Rudak 2001) or
due to the reconnection of magnetic field lines near compact objects (Michel 1982; Coroniti
1990; Lyubarsky & Kirk 2001).

1.5 Galactic Sources of VHE ~-Rays

The previous chapters have linked the production of y-rays to the presence of charged
cosmic rays (either hadrons or leptons). In order to study the acceleration and propagation
of the charged cosmic rays in the galaxy one has to study the galaxy in the light of VHE
~v-rays. Therefore, first, some basic features of our galaxy, the Milky Way, will be reviewed
in section 1.5.1. Thereafter, the known sources of VHE ~v-rays like supernova remnants,
pulsars and pulsar wind nebulae, compact binary systems, giant molecular clouds and the
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Galactic Center will be described in sections 1.5.2 to 1.5.6. Finally, in section 1.5.7, the
results of scans of the Galactic Plane in VHE ~-rays are presented.

1.5.1 The Milky Way

—120° -150° 180" 150° 120°
1 ‘ T

Perseus

Figure 1.5: The Structure of the Milky Way. Left: An artist’s image displaying the Milky
Way as a barred spiral galazy, based on the results of the Spitzer infrared space telescope.
Picture by Hurt (2005). Right: Overview of the location and naming of the spiral arms
(Cordes € Lazio 2002). The Galactic Center is marked with a “+” sign and the sun is
denoted by “©”. The distance between the sun and the Galactic Center is about 8 kpc (Reid
1993). The angular scale shows the galactic longitude. The inner most region of the galazy
(where no spiral arms shown) contains the 3-5 kpc ring and a bar.

The Milky Way (a translation of the Latin Via Lactea, in turn derived from the Greek
yaa€ias (galaxias)), is a barred spiral galaxy of Hubble type SBbe (loosely wound barred
spiral). It is the home of the Earth and the Solar System. Figure 1.5 (left) shows an artist’s
image of the Milky Way based on the results of the Spitzer infrared space telescope, picture
by Hurt (2005).

The term ”milky” originates from the hazy band of white light appearing across the
celestial sphere visible from Earth, which comprises stars and other material lying within
the Galactic Plane. The galaxy appears brightest in the direction of Sagittarius, towards
the Galactic Center, see also section 1.5.6 and section 4.1. The distance from the Sun to the
Galactic Center is estimated to be about 8 kpc (Reid 1993). The Galactic Center harbors
a compact object of very large mass, strongly suspected to be a supermassive black hole
(Schodel et al. 2002; Ghez et al. 2003a). Most galaxies are believed to have a supermassive
black hole at their center (Richstone et al. 1998; Gebhardt et al. 2000).

Relative to the celestial equator, the Milky Way passes as far north as the constellation
of Cassiopeia and as far south as the constellation of Crux, indicating the high inclination
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of Earth’s equatorial plane and the plane of the ecliptic relative to the Galactic Plane. The
fact that the Milky Way divides the night sky into two roughly equal hemispheres indicates
that the solar system lies close to the Galactic Plane.

The main disk of the Milky Way Galaxy has a radius of about 15 kpc. Outside the
Galactic core it has a thickness of about 200 pc. The disk bulges outward at the center.
The Galactic Halo extends out to about 100 kpc in diameter. Our galaxy is composed of
(2 —4) - 10" stars and has a total mass of 6 - 10! to 3 - 10'? solar masses (M) (Battaglia
et al. 2005). Most of the mass of the Milky Way is thought to be Dark Matter (see also
section 1.7), forming a Dark Matter halo of an estimated 2 - 10'!" to 3 - 10 solar masses,
which is concentrated towards the Galactic Center (Battaglia et al. 2005).

The galaxy’s bar is thought to be about 8 kpc long, running through the center of the
galaxy at an angle of about 45 degrees to the line between the sun and the center of the
galaxy. It is composed primarily of red stars, believed to be ancient.

Each spiral arm describes a logarithmic spiral (as do the arms of all spiral galaxies)
with a pitch of approximately 12 degrees. Four major spiral arms are believed to exist,
which all start at the Galaxy’s center, and at least two smaller arms or spurs. The right
part of figure 1.5 names the different spiral arms (figure adapted from Taylor & Cordes
(1993); Cordes & Lazio (2002)).

1.5.2 Supernova Remnants

In the following some important properties of supernovae and supernova remnants are
reviewed, which are the basis for the discussion of the observation results of VHE ~-rays
with the MAGIC telescope, presented in sections 4.1 to 4.3:

A supernova (SN) is either the runaway nuclear burning inside a matter-accreting white
dwarf due to the external pressure (type Ia) or the catastrophic collapse of a massive star
(types IT or Ib/c), see e.g. Nomoto et al. (1984). In both cases an energy of about 10°! erg
is released nearly instantaneously from the fusion of light elements in supernova type Ia or
gravitational energy release in SN types IT or Ib/c. For a review about SN mechanisms see
e.g. Bethe (1990). The explosion energy accelerates the stellar material to speeds greater
than the speed of sound (up to 10* km/s) and causes a shock wave to move outwards from
the central star. The high velocity stellar material plows outwards into the interstellar
medium (ISM), compressing and heating ambient gas and sweeping it up much as a snow
plow compacts and sweeps up snow. The ISM becomes enriched with the stellar material
blown off in the explosion. The expanding material, and any additional material the blast
collects as it travels through the interstellar medium, forms a supernova remnant (SNR).
Hence, an SNR consists of a thin expanding shell with a relatively low density interior.

According to Woltjer (1972), one can distinguish four phases of the development of
SNRs:

e Free expansion phase: As long as the material swept up by the shock is much less
than the mass of the stellar ejecta, the expansion of the stellar ejecta proceeds at
essentially a constant velocity equal to the initial shock wave speed, typically of the
order of 10* km/s. This may last for approximately 200 years, at which point the
shock wave has swept up as much interstellar material as the initial stellar ejecta. At
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this time the SNR has on average a radius of 3 pc. Although the remnant is radiating
thermal X-ray and synchrotron radiation (from radio to X-rays), the initial energy of
the shock wave will have diminished very little. Line emission from the radioactive
isotopes generated in the supernova contributes significantly to the total apparent
brightness of the remnant in the early years, but do not significantly affect the shock
wave.

Sedov-Taylor phase: As the remnant sweeps up ambient mass about equal to the
mass of the stellar ejecta, the wave will begin to slow down and the remnant enters
a phase known as adiabatic expansion (Sedov-Taylor or blast wave phase). The
internal energy of the shock continues to be very large compared to radiation losses
from thermal and synchrotron radiation, so the total energy remains nearly constant.
The rate of expansion is determined only by the initial energy of the shock wave and
the density of the interstellar medium. This phase is believed to be the main phase
of cosmic ray acceleration in the SNR.

Radiative phase: As the shock wave cools, it will become more efficient to radiate
energy. Once the temperature drops below about 2 - 10* K, electrons will be able to
recombine with carbon and oxygen ions, enabling ultraviolet line emission which is
a much more efficient radiation mechanism than the thermal X-ray and synchrotron
radiation.

Dispersal phase: X-radiation becomes much less apparent and the remnant cools
and disperses into the surrounding medium over the course of the next 10* years.
Finally, the SNR has dispersed into the ISM and can hardly be recognized as an
individual object.

Supernova remnants are extremely important for the understanding of our Galaxy.

They provide the dominant energy input to the ISM. Therefore, they are believed to be
responsible for the acceleration of galactic cosmic rays. Heavy elements (up to iron) created
by fusion in the stellar core are released into the galaxy by the mixing of the ejecta and
ISM material in the remnant. Elements heavier than iron are created in the powerful blast
of a SN explosion, see e.g. Woosley & Weaver (1995).

For a long time Galactic SNRs have been considered as best candidates for the accel-

eration of hadronic cosmic rays up to the knee in the cosmic-ray particle spectrum at 10'°
eV, see e.g. Baade & Zwicky (1934), Ginzburg & Syrovatskii (1964), Aharonian, Drury &
Voelk (1994). For reviews see e.g. Hillas (2005) and Gaisser (2001). This hypothesis is
based on three reasons:

e The total cosmic ray power equals about 10% of the average SN power in our galaxy,

see section 1.3.

e supernova explosions produce the highest (known) energy input in the ISM in our

galaxy. Any other acceleration process would therefore need an efficiency higher than
10%. On larger scales also AGN offer a high energy input in the ISM.
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e The shock produced by supernova explosions can accelerate particles via diffusive
shock acceleration (Fermi acceleration) (Bell 1978; Blandford & Eichler 1987). The
predicted source spectrum of cosmic rays is a power law with index of about 2.1.
Taking into account the energy dependent escape time of cosmic rays from the galaxy
(power law with spectral index 0.6), the resulting power law spectral index fits nicely
to the observed one of 2.7, see section 1.3.

If the SNRs are indeed the accelerators of cosmic rays, then they should also emit y-rays
through 7° production in the collisions of the cosmic rays with the ambient matter, see
e.g. Aharonian, Drury & Voelk (1994); Berezhko & Volk (1997, 2000); Malkov & Drury
(2001). Assuming a spectral index of the cosmic ray power law of 2.1, Aharonian, Drury &
Voelk (1994) predict the following integral v-ray flux from an SNR (see also section 1.2.1):

dN,(E > Ey) _ 0. 10 11 (_Eo M Bex d ‘2( n )cm” -
dAdt 1 TeV 105%erg / \ 1kpc lem—3 ’

(1.33)

where 6 is the conversion efficiency of the total SNR power to cosmic rays, Egy is the
total SN power, d is the SN distance from the earth and n is the (number) density of the
ambient matter.

Therefore, for an SNR in the Sedov-Taylor phase at a distance of 1 kpc in an environ-
ment of density 1 cm ™ (and assuming a cosmic ray acceleration efficiency of 10%) a VHE
v-ray flux above 1 TeV of about 9-1072 cm~2s™! is expected, which is more than half of the
flux of the Crab Nebula. Assuming an SNR stays for 10000 years in the Sedov phase and
an SNR rate of 3 SNR/100 years there should be about 20 SNRs at a maximum distance
of 4 kpc (with respect to the radius of the galaxy of 15 kpc) with minimum integral fluxes
above 1 TeV of 3% of the flux of the Crab Nebula. To prove that SNRs are indeed the
accelerators of the cosmic rays one has to observe enough SNRs in VHE v-rays and show
that the observed 7-radiation is due to hadronic interactions (see section 1.2).

The observations of hard X-rays are strong evidences for the existence of 100 TeV
electrons in shell-type SNRs, see e.g. Koyama et al. (1995). The cut-off in the synchrotron
spectrum is directly related to the maximum energy of the accelerated electrons. Electrons
and nuclei are expected to be accelerated in a similar manner (Ellison & Reynolds 1991).
At very high energies shell-type SNRs are detected with very high statistical significances
such as the SNRs RXJ1713.7-3946 and RXJ0852.0-4622 (Vela Junior) by the CANGAROO
(Enomoto et al. 2002; Katagiri et al. 2005; Enomoto et al. 2006) and HESS collaborations
(Aharonian et al 2004c; Aharonian et al. 2005c). These observations prove that charged
particles are accelerated in SNR shock fronts. Nevertheless, the nature of these VHE
particles (electrons or hadrons) cannot be unambiguously identified yet. Therefore, deeper
observations of the SNRs are necessary, especially the extension of the measured spectra
from few GeV to several tens of TeV.

1.5.3 Pulsars and Pulsar Wind Nebulae

Pulsars are rapidly rotating neutrons stars which are produced in a type II supernova
explosion. A pulsar wind nebula, PWN, (also known as a ”plerion”, Greek for ”full”) is
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a nebula emitting synchrotron radiation, which is powered by the relativistic wind of an
energetic pulsar. Young pulsar wind nebulae are often found inside the shells of supernova
remnants. The prototype pulsar wind nebula is the Crab Nebula.

The rotating strong magnetic field of the neutron star produces strong and variable
electric fields (Goldreich & Julian 1969), where particles are accelerated to high energies.
Due to the variable electric field, these particles (electrons and positrons) emit pulsed
synchrotron radiation, see e.g. Harding (1981). Depending on the location of the accelera-
tion region, so-called “polar cap” and “outer gap” models are distinguished. They predict
~v-radiation with cut-offs at a few GeV or a few tens of GeV, respectively.

Almost all pulsars have rotational periods that are steadily increasing with time. This
“spin-down” corresponds to a loss of rotational kinetic energy in the range up to 10*” erg/s.
Most of this energy loss is thought to be dissipated by a magnetized wind of relativistic
electrons and positrons, see e.g. Gaensler et al. (2000). At some distance from the pulsar,
the pressure of the wind is eventually balanced by the external pressure, resulting in a
strong stationary shock front, where particles (predominantly electrons and positrons) are
accelerated to very high energies (in the Crab Nebula up to 10716 eV). These particles
then emit synchrotron radiation and produce inverse Compton emission (see e.g. de Jager
& Harding (1992); Harding (1996) and Aharonian, Atoyan & Kifune (1997)).

Pulsar wind nebulae are generally characterized by the following properties:

1. An increase in brightness towards the center, lack of a shell-like structure

2. A flux of highly polarized photons, the spectral index steepens from radio to X-ray
energies due to synchrotron radiation losses

3. A steepening of the spectral index with distance from the pulsar due to smaller
synchrotron lifetimes of the higher energy electrons (Safi-Harb 2004).

In 1989, steady VHE v-ray emission (£, > 1 TeV) from the Crab Nebula was detected
by the Whipple collaboration (Weekes et al. 1989), the first VHE ~-ray source. The Crab
Nebula is the brightest stable VHE ~-ray source and remains the best-studied object of
this class. It is commonly used for intercalibration between different y-ray instruments.

1.5.4 ~-Ray Binaries

A recently discovered class of galactic VHE ~-ray sources are v-ray binaries. Until now
there are three known ~-ray binaries: PSR B1259-63 (Aharonian et al. 2005d), LS 5039
(Aharonian et al. 2005¢) and LSI +61 303 (Albert et al. 2006d). These three binary systems
consist of a stellar mass compact object (either a neutron star or a black hole of up to a
few solar masses) and a massive star (10 to 20 solar masses) in an eccentric orbit around
each other. According to Mirabel (2006) there are two models for the VHE ~-ray emission
(for an illustration see figure 1.6):

e the microquasar jet model

e the pulsar wind model.
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Figure 1.6: Alternative models for VHE ~y-ray binary systems: (Left) Microquasars are
powered by the mass accretion from a large companion star onto a compact object (neutron
star or stellar mass black hole). The accretion produces collimated jets like in the case of
AGNs. vy-rays are produced in the jets. (Right) Pulsar winds are powered by the rotation of
the neutron stars; the wind flows away to large distances in a comet-shaped tail. Interaction
of this wind with the companion star outflow may produce the VHE v-rays. Figure from
Mirabel (2006).

The left part of figure 1.6 shows the microquasar jet model: A normal star and either
a black hole or a neutron star orbit around each other in a binary system. The companion
star loses matter into an accretion disk around the compact object which is heated up to
about 107 K, see e.g. Mirabel & Rodriguez (1999) for a review. Part of the infalling matter
emerges again in form of two relativistic jets, which emit radio waves and X-rays. In shock
fronts within the jets charged particles may be accelerated to high energies (see section
1.4), which subsequently produce vy-rays via the inverse Compton effect or the interaction
of hadrons, see section 1.2 and Paredes (2005).

Microquasars are named after the similarities with active galactic nuclei (AGNs), see
section 1.6. Microquasars show the same three ingredients that make up radio-loud AGNs:
a compact object, an accretion disc and relativistic jets (Mirabel et al. 1992; Mirabel &
Rodriguez 1994). Hence, microquasars are galactic, scaled-down versions of AGNs, which
have a stellar mass black hole instead of a super-massive black hole. The relative close
distance of microquasars compared to AGNs make these objects ideal laboratories for the
study of the physical processes of accretion and jets which determine the internal working
of microquasars and AGNs. In some models (Heinz & Sunyaev 2002) microquasars could
measurably contribute to the density of galactic cosmic rays.



30 1. Very High Energy v-Ray Astronomy

The right part of figure 1.6 illustrates the pulsar wind model (see also section 1.5.3):
The compact object is a young neutron star with a high spin down energy loss, which
is transferred to a pulsar wind of non-thermal relativistic particles. When the pulsar
wind interacts with the stellar wind of the companion star, strong shocks are created and
charged particles can be accelerated to very high energies (see section 1.4). Again, vy-rays
are produced via the inverse Compton effect or in the interaction of hadrons, see section
1.2.

1.5.5 Giant Molecular Clouds

The interstellar medium (ISM) consists of an extremely dilute plasma, gas and dust, which
consists of a mixture of ions, atoms, molecules, larger dust grains, electromagnetic radia-
tion, cosmic rays and magnetic fields. The matter consists, by mass, of about 99% gas and
1% dust (McKee & Ostriker 1977; Dyson 1997). The gas is roughly 90% hydrogen and 10%
helium by number, with heavier elements present in trace amounts. The gas density varies
between 10~* cm ™2 in coronal gas and 10%cm™3 in dense molecular clouds. The hydrogen
occurs in three different forms: as ionized plasma (H II regions), as atoms (H I regions),
and as molecular clouds, which account for about half of the total hydrogen.

H II regions can readily be observed by their hydrogen spectral line emission (e.g. in
the visible light). In an H II region, star formation is taking place. Young, hot, blue stars
which have formed from the gas emit copious amounts of ultraviolet light, ionizing the
hydrogen atoms around them. The radiation pressure from the hot young stars causes the
H II regions to disperse at time scales of around a million years.

H T regions are colder and more dilute compared to H II regions. They do not emit
visible light, but they are well detectable by the hyperfine structure emission line of 21 cm
radio waves. Mapping H I emissions with a radio telescope is a technique used for deter-
mining the structure of spiral galaxies.

Giant molecular clouds (GMC) are very cold (a few tens of K) and dense clouds con-
sisting mostly of molecular hydrogen. Collapses of parts of a GMC may lead to the birth
of stars which subsequently heat the cloud to become an H II region. Molecular hydrogen
is very difficult to detect as it does not emit any prominent lines in the electromagnetic
spectrum (it has only a weak signature from the electric quadropol moment). Therefore,
indirect methods using the detection of tracer molecules like CO are often applied, see
e.g. Dame et al. (2001); Jackson et al. (2006).

CO 1is a polar molecule with a strong electric dipole rotational emission in the mm
waveband, and is considered a reliable tracer of molecular hydrogen. The J =1 <+ 0 rota-
tional transition of CO at about 115 GHz can be well observed. The emission is Doppler
shifted according to the rotation speed of the GMC around the Galactic Center. Assuming
a certain galactic rotation curve (see e.g. Clemens (1985)) one can estimate the distance of
the GMC from the Galactic Center by the Doppler shift of the CO emission line. Molecular
gas masses can be derived assuming a constant ratio between the molecular hydrogen col-
umn density N(Hs) and the velocity-integrated (distance integrated) CO intensity (Dame
et al. 2001):

N(Hy)/Weo = 1.8 x 102%cm 2K 'km 's7! . (1.34)
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According to equation 1.33 (see also section 1.2.1) the expected ~-ray flux from a source
depends on the total cosmic ray power at the source as well as on the density of target
material. In the absence of a cosmic ray accelerator in the molecular cloud, the ambient
sea of cosmic rays might produce detectable y-ray signals only in the most dense and heavy
molecular clouds. Contrary to that, a GMC near a cosmic ray accelerator could readily
be a source of VHE ~-rays (Aharonian et al. 2001; Torres et al. 2003). One such possible
GMC detected in VHE ~-rays is the region of the galactic disk close to the Galactic Center
(6] < 0.2° and |I] < 1.5°), for which a correlation between the ~-ray brightness and target
density is observed (Aharonian et al. 2006c¢).

1.5.6 The Galactic Center

The Galactic Center (GC) region contains many unusual objects which may be responsible
for high-energy processes generating v-rays (Aharonian & Neronov 2005; Atoyan & Dermer
2004; Horns 2004). The GC is rich in massive stellar clusters with up to 100 OB stars
(Morris & Serabyn 1996), immersed in a dense gas. There are young shell-type supernova
remnants e.g. G0.570-0.018 or Sgr A East, the pulsar wind nebula candidate (G359.95-0.04
(Wang et al. 2006) and nonthermal radio arcs. The dynamical center of the Milky Way is
associated with the compact radio source Sgr A*, which is believed to be a super massive
black hole of about 3—4-10° M, (Ghez et al. 2000; Schodel et al. 2002; Ghez et al. 2003a,b;
Eisenhauer 2005). Bower et al. (2004) have resolved the Galactic Center source at 7 mm
wavelength, which yielded a radius of just 24 Schwarzschild radii (or about 2 AU). Within
a radius of 300 pc around the Galactic Center a mass of about 3 - 10" M, is observed. An
overview of the radio sources in the GC region is given in figure 1.7, while figure 1.8 shows
a schematic diagram of the principal constituents of the Sgr A radio source at a much
smaller scale. Some data about the GC are summarized in Table 1.1.

(RA, Dec) of SgrA*, epoch J2000.0 (17"45m39.95%, —29°0028.2”)
heliocentric distance 8 + 0.4 kpc (Reid 1993; Eisenhauer 2003, 2005)
mass of the black hole 3.6 + 0.4 - 10°M,, (Eisenhauer 2005)

Table 1.1: Properties of the Galactic Center.

The v-ray satellite EGRET has detected a strong source in direction of the GC, 3 EG
J1745-2852 (Mayer-Hasselwander et al. 1998), which has a broken power law spectrum
extending up to at least 10 GeV, with a spectral index of 1.3 below the break at a few
GeV. Assuming a distance of 8 kpc from the GC, the y-ray luminosity of this source is very
large, i.e. 2.2 - 1037 erg/s, which is equivalent to about 10 times the v-ray flux from the
Crab Nebula. However, an independent analysis of the EGRET data (Hooper & Dingus
2005) indicates a point source whose position is different from the GC at a confidence level
beyond 99.9 %.

At energies above 200 GeV, the GC has been observed by the CANGAROO (Tsuchiya
et al. 2004), VERITAS (Kosack et al. 2004) and HESS (Aharonian et al. 2004b) collabora-
tions. The v-ray spectra as measured by these experiments are displayed in figure 1.9 while
figure 1.10 shows the different reconstructed positions of the GC source. Figure 1.11 shows
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Figure 1.7: Overview about the radio sources near the Galactic Center (Lazio et al. 2005).

the total spectrum of the electromagnetic radiation from the Galactic Center (Aharonian
& Neronov 2005). Recently, two more TeV sources and some diffuse y-ray emission along
the Galactic Plane have been reported by Aharonian et al. (2005b, 2006a,c).

The discrepancies between the measured ~y-ray spectra could indicate inter-calibration
problems between the IACTs. However, it could also indicate an apparent source variability
at a timescale of about one year or it could be due to the different regions in which the
signal is integrated.

In the GC region VHE ~-rays can be produced in different sources:

e the compact radio source Sgr A* (Aharonian & Neronov 2005)

e a possible AGN-like relativistic jet originating from the spinning GC black hole (Fal-
cke et al. 1993; Falcke & Markoff 2000)

e the young SNR Sgr A East (Fatuzzo & Melia 2003; Yusef-Zadeh et al. 1999)

e the pulsar wind nebula candidate G359.95-0.04 (Wang et al. 2006; Hinton & Aharo-
nian 2006)

e interaction between cosmic rays and the dense ambient gas within the innermost 10
pc region (Aharonian et al. 2006¢)

e the non-thermal radio filaments (Pohl 1997)

e the central part of the Dark Matter halo (Prada et al. 2004).
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Figure 1.8: Schematic diagram showing the sky locations and rough sizes and shapes of the
principle constituents of the Sgr A radio complex: The coordinate offsets are with respect
to the compact nonthermal radio source Sgr A*, which coincides with the dynamical center
of the galaxy, the super massive black hole candidate. Sgr A* is located at the center of the
thermal radio source Sgr A West, which consists of a spiral-shaped group of thermal gas
filaments. Sgr A West is surrounded by the molecular ring (also known as the circumnuclear
disk), the radius of which is about 30”. The nonthermal shell-like radio source Sgr A East
is surrounding Sgr A West, but its center is offset by about 50”. The nonthermal shell is
surrounded by the dust and the molecular ridge. The molecular cloud M —0.02 —0.07 is
located to the east of Sgr A East. At the eastern edge of the Sgr A East shell, a chain of
H II regions (A-D) is seen. One arcminute corresponds to about 2.3 pc at the distance of
8 kpc. Figure from Maeda et al. (2002)

It is quite possible that some of these potential y-ray production sites contribute com-
parably to the observed VHE ~-ray flux. For example, the young SNR Sgr A East is only
located about 7 pc (about 0.05 deg) away from the Galactic Center (Yusef-Zadeh et al.
1999).

Production of VHE ~-rays within 10 Schwarzschild radii of a black hole (of any mass)
could be copious because of effective acceleration of particles by the rotation-induced elec-
tric fields close to the event horizon or by strong shocks in the inner parts of the accretion
disk. However, these energetic vy-rays generally cannot escape the source because of severe
absorption due to interactions with the dense, low-frequency radiation through photon-
photon pair production. Fortunately, the supermassive black hole in our Galaxy is an
exception because of its unusually low bolometric luminosity. The propagation effects re-
lated to the possible cascading in the photon field may extend the high-energy limit to 10
TeV or even beyond (Aharonian & Neronov 2005).

Many proposed acceleration mechanisms of VHE v-radiation in the Galactic Center are
based on so-called advection dominated accretion flow (ADAF) models (Atoyan & Dermer
2004). A viable site of acceleration of highly energetic electrons could be the compact region
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Figure 1.9: The VHE ~-ray flux from the Galactic Center as observed by the CANGAROO,
VERITAS and HESS collaborations and by the EGRET experiment (Aharonian et al.
2004b). A clear discrepancy between the flux level and the spectral indices of the HESS
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Figure 1.10: The VHE ~-ray source locations as measured by the IACTs Whipple, CAN-
GAROO and HESS overlayed on a 90 cm radio map (Horns 2004).

within a few Schwarzschild radii of the black hole. In this case the electrons produce not
only curvature radiation, which peaks around 1 GeV, but also inverse Compton ~-rays
(produced in the Klein-Nishina regime) with the peak emission around 100 TeV. As these
high-energy ~v-rays cannot escape the source, the observed v-rays would be due to an

electromagnetic cascade.
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Figure 1.11: Total spectrum of the electromagnetic radiation from the Galactic Center,
compiled by Aharonian & Neronov (2005).

Another scenario is related to accelerated protons, which produce ~-rays via the pro-
duction and subsequent decay of neutral mesons like 7%s. Protons can be accelerated by
the electric field close to the Schwarzschild radius of the black hole or by strong shocks in
the accretion disk (Aharonian & Neronov 2005) to energies of about 10 eV. In this case
the y-ray production is dominated by interactions of 10'® eV protons with the accretion
plasma. This scenario predicts a neutrino flux which should be observable with north-
ern neutrino telescopes like NEMO and Antares. It also predicts strong TeV-X-ray-IR
correlations, for a deeper discussion see Aharonian & Neronov (2005).

If the protons are accelerated to energies as high as 10'% eV, detectable fluxes of 10'8
eV neutrons are predicted (Aharonian & Neronov 2005). Neutrons of this energy travel a
distance of about 8 kpc during their half-life time. A hint of an excess of highest energy
neutrons from the GC has been reported by Hayashida et al. (1999).

1.5.7 The Galaxy in the Light of VHE ~-Rays

The accelerators of the cosmic rays can be searched for using their emitted electromagnetic
radiation (and, in future, using neutrinos). According to section 1.2, the accelerated VHE
electrons (and positrons) emit synchrotron radiation in the ambient magnetic fields (a
continuum of radiation in the waveband between radio and hard X-rays), and VHE ~-rays
via the IC upscattering of ambient photons. VHE protons produce, in their interactions
with ambient gas, y-rays with a peak intensity at about 70 MeV (half the mass of the 7°)
and only a very weak synchrotron signal from secondary electrons. The acceleration sites
of hadrons and electrons can be distinguished by their different overall multiwavelength
emission, especially by the presence or absence of synchrotron emission. In case of a
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combined electron/proton acceleration, this source would emit inverse Compton VHE -
rays and synchrotron radio to X-rays. Therefore, only the shape of the VHE ~-ray spectrum
may allow to prove the acceleration of hadrons.
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Figure 1.12: Multiwavelength observations of the Milky Way (the Galactic Center is always
in the middle of the images): a) Radio continuum (408 MHz) surveys with the Jodrell Bank,
Bonn, and Parkes radio telescopes (Haslam et al. 1982). b) >CO J = 1 — 0 spectral line
emission (115 GHz) indicating the molecular hydrogen column density (Dame et al. 2001).
c) Composite X-ray intensity observed by the Réntgen Satellite ROSAT, images in three
soft X-ray bands centered at 0.25, 0.75, and 1.5 keV encoded in red, green, and blue color
ranges, respectively (Snowden et al. 1997). d) Intensity of high-energy v-ray emission above
300 MeV observed by the EGRET instrument on the Compton Gamma-Ray Observatory
(Hartman et al. 1999). e) vy-ray intensity above 200 GeV from the HESS survey of the
inner galazy (Aharonian et al. 2006a). f) v-ray emission significance map (E, > 10 TeV)
using the Milagro detector (Goodman et al. 2006) (the GC and parts of the inner galazy
cannot be accessed by Milagro due to its location in the northern hemisphere).

Unbiased surveys of the Galactic Plane in continuum radio and in X-rays have been
available for some time. Two examples of such surveys are shown in figure 1.12a) and c).
However, to find the exact sites of cosmic hadron acceleration, also unbiased surveys in
the y-ray band are necessary: In high energy ~-rays above 100 MeV the Galactic Plane
was surveyed by the EGRET instrument (Hartman et al. 1999). Still, the majority of the
galactic EGRET sources summarized in the 3rd EGRET catalogue (Hartman et al. 1999)
remain unidentified, mainly due to the relatively poor spatial resolution of the instrument
of about 1°. Only pulsars could by unambiguously identified by their pulsation period.
There are some proposed associations of EGRET sources with SNRs and microquasars.
Figure 1.12d) shows the map of the Galactic Plane in vy-rays above 300 MeV observed
by EGRET. It shows a high level of diffuse emission along the Galactic Plane, which is
assumed to be produced in interactions of cosmic rays with ambient gas and photon fields.

For vy-ray energies above a few TeV the full northern sky was surveyed by the Milagro
water-Cherenkov detector (Atkins et al. 2004) and the Tibet air-shower array (Amenomori
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Figure 1.13: Significance map for VHE ~y-radiation from the inner galazy (Aharonian et al.
2005a).

et al. 2002). These experiments have a very large field of view (about 1 sr) but only a
limited sensitivity and angular resolution. Figure 1.12f) shows a map of the Galactic Plane
in terms of significance for the y-ray emission above 10 TeV. In addition to the Crab Nebula
the Milagro collaboration has reported evidence for y-ray emission above 10 TeV along the
Galactic Plane and from a source in the Cygnus region (Atkins et al. 2005; Fleysher et al.
2005; Goodman et al. 2006).

A first survey of the Galactic Plane with an TACT was carried out with the HEGRA
(High Energy Gamma Ray Astronomy) telescopes array (Aharonian et al. 2002) in the
range of galactic longitudes —2° < [ < 80°. No sources were found at flux levels of
15% (outer galaxy) to 30% (inner galaxy) of the Crab Nebula flux. Recently, a scan of
the inner galaxy (|/| < 30°) has been performed by the HESS collaboration (Aharonian
et al. 2005a, 2006a). The scan had a sensitivity of 3% of the Crab Nebula flux above
200 GeV. Eight new sources were discovered in the original scan data with significances
above 6 standard deviations, taking all trial factors of the different searched sky positions
into account. Further observations increased the number of new significant sources to 15
(Aharonian et al. 2006a). Figure 1.12e) shows an expanded view of the VHE ~-ray intensity
map of the inner part of the galaxy using the HESS telescope and figure 1.13 shows the
corresponding significance map for VHE v-ray emission.
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In order to identify the nature of the newly discovered sources of VHE ~-rays they
have to be firmly related to counter-parts observed in other wavelengths. Therefore, three
conditions have to be fulfilled: (1) positional agreement between the sources (in the case of
source extension also a morphological match) (2) the positional counter-part source should
have a viable y-ray emission mechanism (3) there should be a consistent picture of the
multiwavelength emission of the source.

To search for possible accelerators of cosmic rays those y-ray sources are most inter-
esting, which are not associated with a pulsar (pulsar wind nebulae) and which do not
have strong X-ray emission, which would indicate a dominantly leptonic origin of the y-ray
emission. From the eight significant sources there were two sources without any published
counter-part candidate (Aharonian et al. 2005a): HESS J 1614-518 and HESS J 1813-178.
Moreover, the source HESS J 1834-087 is positionally consistent with the SNR G 23.3-0.3,
but without detected X-ray emission. This indicates only a low number of accelerated
electrons and may hint to the acceleration of hadrons.

1.6 Extra Galactic Sources of VHE ~-Rays

In addition to the VHE ~-ray sources located in our galaxy, extragalactic astronomical ob-
jects can also be identified as sources of VHE ~-rays. Up to now all observed extra galactic
sources of VHE ~-rays are Active Galactic Nuclei (AGN). However, there are theoretical
models which predict also observable signals from ~-ray bursts (GRBs), starburst galaxies,
clusters of galaxies and further, more exotic sources.

Taking their distance into account, AGNs are the most luminous sources confirmed
of emitting vy-radiation. A unified model of AGNs was proposed by Urry & Padovani
(1995) based on existing black hole models (Rees 1984): AGN are a class of galaxies which
have supermassive black holes of 10% to 10? solar masses in their center. By the infall of
matter onto the black hole a thin layer of hot plasma (the accretion disk) is formed. It
approaches the black hole on spiral trajectories. The plasma emits a thermal spectrum
peaking at X-rays. Often a pair of strongly collimated relativistic matter outflows (“jets”),
perpendicular to the accretion disc, are observed. Most likely in shock fronts in these
jets particles are accelerated to very high energies which subsequently emit radiation in
the radio to within y-ray waveband. Depending on the observation angle with respect to
the jet axis, a rich phenomenology of AGNs can be observed leading to many classes and
sub-classes of AGNs. For ~-ray astronomy, the most important ones are those where a jet
points directly in the direction of the Earth, the so-called blazars. The first blazar (and the
first extragalactic source ever) observed in VHE v-ray was Mrk-421 (Punch et al. 1992).
Recently, the radio-loud AGN M87 was detected in VHE 7-rays (Aharonian et al. 2003).
It is the first AGN seen in VHE ~-rays with a jet off-axis.

Blazars show highly variable fluxes from the radio to the TeV regime. The emission level
can vary by orders of magnitude in short time scales from minutes to months. Studying the
~v-ray flux variations with time in different energy bands allows to set limits to an energy
dependence of the speed of light due to possible quantum gravity effects, see e.g. Biller
et al. (1999) and references therein.

Measurements of the ~-radiation from AGNs allow the study of matter accretion onto
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black holes and the jet phenomena. It is an interesting question whether the observed
v-radiation is produced by primary accelerated electrons or protons (see section 1.2). In
the case of proton acceleration, AGNs could produce a substantial part of the observed
Cosmic Rays on Earth. In the case of accelerated electrons the same electrons would emit
synchrotron radiation in the ambient magnetic fields as well as scatter ambient photons
up to very high energies. This scenario predicts strong correlations between the X-ray and
VHE ~-ray fluxes (Fossati et al. 1998).

Another very interesting aspect of searching for far away extragalactic sources is the at-
tenuation of the y-rays on their way. Interstellar gas and dust can hardly stop VHE ~-rays;
they easily penetrate a few g/cm? of matter, much more than what is found in interstellar
gas clouds. However, VHE ~-rays can interact with the extragalactic background light
(EBL) and produce electron positron pairs (Gould & Schreder 1966; Jelley 1966; Stecker
et al. 1992). The higher the energy of the 7-ray, the lower the energy of the EBL photon
can be resulting in a higher absorption probability of the vy-ray. A given EBL density leads
to a maximum distance beyond which a ~-ray source cannot be seen any more (Fazio &
Stecker 1970; Blanch & Martinez 2005), the so-called “y-ray horizon”. On the other hand,
the EBL density can be determined by measuring the y-ray spectra of sources with known
distances/redshifts (see e.g. Dwek & Krennrich (2005)).

The density of the EBL is of significant cosmological interest, since it represents the
light emission of galaxies summed over the entire history of galaxy formation since the Big
Bang, see e.g. Kashlinsky (2005). Direct measurements (for a review see Hauser & Dwek
(2001)) on or near Earth are very difficult, because of overwhelming amounts of foreground
light originating in the solar system or in our own Galaxy.

1.7 Searches for y-Rays from Dark Matter Annihila-
tion

The existence of Dark Matter is well established on scales from galaxies to the whole uni-
verse, nevertheless, its nature is still unknown. Most of it cannot even be made of any
of the known matter particles (for a review see e.g. Yao et al. (2006)). The most studied
hypothesis for the nature of the Dark Matter is the existence of Weakly Interacting Massive
Particles (WIMPs) left over from the big bang, see e.g. Jungman et al. (1996). These models
are mainly motivated by extensions of the standard model of particle physics. Supersym-
metric (SUSY) extensions of the standard model predict the existence of a promising Dark
Matter candidate, the neutralino x, see e.g. Ellis et al. (1984). In most models its mass is
below a few TeV. Models involving extra dimensions are also discussed like Kaluza-Klein
Dark Matter (Bertone et al. 2003; Bergstrom 2004).

Any WIMP candidate (SUSY or not) may be detected directly via elastic scattering off
nuclei in a detector on Earth. There are several dedicated experiments already exploiting
this detection technique, but they have not yet claimed any strong and solid detection (for
a review see Gascon (2005)). Complementary, WIMPs and especially SUSY neutralinos
might annihilate in high-density Dark Matter environments and may be detected by their
annihilation products. In particular, annihilation channels producing v-rays are interesting
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because these are not deflected by magnetic fields and preserve the information of the
original annihilation region, i.e. they act as tracers of the Dark Matter density distribution.

The expected mass range of SUSY neutralinos lies between about 50 GeV and a few
TeV. Thus the continuum ~v-ray spectra from potential SUSY neutralino annihilation co-
incides well with the accessible y-ray energy region using IACTSs, especially the MAGIC
telescope. In section 1.7.1 possible targets for the observation of v-rays from particle Dark
Matter annihilation are given and the expected fluxes from these sources are estimated and
compared to the sensitivity of the MAGIC telescope in section 1.7.2. These considerations
have been published by Bartko et al. (2005).

1.7.1 Possible Observation targets

Neutralino annihilation can generate continuum 7-ray emission via the process xx — ¢,
see section 1.2.5. The subsequent decay of 7%-mesons created in the resulting quark jets
produces a continuum of y-rays.

According to equation 1.24 the expected vy-ray flux from neutralino annihilation is
proportional to the Dark Matter density squared. Therefore, high density Dark Matter
regions, which are possibly relatively nearby like the center of the Milky Way, its closest
satellites and the nearby galaxies M31 and M87, are the most suitable places for indirect
Dark Matter searches. Simulations and measurements of stellar dynamics indicate that the
highest Dark Matter densities are found in the central part of galaxies and Dark Matter
dominated dwarf-spheroidal-satellite galaxies (with large mass-to-light ratio). Numerical
simulations in a Cold Dark Matter framework predict a few universal dark matter (DM)
halo profiles (for example the so-called NFW profile (Navarro, Frenk & White 1997) or the
Moore profile (Moore et al. 1998)). All of them differ mainly at low radii (pc scale), where
simulation resolutions are at the very limit.

1.7.1.1 Galactic Center

The presence of a Dark Matter halo in the Milky Way Galaxy is well established by stellar
dynamics (Klypin et al. 2002). In particular, stellar rotation curve data of the Milky
Way can be fit with the universal DM profiles predicted by simulations (Lokas et al. 2005;
Fornengo et al. 2004; Evans et al. 2004). In addition, the Dark Matter may be compressed
due to the infall of baryons to the innermost region (Prada et al. 2004) of a galaxy creating
a central spike of the Dark Matter density. This central Dark Matter spike would boost the
expected y-ray flux from neutralino annihilation in the center of the galaxy. Although this
model of baryonic compression is based on observational data and is in good agreement
with cosmological simulations of the condensation of baryons (Gnedin et al. 2004), the
existence of such a Dark Matter spike in the center of the Milky Way strongly depends on
the Black Hole history during galaxy formation.

For a comparison between the expected ~-ray fluxes from neutralino annihilation and
the MAGIC sensitivity, both the uncompressed NFW DM halo model (Navarro, Frenk
& White 1997), see also Fornengo et al. (2004), and the adiabatic contracted NFW pro-
file (Prada et al. 2004) are considered.
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1.7.1.2 Draco Dwarf Spheroidal and Nearby Galaxies

The Milky Way is surrounded by a number of small and faint companion galaxies. These
dwarf satellites are by far the most Dark Matter dominated known objects, with Mass-to-
Light ratios up to 300 times higher than the one of the sun. Draco is the dwarf satellite,
with the largest DM content. Recently, a dwarf galaxy was discovered in the Ursa Major
constellation, which may have an even higher mass-to-luminosity ratio (Willman et al.
2005).

DM density profiles derived from stars in the Draco dwarf cannot differentiate between
cusped or cored profiles in the innermost region, as data are not available at small radial
distances. Moreover, observational data disfavors tidal disruption effects, which may affect
dramatically the DM distribution in Draco. For the discussions presented here the recent
cusped DM model which includes new Draco rotation data (Lokas et al. 2005) is adopted.

Moreover, NFW models are adopted for the nearby galaxy M31 (Evans et al. 2004)
and the Virgo Cluster (McLaughlin 1999). These profiles do not take into account any
enhancement effect, like adiabatic contraction or presence of DM substructures.

1.7.2 Expectations for MAGIC

The vy-ray flux from neutralino annihilation can be derived by combining the SUSY predic-
tions with the models of the DM density profile for a specific object. The SUSY predictions
are taken from a detailed scan of the parameter space assuming Minimal Supergravity
(mSUGRA), a simple and widely studied scenario for supersymmetry breaking (for details
see Prada et al. (2004)). For a given choice of mSUGRA parameters the values of m,, (ov)
and N, (see equation 1.24) are determined and the consistency with all observational con-
straints is checked.

Comparing the expected y-ray flux from neutralino annihilation in the considered can-
didate sources with the MAGIC sensitivity (see section 3.6.1), expected exclusion limits
can be derived. Figure 1.14 shows the expected exclusion limits for 20 hours of MAGIC ob-
servations in the mSUGRA plane N, (E, > Einresn){(0v) vs. m,, for the four most promising
sources considered. The nominal energy threshold Ely,esn has been conservatively assumed
to be 100 GeV. It has been taken into account that the energy threshold and the effective
collection area of the telescope are functions of the zenith angle of the observation, see
section 3.6.5.

The expected fluxes are rather low and depend strongly on the innermost density re-
gion of the DM halos considered. The detection of a DM ~-ray signal from the Galactic
Center may be possible in case of a very high density DM halo, like the one predicted by
adiabatic contraction processes. The v-ray flux from the Galactic Center as measured by
the MAGIC and HESS telescopes is far above the theoretical expectations and extends to
energies above 10 TeV, see section 4.1 and Aharonian et al. (2004b). Thus only part of
this flux may be due to the annihilation of SUSY-neutralino Dark Matter particles (Horns
2004). Nevertheless, other models like Kaluza-Klein Dark Matter are not ruled out. It is
interesting to investigate and characterize the observed ~y-radiation to constrain the nature
of the emission. The analysis of the MAGIC data of the Galactic Center is presented in
section 4.1.
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Figure 1.14: Expected exclusion limits for the four most promising sources of Dark Matter
annihilation radiation for 20 hours of observation with MAGIC. The Galactic Center is
expected to give the largest flux (lowest exclusion limits) amongst all sources. Figure from
Flix (2005); Bartko et al. (2005).

In the long term Draco can be considered as a plausible candidate for Dark Matter
inspired observations. Conservative scenarios give low fluxes which are not detectable by
MAGIC in a reasonable observation time. However, there are several factors, like the
clumping of Dark Matter, that might enhance the expected flux from neutralino annihi-
lations in Draco. Other Dark Matter particles, like Kaluza-Klein particles, may produce
higher -rays fluxes. Moreover, there are no known high energy ~-ray sources in the field
of view (FOV) which could compete with the predicted vy-ray flux from Dark Matter an-
nihilation.

1.8 Choice of Observation Targets for this Thesis

As shown above, the search for the sources of the cosmic rays is one of the main fundamental
physics questions which can be answered using VHE v-ray telescopes such as MAGIC. This
question requires a profound understanding and modelling of the y-ray emission mechanism
of each of the galactic VHE ~-ray sources. The prototype sources of the hadronic cosmic
rays would emit y-rays with a hard spectrum of spectral index of around —2.1 reaching up
to 100 TeV. Therefore, their flux may be below the EGRET sensitivity. Also, they may or
may not emit in the radio and X-ray wavebands. An enhanced VHE ~-ray flux is predicted
for sources near or in dense molecular clouds.

From the known galactic sources only supernova remnants and maybe the accreting
supermassive black hole at the center of the galaxy release enough power for the acceleration
of the galactic cosmic rays. Nevertheless, the cosmic rays may be accelerated in a still
unknown population of sources.



1.8 Choice of Observation Targets for this Thesis 43

Therefore, I have proposed as Principal Investigator observations of three VHE ~-ray
sources in our galaxy:

1. Galactic Center: The nature of the VHE ~-ray source at the Galactic Center is
unknown due to uncertainties in the source localization and many possible source
candidates. Also, the measured VHE ~-ray spectra by the different collaborations
differ significantly which points to a source variability or instrumental problems.
Conventional acceleration mechanisms for the VHE 7 radiation utilize the accretion
onto the black hole, supernova remnants and PWN. The GC might be the brightest
source of VHE ~-rays from particle Dark Matter annihilation. In this thesis the
source location and the VHE ~v-ray spectrum have been accurately determined. The
integral VHE ~v-ray flux of the source is shown to be stable in time.

2. HESS J 1813-178: When the source was discovered, no counter-parts in other
wavelengths were known. This leads to speculations of a new class of dark particle
(hadron) accelerators. Also no VHE 7-ray spectrum was known. Subsequent radio
and X-ray observations showed spatially coincident sources, which may be due to
an SNR. In this thesis the source location and the VHE ~-ray spectrum have been
accurately determined, and the mutiwavelength emission of the SNR is modeled.

3. HESS J 1834-087: The source is spatially coincident with an SNR observed in
radio, but not in X-rays. Initially, no VHE v-ray spectrum was known. In this thesis
the source location and morphology as well as the VHE v-ray spectrum have been
accurately determined. The VHE ~-ray source is shown to be spatially consistent
with a dense molecular cloud.

There are observational constraints: Lying in the Galactic Plane, all three sources
may only be observed at larger zenith angles up to 60° from La Palma. This leads to an
increased energy threshold but also to an increased effective collection area of the MAGIC
telescope. A dedicated analysis procedure for these observations was set up.

In addition, all three sources suffer from gradients in the sky brightness. In order to
be least affected by these gradients and changing weather and telescope conditions, the
sources are observed in a special observation mode, which also needed a dedicated analysis
procedure.
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Chapter 2

The MAGIC Telescope

The MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) telescope is a new
imaging Air Cherenkov telescope (IACT) on the Canary Island La Palma (28.8°N, 17.8°W,
2200 m above sea level). Its purpose is the ground-based detection of very high energy cos-
mic y-radiation. The most important scientific objective is the understanding of the origin
of the acceleration and reaction mechanisms of very high energetic particles in astronomical
objects - the search for the accelerators of the cosmic rays.

The cosmic -rays cannot penetrate the earth’s atmosphere and thus cannot be directly
measured on the ground (see section 2.1.2). They interact with the nuclei of the atmosphere
and can only be observed directly by expensive satellite-born telescopes. Due to their small
dimensions satellites are presently only sensitive up to y-ray energies of some tens of GeV
from the strongest sources.

Nevertheless, VHE ~-rays, as well as hadronic cosmic rays, can be indirectly detected
from the ground: When the cosmic 7y-rays interact with nuclei of the earth’s atmosphere,
they produce so-called shower cascades consisting of thousands of electrons and positrons.
These particle showers penetrate the earth’s atmosphere typically by several kilometers,
with the shower maximum typically 10 km above the sea level. Those electrons and
positrons of the shower which are faster than the speed of light in air, emit Cherenkov
light in the blue to UV spectral range, which is being observed by the MAGIC telescope:
In the camera of the MAGIC telescope one obtains an encoded image of the shower (due to
the Cherenkov angle). An analysis of this image allows to determine the arrival direction
and the energy of the primary ~-ray. From the analysis of many showers a map of the y-ray
source can be obtained. Previous generation Cherenkov telescopes were able to observe
~v-radiation only above 300 GeV. The aim of MAGIC is to cover the unexplored part of
the electromagnetic spectrum between 30 and 300 GeV.

The general technique of Imaging Air Cherenkov telescopes, including the physical pro-
cesses of air showers and their imaging by telescopes, is presented in section 2.1. Section
2.2 describes the hardware layout of the MAGIC telescope, while section 2.3 presents the
modus of observation with the MAGIC telescope. Finally, section 2.4 describes the con-
struction of a second MAGIC telescope in La Palma, intended for stereoscopic observations
of air showers.
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2.1 The Imaging Air Cherenkov Technique

This section will briefly summarize the general principles of imaging air Cherenkov tele-
scopes and of the physical processes exploited by the technique. It is structured as follows:
First, section 2.1.1 reviews the interactions of high energy particles within air. Thereafter,
section 2.1.2 discusses the development of air shower cascades and section 2.1.3 describes
the physical process of Cherenkov light emission. Finally, the imaging of the Cherenkov
light from an air shower by a telescope is explained in section 2.1.4.

2.1.1 Interactions of High Energy Particles within Air

To describe the interaction of particles with matter, one considers interactions via the
strong and the electromagnetic force. The weak force has to be considered only in the
decays of the produced particles.

2.1.1.1 Electromagnetic Interactions of Charged Particles within Air

There are five processes of electromagnetic interactions of charged particles within air:

e Bremsstrahlung

e Cherenkov radiation
e [onization

e Excitation

e Photo production.

In the field of an “air” nucleus (typically from N, O, C, Ar), charged particles may
radiate photons, which is known as bremsstrahlung. The energy loss of charged particles
due to bremsstrahlung for high energies can be described by (see e.g. Fernow (1986);
Grupen et al. (1996)):

2 2
—% = 4aNApZIZQ7"§ <%> Eln% , (2.1)
where « is the fine-structure constant, N, is the Avogadro constant, p, A and Z are the
average density, atomic mass and charge of the absorber (air), m, is the electron mass, r,
is the classical electron radius and z, m and E are the particle charge, mass and energy,
respectively. Because of the small electron mass, bremsstrahlung plays a very important
role for the energy loss of electrons. For electrons equation 2.1 is usually written as:

dE F , . Z* . 183
—a = YO with XO = 4OZNAPI'I"e In ﬁ y (22)
where X is the radiation length of the absorber. After having traveled a distance X, (in
air: Xop = 36.6623, corresponding to X, ~ 300 m for standard pressure at sea level (Yao
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et al. 2006)) an electron has lost on average all but 1/e of its initial energy. For particles
other than electrons bremsstrahlung plays a minor role up to energies of about 1 TeV.

The cross-section for photo production of hadrons is about three orders of magnitude
lower than the one for bremsstrahlung (Eidelman et al. 2004). Thus photo production can
be neglected. The energy loss due to Ionization and Excitation is described by the
Bethe-Bloch formula, see e.g. Eidelman et al. (2004), but is not useful for a measurement.
The Cherenkov effect on the other hand is essential for the signal production of the
MAGIC telescope, see section 2.1.3.

2.1.1.2 Interactions of Photons within Air

For photon energies larger than a few MeV, pair production is the dominating interaction
process. Here, the photon converts into an electron-positron pair in the electric field of
an air nucleus. At lower photon energies the photon is likely to scatter off the quasi-free
atomic electrons of the air, known as Compton scattering. By virtue of the photo
electric effect, the photon is completely absorbed by an atomic electron, which is the
main process for photon energies below a few keV.

The intensity I of a photon beam as a function of the distance traveled within air obeys
an exponential law:

I(z) = Iye™ "% | (2.3)

with Iy being the initial intensity, x the mass absorption coefficient, p the mass density and
x the distance traveled (thickness of the air). For photon energies above a few MeV the

mass absorption coefficient can be approximated as (see e.g. Rossi (1965); Fernow (1986);
Kleinknecht (1998)):

7

~ 2.4
= 2.9

11

where X is the radiation length defined above. Thus in a layer of air of one radiation length
thickness a high energy photon converts into an electron positron pair with a probability
of 1 —e~5 =~ 54%. The thickness of the total atmosphere at sea level and normal pressure
(p = 1.013 - 10° Pa ) corresponds to about 28 Xj.

2.1.1.3 Strong Interactions of Hadrons within Air

There are many exclusive processes corresponding to specific hadronic final states, in which
hadrons can interact with the nuclei of air. More than 300 such exclusive processes con-
tribute only about 0.1% each to the total cross section of the interactions (Wigmans 1987).
In principle all these processes are described by QCD, the theory of strong interactions,
but up to now the theoretical modeling of these processes is still under development.
Above the nuclear resonances corresponding to initial state energies of about a GeV
the cross section for hadron nucleus collisions shows only a weak energy dependence. The
probability p(x) that a high energy hadron travels a distance = in the absorber without
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interacting with one of the nuclei is given by:

p(z) = exp (—A—) | (25)

where A; is the nuclear interaction length (in air: A;p = 90.0E;, or A; ~ 740 m for
standard pressure at sea level (Yao et al. 2006)). The thickness of the total atmosphere
at sea level at normal pressure (p = 1.013 - 10° Pa, p = 1.205- 10 3g/cm?) corresponds to

about 11 A;.

2.1.2 Development of Air Shower Cascades

When high energy particles interact within air, secondary particles are produced which
carry away part of the energy of the incoming particle. These secondary particles either
decay or interact again with the air nuclei and produce tertiary particles and so on. Thus
the primary energy is shared amongst a growing number of particles. This mechanism
continues until the energy of the particles is not sufficient to produce new ones. The whole
process from the first interaction of the incoming particle until the complete energy loss of
the last particle is called a shower cascade.

According to their origin, one distinguishes between electromagnetic (initiated by elec-
trons and photons) and hadronic (initiated by hadrons) showers.

2.1.2.1 Electromagnetic Showers

Electromagnetic showers develop through the electromagnetic processes of bremsstrahlung
and pair production. Initial high energy electrons (or positrons) radiate a bremsstrahlung
photon in the electric field of a nucleus of the absorber material which then converts into a
new electron positron pair and so on. The shower reaches its maximum particle multiplicity
(“shower maximum”), when

e the energy of the electrons and positrons falls below the critical energy E. (81 MeV
in air) such that they lose more energy by ionization than by bremsstrahlung and

e the photons have an energy below the threshold for pair production.

In figure 2.1 a schematic picture of an electromagnetic shower is shown. The size of
electromagnetic showers is determined by the radiation length of the absorber material:
About 98% of the energy of the incident particle is contained in a length of (Grupen et al.
1996):

L(98%) = 2.5X, {m (5) + C] , (2.6)

where E' is the energy of the incoming particle. For photons, C' = +0.5 and for electrons
and positrons, C' = —0.5. A shower of a 1 TeV photon in air with vertical incidence has
an L(98%) of about 7.5 km. The transverse extension of an electromagnetic shower is
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Figure 2.1: Schematic picture of an electromagnetic cascade (Grupen et al. 1996). Straight
lines represent electrons and positrons, while curly lines represent photons.

often described in terms of the Moliere-Radius Ry (see e.g. Scott (1963); Eidelman et al.
(2004)):

a Xo
= —— Xy~ 21.2MeV - — 2.
RM EC 0 eV Ec ) ( 7)

About 95% of the energy of the shower is deposited in a cylinder of radius 2Ry (Ry ~ 75m
in air for standard pressure at sea level) around the axis of the shower (Grupen et al. 1996).

2.1.2.2 Hadronic Showers

A hadronic shower is initiated by an incoming hadron which interacts with a nucleus of the
absorber material via the strong force. In this reaction new hadrons are produced, which
themselves scatter inelastically off atomic nuclei and thus produce further hadrons until
the energy of the hadrons is below the production threshold for new hadrons. However, in
addition to this purely hadronic process one also has to consider three other processes:

e Electromagnetic decays, especially of 7°s
e Weak decays of hadrons

e [onization of the air.

In figure 2.2 a schematic picture of the development of a hadronic shower is shown.
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Figure 2.2: Schematic picture of a hadronic cascade (Grupen et al. 1996). The full lines
represent charged particles which may radiate Cherenkov light, whereas the broken lines
represent neutral particles which do not contribute to the Cherenkov signal. Also electro-
magnetic sub-showers due to decays of neutral pions into two photons are shown.

2.1.2.3 Differences between Electromagnetic and Hadronic Showers

For vy-ray astronomy with IACTs the differences between ~-ray initiated electromagnetic
air showers and the background of hadronic air showers from charged cosmic rays are of
major importance.

Due to a larger transverse momentum transfer in the hadronic interactions hadronic
showers are broader and also more irregular due to the different interaction and decay
processes, compared to electromagnetic showers. Figure 2.3 shows a 7- and a proton-
initiated air shower for the same first interaction hight of 30 km above sea level. The
~v-ray shower is more concentrated and regular compared to the proton shower. Half of
the Cherenkov light emission from a y-ray shower arises within 21 m of the axis, while a
proton shower emits half of its light within 70 m of the axis (Hillas 1995).

Very important is also the production of 7%s in hadronic showers, which decay after a
mean life time of about 107!¢ seconds immediately into two photons which then initiate
an electromagnetic sub-shower. As roughly 1/3 of the produced pions in each hadronic
interaction are 7%s, a substantial amount of the initial energy of the incoming hadron
is deposited in electromagnetic sub-showers. In some cases only these electromagnetic
sub-showers are seen by the telescope; the rest of the produced particles either do not
illuminate the telescope with Cherenkov light or do not emit any Cherenkov light at all.
These electromagnetic sub-showers are an irreducible background to the electromagnetic
showers from primary vy-rays.
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Figure 2.3: vy-ray shower vs. proton shower: E =100 GeV, dark color corresponds to high
particle density, fized first interaction height at 30 km (Schmidt 2005).

2.1.3 The Emission of Cherenkov Light

A charged particle emits Cherenkov radiation if its velocity is greater than the local group
velocity of light. The energy loss due to this process is negligible compared to the energy
loss due to ionization, but it is the basis of the detection principle of air showers by IACTs,
see e.g. Leo (1994).

The Cherenkov light is emitted in a cone with a half-angle 6. for a particle with velocity
v = Bc¢in a medium with refraction index n (for air at standard pressure (n—1)x10% = 293):

. = arccos (1/5n) . (2.8)
The threshold velocity Si.c for Cherenkov radiation is given by:
1
r=— . 2.9
e = (29)

The number of photons produced per unit path length of a particle with charge ze and
per unit wavelength interval of the produced photons is (Eidelman et al. 2004):

d’N B 2raz? 1 1
dz d\ )2 £B2n2(N\)

Due to the 1/\?* dependence of the number of emitted photons and the A-dependence
of n, the peak of the d*N/(dz d)) distribution lies in the UV region. Strong absorption
processes of UV radiation in the atmosphere (mainly by ozone) lead to a maximum num-
ber of Cherenkov photons observed in the blue region of the electromagnetic spectrum.
Moreover, Mie and Rayleigh scattering further reduce the number of Cherenkov photons
reaching the telescope. Figure 2.4 shows the spectrum of Cherenkov light at the shower
maximum (dashed curve) and after traveling down to 2 km altitude (full curve) (Barrio
et al. 1998).

(2.10)
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Figure 2.4: Spectrum of Cherenkov light at the shower mazimum (dashed curve) and after
traveling down to 2 km altitude (full curve). Figure from Barrio et al. (1998).

2.1.4 Imaging of the Cherenkov Light from an Air Shower by a
Telescope

Figure 2.5 shows the working principle of an air Cherenkov telescope: A very high energy
~v-ray entering the earth’s atmosphere initiates a shower cascade of electrons and positrons
with a shower maximum about 10 km above sea level (for an energy of 1 TeV). Electrons
radiate Cherenkov light in a cone of about 1° half-angle which illuminates an area of
around 120 m radius on the ground. Figure 2.6 presents simulated lateral distributions
of the Cherenkov light density on a height of 2200 m above sea level from a 100 GeV
v-ray shower and a 400 GeV proton induced shower for vertical incidence (Barrio et al.
1998). In case the MAGIC telescope is inside the illuminated area, it collects part of the
Cherenkov light with its mirrors and projects a shower image onto the PMT camera. The
main background to the y-ray showers originates from much more frequent showers induced
by isotropic hadronic cosmic rays.

The Cherenkov photons arrive within a very short time interval of a few nanoseconds at
the telescope camera (about 2 ns full width at half maximum (FWHM) for y-ray showers,
see section 5.1) . Using fast light sensors such as photomultiplier tubes (PMTs), one can
trigger on the coincident light signals in different camera pixels. Exposure times (signal
integration times) in the order of ten nanoseconds help to suppress the background from the
light of the night sky (LONS). In general, IACTs can only be operated in dark conditions,
i.e. moonless nights. The sensitivity of the PMTs of the MAGIC telescope has been
adjusted such that it can also be operated during partial moon-shine (Barrio et al. 1998).

2.2 The Hardware Layout of the MAGIC Telescope

MAGIC (see e.g. Baixeras et al. (2004); Cortina et al. (2005) for a detailed description)
is the largest single-dish Imaging Air Cherenkov Telescope (IACT) in operation. It is
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Figure 2.5: TACT principle: A cosmic high energy v-ray penetrates in the earth’s atmo-
sphere and initiates a shower cascade of electrons and positrons, which radiate Cherenkov
light. This light is collected and focussed onto the camera, providing an image of the air
shower. Picture adapted from Commichau (2004).
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Figure 2.6: Simulated lateral distribution of Cherenkov light density on a height of 2200 m
above sea level from a 100 GeV ~y-ray shower and a 400 GeV proton induced shower for
vertical incidence (Barrio et al. 1998).



54 2. The MAGIC Telescope

located on the Canary Island La Palma (28.8°N, 17.8°W, 2200 m above sea level). There
are four Cherenkov telescope observatories of the latest generation operating world-wide:
CANGAROO (Australia, Kabuki et al. (2003)), HESS (Namibia, Aharonian et al. (2006d)),
MAGIC (La Palma, Barrio et al. (1998)) and VERITAS (USA, Holder et al. (2006)).

The first design study of the MAGIC telescope was finished in 1998 (Barrio et al.
1998). In 2001 the production of the telescope components and the installation at La
Palma started. The telescope frame was completed at the end of 2001 and the inauguration
was celebrated in 2003. Thereafter, the telescope with all its sub-systems was thoroughly
tested. In 2004 the first scientific observations were carried out (Albert et al. 2006¢), and
in spring 2005 the regular cycle 1 observations started.

Figure 2.7: Picture of the MAGIC telescope: The tessellated mirror and the light-weight
space frame construction can be seen.

Figure 2.7 shows a picture of the MAGIC telescope. The mirror diameter is 17 m,
corresponding to a total mirror area of 239 m?. The camera of the MAGIC telescope with
a mean field-of-view of 3.5° (~1 m camera diameter at 17 m focal length) consists of a
densely packed matrix of 576 photomultiplier tubes (PMTs), which record the Cherenkov
light. The PMTs have an enhanced quantum efficiency and 1.0 - 1.2 ns FWHM response
to sub-ns input light pulses (Ostankov et al. 2000). The fast analog PMT signals are
transported via 162 m long optical fibers to the trigger electronics and are read out by
a 300 MSamples/s FADC system. For the images of the air showers exposure (signal
integration) times of around 10 ns are used. The analysis of the form and orientation of the
shower pictures permits to separate y-ray initiated air showers efficiently from backgrounds
(mainly showers of the charged cosmic rays).

This section is structured as follows: First, in section 2.2.1 the site location of the
MAGIC telescope is described. Thereafter, details of important hardware parts of the
telescope are presented: the telescope mechanics and the drive system (section 2.2.2),
the mirror system (section 2.2.3), the MAGIC camera (section 2.2.4), the trigger system
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(section 2.2.5), the data acquisition and signal processing system (section 2.2.6) and the
calibration system (section 2.2.7). Finally, in section 2.2.8 an overview of the Monte-Carlo
simulations of the MAGIC telescope is given, which is necessary to estimate the telescope
response to y-rays as the telescope response cannot be calibrated in test beams.

2.2.1 Site Location

The MAGIC telescope is located 2200 m above sea level at the Roque de los Muchachos
Observatory on the Canary Island of La Palma (28.8°N, 17.8°W). This site was chosen
for its height, its clear, cloudless nights and low humidity (Barrio et al. 1998). Moreover,
the site has successfully hosted in the past the predecessor experiment HEGRA (see e.g.
Daum et al. (1997)).

2.2.2 Telescope Mechanics / The Drive System

The MAGIC telescope has a 17 m diameter parabolic mirror dish with a focal length of
17 m, which is supported by a light-weight space frame of carbon fiber reinforced plastic
tubes. This light-weight telescope design in an Altitude-Azimuth mount together with
powerful servo-motors enables the MAGIC telescope to be repositioned to an arbitrary
sky position in about 30 s. Figure 2.8 shows a technical drawing of the MAGIC telescope
(Barrio et al. 1998). The telescope design was mainly done in the mechanical department
of the MPI in Munich.

The tracking system of the MAGIC telescope is described in detail by Bretz et al.
(2003). The pointing direction of the telescope is measured using shaft encoders with a
resolution of 14 bit, corresponding to a telescope positioning accuracy of about 2’. Due
to telescope structure deformations, however, there are sometimes larger deviations of the
actual telescope pointing from the intended position, especially during the culmination of
a tracked source. These positioning deviations can be monitored and corrected for using
the MAGIC starfield monitor (Riegel et al. 2005): A video camera is attached to the center
of the mirror dish of the MAGIC telescope. It compares monitor LEDs mounted on the
PMT-camera frame and stars with well-known positions from the celestial background.
From the position of the camera LEDs relative to the stars the actual pointing position of
the MAGIC telescope can be determined with an accuracy of about 0.01° = 36".

2.2.3 The Mirror System

The MAGIC telescope has a 17 m diameter tessellated parabolic reflector (Bigongiari et al.
2004) to exploit the short duration of Cherenkov flashes. The mirror dish is segmented
into 956 square tiles (50 cmx50 cm), corresponding to a total mirror area of 239 m?. Each
tile is an all aluminum spherical mirror with curvature radius ranging from 36.6 m, at the
paraboloid rim, to 34.1 m at its center. The all aluminum mirrors are an innovation in
~v-ray astronomy. They have a comparable optical quality as the conventional glass mirrors
used in ~y-ray astronomy while their weight is much less. The mirrors are equipped with an
integrated printed-circuit board heating used for de-icing. The mirror system has a focal
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Figure 2.8: Technical drawing of the MAGIC telescope (Barrio et al. 1998).

length of 17 m and therefore a focal length to diameter ratio f/d = 1.0. Four mirror facets
are fixed on one panel.

In order to compensate zenith angle dependent deformations of the 17 m mirror dish
the mirror panels can be readjusted (Garczarczyk et al. 2003). Each panel can be moved
by two actuators. The positioning is monitored and adjusted using the laser spot on the
camera lid from a laser pointer fixed to each panel. The optical point spread function
(PSF) is the resulting image in the focal plane of a point light source at infinity produced
by all mirrors. This image is well contained within the camera pixel size of 0.1 degrees. The
optical PSF depends on the distance of the image from the camera center due to spherical
aberrations of the reflector.

2.2.4 The MAGIC Camera

The camera of the MAGIC telescope serves to capture and record the Cherenkov images
of air showers. Typical observations of the MAGIC telescope record images at a rate of
around 300 Hz with negligible dead time. A schematics of the MAGIC camera layout is
shown in figure 2.9. The camera of the MAGIC telescope (Cortina et al. 2003) has the
following features:

e ~ 1 m diameter at 17 m focal distance, ~ 3.5° field-of-view (FOV)

e inner hexagonal area of 397 hemispherical bialkali photocathode PMTs (ET 9116A)
of 1 inch diameter, equivalent to 0.1° FOV each (including Winston cone light col-
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lectors), surrounded by 179 PMTs (ET 9117A) of 1.5 inch diameter, equivalent to
(including Winston cone light collectors) 0.2° FOV (Ostankov et al. 2000)

e PMTs are coated with a special lacquer which enhances the quantum efficiency (QE)
up to 30% (Paneque et al. 2004)

e Dedicated light collectors (Winston cones, Winston (1970)) which reduce the dead
area between the PMTs. These cones are specially designed to maximize the number
of photon trajectories that cross the hemispherical photocathode twice to enhance
further the QE. Moreover, these light collectors shield the PMTs from light from
outside the telescope dish.

e Ultrafast and very low-noise transimpedance pixel pre-amplifier (bandwidth ~1 GHz).

e The analog electrical PMT signals are transformed to analog optical signals by verti-
cal cavity surface emitting lasers (VCSELs) and transported via 160 m long optical
fibers to the trigger and read-out electronics in the counting house.

Figure 2.9: Schematic picture of the MAGIC PMT camera. It consists of 397 inner pizels
of 0.1° FOV each, surrounded by 179 outer pixels of 0.2° FOV. The total FOV is about
3.5°. The length of the arrows shows a size on the camera of 189 mm, equivalent to 0.6°.

In general, a large FOV is desirable to observe extended sources, for sky scans and the
serendipitous observations of unknown sources. A fine pixelization (the pixel size should
not be bigger than the instrument PSF) is needed to accurately reconstruct the air shower
parameters from the camera pictures. The chosen camera layout of 3.5° FOV with 577
pixels is a compromise between large FOV, fine pixelization and cost requirements.
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2.2.5 The Trigger of MAGIC

The purpose of the trigger system is to recognize online air shower candidates by their
coincident signals in adjacent pixels of the MAGIC camera and to initiate the read-out of
the full camera information for air shower candidate events.

The trigger of the MAGIC telescope is a sophisticated three-level trigger system (levels
0, 1, 2) with programmable logic. At Oth level, for each channel a discriminator with an
adjustable threshold indicates the presence of a significant signal above the noise level.
The first level trigger applies tight time coincidences and a simple N-next-neighbor logic
to the level zero outputs in any of 19 overlapping trigger cells, each comprising 36 pixels
out of the 325 pixels of the trigger region (corresponding to a trigger FOV of about 0.9°,
see the position of the 19 trigger cells in figure 2.10). In the case that N compact nearest
neighboring pixels show a signal exceeding an adjustable threshold in a tight coincidence
time interval of 5 ns, the level 1 trigger outputs a trigger signal.
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Figure 2.10: Schematics of the trigger: There are 19 overlapping trigger cells of 36 pizels
each, corresponding to a total of 325 pixels in the trigger. The location of these 325 trigger
channels is indicated (only inner camera pizels are used for the trigger). There is a positive
trigger level 1 decision if N compact nearest neighboring pizels in any of the 19 trigger cells
exceed an adjustable threshold in a tight coincidence time interval of 5 ns.

At trigger level 2 for each of the 325 pixels in the trigger region a threshold bit (set if
the preset analog threshold is exceeded) is available. Using fast programmable electronics
a pattern recognition algorithm is applied to this topological information and the most
likely v-ray candidate showers can be filtered out. Up to now, the second level trigger has
not yet been used in the standard data taking procedure.
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2.2.6 Data Acquisition and Signal Processing of the MAGIC Te-
lescope

The MAGIC read-out chain, including the PMT camera, the analog-optical link, the ma-
jority trigger logic and FADCs, is schematically shown in figure 2.11. The response of the
PMTs to sub-ns input light (the Cherenkov light pulse of a v-ray shower has a FWHM of
about 2 ns, see section 5.1) shows a pulse of FWHM of 1.0 - 1.2 ns and rise and fall times of
600 and 700 ps, respectively (Ostankov et al. 2000). By modulating vertical cavity surface
emitting laser (VCSEL) diodes (> 1 GHz bandwidth) in amplitude the ultra-fast analog
signals from the PMTs are transferred via 162 m long, multi mode graded index 50/125
pm diameter optical fibers to the counting house (Lorenz et al. 2001). After transforming
the light back to an electrical signal, the original PMT pulse has a FWHM of about 2.2 ns
and rise and fall times of about 1 ns. Subsequently, the signal is split: One branch goes to
a discriminator with a software adjustable threshold generating the signal for the trigger
system. The signal in the second branch is sent to the 300 MSamples/s 8 bit FADC system
(Goebel et al. 2003).
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Figure 2.11: Current MAGIC read-out scheme: the analog PMT signals are transferred via
an analog optical link to the counting house where, after the trigger decision, the signals
are digitized by a 300 MSamples/s FADCs system and written to the hard disk of a DAQ
PC.

In order to sample the fast pulse (~ 2.2 ns FWHM) with the present 300 MSamples/s
FADC system, the pulse is stretched to a FWHM of > 6 ns (the original pulse is folded
with a stretching function of about 6 ns). This implies a longer integration of the light of
the night sky (LONS) and thus the performance of the telescope on the analysis level is
degraded (but see chapter 5 for an upgrade).

Since the current MAGIC FADCs have a resolution of 8 bit only, the analog signals are
again split into two branches with a factor of 10 difference in gain. The low gain branch is
delayed by 55 ns. The high gain branch is read out by the FADC using 15 time slices. In
case the high gain pulse exceeds a set-able threshold, the low gain branch is then switched
to the same FADC input and digitized into another 15 time samples. In case of a high gain
signal below threshold no switch is performed and another 15 samples of the high gain wave
form are read out. Therefore, for every event 30 time slices are stored. The FADC system
can be read out with a maximum sustained rate of 1 kHz. A 512 kbytes FIFO memory
allows short-time trigger rates of up to 50 kHz. The digital data is read out by a PC which
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saves it to a RAID system and a tape library. Tests of the complete read-out chain show
that the achieved dynamic range (defined as the saturation signal charge divided by three
times the RMS noise signal charge) is more than 1000 (Goebel et al. 2003).

From the recorded 30 time slices of the signal pulse, the signal intensity (charge) and
arrival time are calculated off-line using an advanced pulse-reconstruction algorithm (see
section 3.1). The arrival time information is of importance as Monte Carlo based simula-
tions predict different time structures for y-ray and hadron induced shower images as well
as for images of single muons, see section 5.1. Moreover, the timing information may be
used in the image cleaning to discriminate between camera pixels whose signals belong to
the shower, and pixels which are affected by random background noise.

In order to further exploit the timing capabilities and the high bandwidth of the MAGIC
read-out chain, the FADC system is being upgraded to a 2 GSamples/s sampling rate, using
a bandwidth of 700 MHz and a resolution of 10 bit. In chapter 5 this DAQ upgrade project
with an ultra-fast fiber-optic multiplexed FADC system is described, see also Bartko et al.
(2005b).

2.2.7 The Calibration System

The purpose of the calibration system of the MAGIC telescope is to flat-field the camera
response to the Cherenkov light from air showers, i.e. to have similar reconstructed charge
signals in all pixels for the same photon illumination density, and to determine the abso-
lute conversion factors between the reconstructed FADC signal and the Cherenkov light
intensity. The calibration system consists of very fast (3-4 ns FWHM) and powerful (108-
10" photons/ns/sr) light emitting diodes (NISHIA, single quantum well, Nakamura et al.
(1995)) in three different wavelengths (370 nm, 460nm and 520 nm) and different intensi-
ties. These LEDs are installed in the middle of the mirror dish and illuminate the camera
homogeneously. The light intensity is variable in the range of 4 to 700 photoelectrons per
inner pixel. This enables to check the linearity of the read-out chain and to calibrate the
whole dynamic range.

The absolute camera response to the calibration light flux may be obtained using a
calibrated PIN (p-type, intrinsic, n-type) diode and three blinded camera pixels (input
light attenuated by filters), which measure the absolute calibration light flux. For the
calibration algorithms implemented see section 3.2.1. In addition, there are continuous
light sources in four different colors and variable intensities to simulate the camera response
to star and moon light. Figure 2.12 shows the elements of the MAGIC calibration system.

In dedicated calibration runs the MAGIC camera is illuminated by calibration LED
light flashes and read out using the standard DAQ chain (Gaug et al. 2005). Moreover,
using an external calibration trigger, it is possible to take calibration events interlaced with
normal data taking at a rate of 50 Hz to correct for PMT gain variations on short time
scales of a few minutes.

2.2.8 Monte-Carlo Simulations

The TACT method does not offer the possibility to evaluate the v/hadron separation cut
efficiency and the energy estimation by means of test beams of VHE v-rays of known energy.
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Figure 2.12: Components of the MAGIC calibration system. Figure from Gaug (2006).

Therefore, the operation of ground based Imaging Cherenkov telescopes requires a detailed
Monte Carlo (MC) simulation of y-ray and hadron-initiated air showers, as well as of the
detector response. The Monte Carlo simulation for the MAGIC telescope (Majumdar et al.
2005) is divided into three stages: The development of v- and hadron-initiated air showers
is simulated with CORSIKA 6.019 (COsmic Ray SImulations for KAscade, Heck et al.
(1998)) with some custom specific modifications (Sobczynska 2002). The electromagnetic
part of the interactions is based on quantum electrodynamics (QED) calculations which
are well under control. Major uncertainties, however, are introduced by the simulation of
hadronic interactions, since the processes in air showers are dominated by low momentum
transfers. Currently, these cannot be described by perturbative quantum chromo dynamics
(pQCD). Therefore, the phenomenological model VENUS (Werner 1993) was used. The US
standard atmosphere (Kneizys et al. 1996) was used in the simulations. For each Cherenkov
photon arriving in a radius of 20 m around the telescope location the wavelength, arrival
location and direction are stored a binary file.

The second stage of the simulation, the so-called Reflector (Moralejo 2002) program,
accounts for the Cherenkov light absorption and scattering in the atmosphere, using the
US standard atmosphere to compute the Rayleigh scattering plus the Elterman model
(Elterman 1964) for the distribution of aerosols and ozone. Then the program performs
the reflection of the surviving photons on the mirror dish (composed of 956 tiles) to obtain
their location and arrival time on the camera plane.

Finally, the camera program (Blanch 2003) simulates the behavior of the MAGIC pho-
tomultiplier camera, trigger system and data acquisition electronics in a very detailed way.
Realistic pulse shapes, noise levels and gain fluctuations obtained from the real MAGIC
data have been implemented in the simulation. Furthermore, the overall light collection
efficiency of the telescope has been tuned at the camera simulation level, using data from
the comparison of the intensity of observed and simulated ring images from single muons
at low impact parameters (Goebel et al. 2005).



62 2. The MAGIC Telescope

To simulate a realistic shower mix from cosmic rays, protons and helium nuclei have
been produced with energies between 30 GeV and 30 TeV following the measured spectra
(Alcaraz et al. 2000a,b). The energy distribution of primary ~-rays was chosen to follow a
pure power law with indexes of -2.6 and -1.0 to access also higher energies. The telescope
pointing directions range up to 70 degrees in zenith angle and are evenly distributed in
cos @, with the directions of protons and Helium nuclei scattered isotropically within a 5°
semiaperture cone around the telescope axis. Maximum impact parameters of 300 to 500 m
have been simulated for y-rays and nuclei, depending on the zenith angle.

2.3 Observations with the MAGIC Telescope

Observations with Cherenkov telescopes are generally conducted in moonless nights, due to
the need for darkness to be able to detect the very faint flashes from Cherenkov light. With
the MAGIC telescope also observations with partial moon are possible. Each observation
night is typically split into time periods of up to a few hours duration during which the
Cherenkov telescope tracks a given astrophysical target or position in the sky. Ideally, all
other configuration parameters of the telescope are kept constant during this observation.

When observing a v-ray source, the telescope not only records the images of ~-ray
induced showers, but also the much more numerous background shower images due to
the diffuse component of the cosmic ray flux (hadrons, electrons and photons) and LONS
fluctuations. In order to separate this background from the source v-rays, ON and OFF
data are taken separately: For the ON data the telescope is directed exactly to the source,
whereas for the OFF data the telescope is directed to a sky region nearby the object,
but from where no 7y-radiation is expected. The OFF-data can then be used to derive a
background estimation for the ON-data. To reduce possible systematic differences between
the ON and the OFF data, the OFF observations should be done under the same obser-
vation conditions (especially zenith angle, sky brightness, weather and so on). With this
procedure a considerable part of the observation time is used for taking OFF data (Wittek
2001).

One may gain observation time as well as reduce the systematic differences between
the ON and OFF data by producing ON and OFF data simultaneously. This is done in
the so-called wobble mode (Fomin et al. 1994): The telescope is directed not exactly to
the source position but to a point which is displaced from it by an angle AZ. The sign
of AB is changed periodically (about every 20 minutes) in order to collect OFF data not
only from the region on one side of the source. The two tracking positions corresponding
to the two signs of A are called wobble position 1 and wobble position 2. The ON
data can now be obtained by analyzing the shower images with respect to the point in
the camera which corresponds to the source position, the OFF data by analyzing the
shower images with respect to some other point in the camera (the so-called “anti”-source
position) which is not too close to the source position. As before, the source 7-rays are
now essentially obtained by subtracting the OFF from the ON data. The basic assumption
in this procedure is that the OFF data represent a good approximation of the background
which is contained in the ON data.

The tracking offset A should be chosen as a certain fraction of the diameter of the
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camera such that the source position is well inside the camera. Given an outer radius of
the MAGIC camera of 2°, a radius of the inner part of 1.25° and a radius of the trigger
region of 0.9°, a value of AS = +0.4° is appropriate for the MAGIC telescope.

The technical implementation of these background determination techniques is dis-
cussed in section 3.5.

2.4 MAGIC II: The Second MAGIC Telescope

The MAGIC collaboration is currently constructing a second telescope (MAGIC II) at La
Palma, see e.g. Teshima et al. (2005). Using both telescopes together pointing to the same
object, the simultaneous observation of air showers with both MAGIC telescopes, will lead
to a significant increase in sensitivity, see figure 3.40. The improved reconstruction of
the air shower especially results in a better angular and energy resolution. The effective
analysis energy threshold will be lowered. In addition, it improves the power to separate
~v-ray showers from the backgrounds. In particular, single track events, e.g. muons, can
effectively be rejected since they are mostly seen by only one telescope.

The MAGIC II telescope is located at a distance of 85 m from the MAGIC I telescope.
Figure 2.13 shows the status of the installation of the second MAGIC telescope on La
Palma. The structure of the MAGIC II telescope seen in the foreground has been installed
in December 2005, without mirrors and camera. The commissioning of the MAGIC II
telescope is planned for 2007. This will allow combined observations with the GLAST
satellite telescope which observes in the energy range below 100 GeV and which will be
launched in 2007. Simultaneous observations by MAGIC and GLAST will allow a precise
cross calibration of both instruments (Bastieri et al. 2005), and will extend the energy
spectrum of the combined observation to about 5 orders of magnitude (from about 100 MeV
to more than 10 TeV).

MAGIC II will largely be a clone of the first MAGIC telescope in order to reduce time,
manpower and money necessary for its construction. Nevertheless, several improvements

will be introduced in MAGIC II:

e the camera will have a larger number (919) of small 0.1° pixels

the trigger area will be increased by 72%, which increases the effective field of view

the camera will have the option to be equipped with very high quantum efficiency
GaAsP hybrid photo detectors (HPDs) (Hayashida et al. 2005)

the complete signal processing chain from the light sensor to the digitizer is optimized
for large bandwidth ultra-fast digitization (Antoranz et al. 2006).

The complete signal processing chain from the light sensor to the digitizer is optimized
for large bandwidth. The pulses will be sampled and digitized by a 2 GSamples/s switched
capacitor ring sampler (Turini et al. 2005). The shape of the 2 ns short Cherenkov light
pulses emitted by y-ray showers can thus be recorded with high resolution. This is expected
to further improve the background rejection power due to the different time structure of
hadron, muon and ~v-ray events.
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Figure 2.13: Status of the installation of the second MAGIC telescope on La Palma in
spring 2006: The structure of the MAGIC II telescope seen in the foreground has been
installed in December 2005, without mirrors and camera. The MAGIC-I telescope seen in
the background has been taking data since 2003.



Chapter 3

Data Analysis

The observation of VHE ~-ray sources with the MAGIC telescope aims to study the fol-
lowing properties of these sources:

e the VHE y-ray flux dN,/dEdAdt as a function of the y-ray energy
e the v-ray source position and morphology (especially extension)

e the time variation of the y-ray flux and source position/morphology.

The analysis of the MAGIC telescope data proceeds in four steps: The first step, see
section 3.1, is the reconstruction of the number of photoelectrons (charge) and the arrival
time of the Cherenkov signal for each pixel in the MAGIC camera. Thereafter, in section
3.2, each individual event is reconstructed yielding the estimated direction and energy of
the primary particle as well as a measure of the probability to be a ~-ray or background
event. In a third step (see section 3.3) the background and the y-ray signal (number of
excess events above background and significance) are determined from the different event
samples (ON/OFF and source and background regions in the wobble data). In addition,
a local VHE ~-ray sky map (3° x 3°) is calculated. In the last step (see section 3.4) the
absolute v-ray flux as a function of the y-ray energy is determined. The analysis of the
data taken in the wobble mode is described in section 3.5 and the achieved sensitivity
compared to ON/OFF data. Section 3.6 summarizes the basic performance of the MAGIC
telescope. Finally, in section 3.7, the sources for systematic uncertainties in the VHE v-ray
flux and in the source position measurements are discussed and the size of the errors are
evaluated.

The data analysis presented in this thesis has been carried out in the framework of the
standard MAGIC Analysis and Reconstruction Software MARS (Bretz & Wagner 2003).
The algorithms and analysis procedures developed, as described in this section, have been
implemented in this software package. The signal extraction algorithms and their perfor-
mance presented in this thesis have been published by Bartko et al. (2005a); Albert et al.
(2006e).
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3.1 Charge/Arrival Time Extraction

To achieve a high sensitivity and a low analysis energy threshold, in each camera pixel the
recorded signal of the Cherenkov light has to be accurately reconstructed, both in terms of
the signal charge and the arrival time. High signal-to-noise ratio and signal reconstruction
resolution are important, keeping the bias low at the same time.

In order to sample the ~ 2.2 ns FWHM wide PMT pulses with the 300 MSamples/s
FADC system (see also section 2.2.6), the original pulse is folded with a stretching function
of 6 ns leading to a FWHM greater than 6 ns. Due to the Nyquist theorem (Nyquist 1928)
pulses to be digitized by a 300 MSamples/s FADC must be at least 6.6 ns long. On the
other hand, the stretching washes out the different pulse time structures of the vy-ray and
hadron showers (see section 5.1 and (Chitnis & Bhat 2001; Mirzoyan et al. 2006). Figure 3.2
shows an average of typical large signals.

This section is structured as follows: First in section 3.1.1 the characteristics of the
MAGIC read-out system which are important for the signal reconstruction are presented.
In section 3.1.2 the average pulse shapes for calibration pulses and Cherenkov light pulses
(“cosmic pulses”) are reconstructed from the recorded FADC samples. These pulse shapes
are compared with the pulse shape used in the MC simulation. In section 3.1.3 the cri-
teria for an optimal signal reconstruction are developed. In section 3.1.4 various signal
reconstruction algorithms and their implementation in MARS are described. Thereafter,
in sections 3.1.5 the different signal extraction algorithms are studied using Monte Carlo
simulations. In sections 3.1.6 and 3.1.7 the performance of the standard MAGIC signal
extraction algorithm is demonstrated for pedestal and calibration events. Section 3.1.8
discusses and summarizes the results.

3.1.1 Characteristics of the Current MAGIC Read-out System

For the signal reconstruction the following intrinsic characteristics of the current read-out
system are of particular importance (see also section 2.2.6 for a more detailed description
of the MAGIC read-out system):

e Inner and Outer pixels: The MAGIC camera (see section 2.2.4) has two types of
pixels with the following differences:

1. Size: The outer pixels have a factor four larger geometric area than the inner
pixels (Barrio et al. 1998). Their (quantum-efficiency convoluted) effective area
is about only a factor 2.6 larger because of a lower intrinsic quantum efficiency
(QE) and a simpler Winston cone.

2. Gain: The camera is flat-fielded in order to obtain similar reconstructed charge
signals for the same photon illumination density in all pixels. To achieve this,
the gain of the inner pixels has been adjusted to about a factor 2.6 higher than
that of the outer ones (Gaug et al. 2004). This results in a lower effective noise
charge from LONS for the outer pixels.

3. Delay: The signal of the outer pixels is delayed by about 1.5ns with respect to
the inner ones due to a different size of the PMTs and high voltage settings.



3.1 Charge/Arrival Time Extraction 67

e Asynchronous trigger: The FADC clock cannot be synchronized with the trigger.
Therefore, the time At between the trigger decision and the first read-out sample
is uniformly distributed in the range At € [0, Tyapc[, where Trapc = 3.33ns is the
digitization period of the MAGIC 300 MSamples/s FADCs.

e AC coupling: The PMT signals are AC-coupled at various places in the signal trans-
mission chain. Thus the DC contribution to the PMT pulses from the light of the
night sky is zero on average, only the signal fluctuations (root mean square, RMS)
depend on the intensity of the LONS. In moonless nights, observing an extra-galactic
source, a background rate of about 0.13 photoelectrons per nano-second per inner
pixel has been measured, see e.g. Bartko et al. (2005b).

e Shaping: The optical receiver boards shape the pulse with a time constant of about
6 ns, much larger than the typical intrinsic pulse width (about 2 ns for a 7-ray
shower). As the shaping time is larger than the width of a single FADC sample,
strong correlation of the noise between neighboring FADC samples is expected.

e Instantaneous amplitudes: The MAGIC FADCs consist of a series of small com-
parators which measure the instantaneous amplitude of a pulse at a given time. No
charge integration over the duration of a time sample is performed by the FADCs.
Therefore, pulse structures are lost which have a frequency higher than the 300 MHz
of the FADC sampling.

3.1.2 Pulse Shape Reconstruction

As mentioned above, the FADC clock is not synchronized with the trigger, therefore the
time At between the trigger decision and the first read-out sample is uniformly distributed
in the range At € [0, Trapc|- At can be determined (with a certain error caused by the
photon arrival time spread) using the reconstructed arrival time t,iva1, the time difference
between the first read-out FADC sample and a characteristic feature of the pulse like the
position of the maximum, the center of gravity or of the half-maximum of the rising edge.

Figure 3.1a shows the raw FADC values as a function of the sample number for 1000
constant pulse generator pulses superimposed. For this study the response of the pho-
tomultipliers to Cherenkov light is simulated by a pulse generator which generates fast
unipolar pulses of about 2.5 ns FWHM and a preset amplitude. These electrical pulses are
transmitted using the same analog-optical link as for the PMT pulses and are fed to the
MAGIC receiver board, where they are shaped with a time constant of about 6 ns. The
pulse generator set-up is mainly used for test purposes of the receiver board, trigger logic
and FADCs. Figure 3.1b shows the distribution of the corresponding reconstructed pulse
arrival times. The distribution has a width of about 1 FADC period (3.33 ns). In principle,
the time shift could be measured if one records the trigger signal itself in one additional
FADC channel.

The reconstructed arrival times allow to determine an average pulse shape from the
recorded signal samples: The recorded signal samples are shifted in time such that all
signal pulses have their maximum at the same time. In addition, the signal samples are
normalized event by event using the reconstructed charge of the pulse. Figure 3.2 shows
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Figure 3.1: a) Raw FADC samples of 1000 constant pulse generator pulses superimposed.
b) Distribution of the reconstructed arrival time from the raw FADC samples shown in
figure a). The width of the distribution is mostly due to the trigger jitter of 1 FADC period
(3.83 ns).
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Figure 3.2: Awerage reconstructed pulse shape from a standard fast pulse generator run
(1000 events): The figure shows both the high gain and the low gain pulse. The FWHM
of the high gain pulse is about 6.3 ns while the FWHM of the low gain pulse is about 10ns
(due to the pulse widening by the 55 ns lumped delay line).

the averaged reconstructed signal of a fast pulser, corresponding to the raw FADC samples
shown in figure 3.1a. The high and the low gain pulses are clearly visible. As already
mentioned in section 2.2.6, the low gain pulse is smaller by a factor of about 10. It is
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delayed by about 55ns with respect to the high gain pulse. The accuracy of the signal
shape reconstruction depends on the accuracy of the arrival time and charge reconstruction.
The relative statistical error of the value of every reconstructed point of the pulse shape is
well below 1072 while the systematic error is unknown.

Figure 3.3a shows the averaged, reconstructed pulse shapes for the generator pulses in
the high and in the low gain branch, respectively, each normalized to an area of 1IFADC
count * 3.33 ns. The FWHM of the input pulses is about 2.5ns. The FWHM of the
average reconstructed high gain pulse shape is about 6.3 ns due to the pulse shaping, see
section 2.2.6, while the FWHM of the average reconstructed low gain pulse shape is about
10ns. The broadening of the low gain pulses with respect to the high gain pulses is due to
the limited bandwidth of the passive 55ns printed circuit board lumped delay line of the
MAGIC receiver boards.
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Figure 3.3: a) Average reconstructed high gain and low gain pulse shapes from a fast
pulse generator run. The FWHM of the low gain pulse is about 10 ns. The black line
corresponds to the pulse shape implemented into the MC simulations (Blanch 2003). b)
Average reconstructed high gain pulse shapes for green and ultra-violet (UV) calibration
LED pulses as well as for air shower events. The FWHM of the UV calibration pulse and
the air shower pulse are about 6.5 ns.

Figure 3.3b shows the normalized, reconstructed pulse shapes, averaged over 1000 in-
dividual pulses, for green and ultra-violet (UV) calibration LED pulses as well as the
normalized, reconstructed pulse shape for air shower events (again averaged over 1000
individual pulses). The pulse shape of the UV calibration pulses is quite similar to the
reconstructed pulse shape for cosmic events, both have a FWHM of about 6.3 ns. The
pulse shape for green calibration LED pulses is wider and has a pronounced tail. This is
a feature of the LEDs used.

Since air showers from hadronic cosmic rays trigger the telescope much more frequently
than v-ray showers, the reconstructed pulse shape of the unselected cosmic events cor-
responds mainly to hadron induced showers. MC simulations show that electromagnetic
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shower light flashes have a typical FWHM of 2 ns and hadronic light flashes a FWHM
of about 4 ns (see e.g. Chitnis & Bhat (2001), Mirzoyan et al. (2006) and figure 5.1).
The applied pulse shaping (necessary for the 300 MSamples/s FADC read-out) washes out
these differences.

3.1.3 Criteria for an Optimal Signal Extraction

The goal for an optimal signal reconstruction algorithm is to compute an unbiased estimate
of the charge and arrival time of the Cherenkov signal with the smallest possible error of
the reconstructed charge for all signal intensities. The MAGIC telescope design has been
optimized for a low energy threshold of observation, so the signal reconstruction of small
signals is of particular importance.

An accurate determination of the signal arrival time may help to distinguish between
signal and LONS background: The signal arrival times vary smoothly from pixel to pixel
while the background noise is randomly distributed in time. Therefore, one has to develop
a signal extraction algorithm which reconstructs both the signal charge and arrival time.

3.1.4 Signal Extraction Algorithms

There are four algorithms implemented for the reconstruction of the signal charge and the
arrival time in the MAGIC Analysis and Reconstruction Software MARS (Bretz & Wagner
2003):

e Fixed Window algorithm
e Sliding Window algorithm with Amplitude-Weighted Time
e Cubic Spline with Sliding Window or Amplitude Extraction

e Digital Filter.

3.1.4.1 Fixed Window Extraction Algorithm

This signal extraction algorithm simply adds the pedestal-subtracted FADC slice contents
of consecutive FADC slices within a fixed range (window). The window has to be chosen
large enough (at least 6 FADC slices in the high-gain corresponding to 20 ns, see Albert
et al. (2006e)) to always cover the complete pulse, otherwise the inevitable jitter in the
pulse position with respect to the FADC slice numbering would lead to an incomplete
integration of the pulse. For this reason, the fixed window algorithm adds up more noise
than the other considered signal reconstruction algorithms. Due to the AC-coupling of the
read-out chain the average FADC slice content is zero in absence of a signal. Therefore,
the reconstructed signals have no bias.

In the current implementation, the fixed window algorithm does not calculate arrival
times but assumes that all signals have the same arrival time.
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3.1.4.2 Sliding Window Extraction Algorithm with Amplitude-Weighted Time

This signal extraction algorithm searches for the maximum integral content among all
possible FADC windows of fixed length (typically 4 FADC slices for the high-gain and 6
FADC slices for the low gain) contained in a defined larger time range (global window) of
typically 14 FADC slices. The arrival time is calculated from the window with the largest
integral as:
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where ¢ denotes the FADC slice index, starting from slice iy and running over a window

of size ws. The s; are the pedestal-subtracted FADC slice contents and the ¢; are the
corresponding times relative to the first recorded FADC slice.

(3.1)

3.1.4.3 Cubic Spline with Sliding Window or Amplitude Extraction

This signal extraction algorithm interpolates the pedestal subtracted FADC sample con-
tents using a cubic spline algorithm, adapted from Press et al. (2002). In a second step, it
searches for the position of the spline maximum. Thereafter, two possibilities are offered
for the charge reconstruction:

1. Amplitude: the amplitude of the spline maximum is taken as the reconstructed
signal.

2. Integral: The spline is integrated in a window of fixed size (typically 3 FADC
slices, corresponding to 10 ns), with integration limits determined with respect to
the position of the spline maximum.

The pulse arrival time can be computed in two ways:

1. Time of the pulse maximum: The position of the spline maximum determines
the arrival time.

2. Time of the pulse half maximum: The position of the half maximum at the
rising edge of the pulse determines the arrival time.

The pulse FWHM of 2 ns for Cherenkov pulses from v-ray showers is small compared
to the electronic signal shaping time of about 6 ns. Therefore, for vy-ray signals the pulse
amplitudes and integrals are to a good approximation proportional to each other. As the
signal for hadron showers may be wider (about 4 ns FWHM) also the pulse widths after
shaping of hadron showers may be slightly wider than the ones for y-ray showers. However,
this difference is small, such that only a marginal improvement in the v/hadron separation
may be expected.

For varying pulse shapes, the pulse amplitudes are no longer proportional to the pulse
integral. In this case the pulse integral is the correct measure of the total signal charge
(number of photoelectrons). In principle, the ratio between pulse amplitude and pulse
integral may yield a contribution to the /hadron separation. See section 5.1 for further
discussions for the case without pulse shaping.
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3.1.4.4 Digital Filter Extraction Algorithm

The goal of the digital filtering method (Cleland & Stern 1994; Papoulis 1977) is to opti-
mally reconstruct from the FADC samples the amplitude and arrival time of a signal whose
shape is known. With the digital filter extraction algorithm, the noise contributions to the
amplitude and arrival time reconstruction are minimized, see also Bartko et al. (2005a).
For the digital filtering method to work properly, two conditions have to be fulfilled:

e The normalized signal shape has to be constant.

e The noise properties must be constant, i.e. the noise level should not vary with time
and the noise should be independent of the signal amplitude.

As the pulse shape is mainly determined by the artificial pulse stretching on the optical
receiver board, the first assumption holds to a good approximation for all pulses with
intrinsic signal widths smaller than the shaping constant, e.g. for y-ray showers. Hadronic
showers may lead to wider pulse shapes which causes differences between the reconstructed
and the true signal charge and arrival time. However, hadronic showers are background and
can be efficiently rejected e.g. using the random forest method, see section 3.2.5. Also the
second assumption is fulfilled to a good approximation: Signal and noise are independent
and the measured pulse is a linear superposition of the signal and noise contributions.

The digital filter method performs a numerical fit (by means of minimizing a x?) of the
assumed signal shape (with the two free parameters arrival time and pulse amplitude) to
the measured FADC samples. Through the fit the full noise auto-correlation is taken into
account: Let ¢(t) be the assumed and normalized signal shape (from figure 3.2), E the
signal amplitude and 7 the time shift between the physical signal and the assumed signal
shape. Then the time dependence of the signal, y(t), is given by

y(t)=E-g(t—7)+b(t), (3.2)

where b(t) is the time-dependent noise contribution. For small arrival time shifts 7 (usually
smaller than one FADC sample width), the time dependence can be linearized. Discrete
measurements y; of the signal at times ¢; (i = 1,...,n) have the form

yi=E-g;—E7-§;+O(r°) + b; (3.3)

where ¢(¢) is the time derivative of the signal shape and O(7?) is a term proportional to
72 which vanishes for vanishing values of 7.

The correlation of the noise contributions at times ¢; and ¢; can be expressed by the
noise autocorrelation matrix B:

Bij = (bibj) — (bi)(b;) - (3.4)

Figures 3.4a,b show the noise autocorrelation matrix for an open camera and low /high
LONS, respectively. The noise is dominated by LONS pulses shaped with 6 ns time con-
stant. The ratio between the two noise autocorrelation matrices a) and b) is presented in
figure 3.4c. The ratio is not a constant, because the entries of B do not simply scale with
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Figure 3.4: Noise autocorrelation matriz B for an open camera and averaged over all
pizels: a) the telescope pointing off the galactic plane (low LONS fluctuations) b) the
telescope pointing into the galactic plane (high LONS). ¢) The ratio between a) and b).
One can see that the entries of B do not simply scale with the amount of LONS.
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the amount of LONS. The noise is a superposition of a constant electronics noise and noise
due to LONS.

For a given pulse, £ and ET can be estimated from the n FADC measurements y =
(Y1, -+, Yn) by minimizing the deviation between the measured and the known pulse shape,
and taking into account the known noise auto-correlation, i.e. minimizing the following
expression (in matrix form):

X*(E,E7) = (y — Eg— E7g)"B™'(y — Eg — Etg) + O(7?) . (3.5)

This leads to the following solution for E and ET:

("B '9)B 'g—(¢"B '9)B 'g

Fewl (Ay+0(?) , wap(At)= 9B 9B 9-9B 9B g 4
’ ’ (9"B7'g)(g"B™'g) — (9" B'g)’

= "B 'g)B 'g—(¢"B 'g)B '

BT = wi (A)y + O() | wym(aty= I B 9B 9-6B 9B g .,

("B 'g)(¢"B 'g)— (9" B 'g)?

where At is the time difference between the trigger decision and the first read-out sample,
see section 3.1.2. Thus E and E'T are given by a weighted sum of the discrete measurements
y; with the weights for the amplitude, wamp(At), and time shift, wyme(At), up to terms
of O(7?). To reduce the error term O(7%) the fit can be iterated using g(t; = ¢ — 7)
and the weights Wamp/time(At + 7) (Cleland & Stern 1994). Figure 3.5 shows examples of
digital filter weights for MC simulated ~-ray pulses and measured cosmic pulses for both
the high and the low gain pulse. The black lines represent the normalized signal shapes
¢(t) (multiplied with 5 for better visibility), the blue lines the amplitude weights wamp(%),
and the red lines the time weights wme(t). Note, that for the low gain the same weights
are used to reconstruct the MC simulated pulses and the cosmic pulses, because the noise
autocorrelation in the low gain cannot be measured. In principle, it could be calculated or
determined from MC simulations.

The expected contributions of the noise to the error of the estimated amplitude and
timing only depend on the the shape g¢(t) and the noise auto-correlation B. The corre-
sponding analytic expressions can be found in Cleland & Stern (1994).

3.1.5 Monte Carlo Studies of Signal Extraction

Some characteristics of the signal extraction algorithm can only be investigated by means
of Monte Carlo simulations of signal pulses and noise (for the MAGIC MC simulations
see Majumdar et al. (2005) and section 2.2.8). While under real conditions the number
of photoelectrons is randomly distributed according to a Poission distribution due to the
PMT photoelectron statistics, simulated pulses of a specific number of photoelectrons can
be generated. Moreover, the same pulse can be studied with or without added noise and
the noise level can be varied. For the subsequent studies, the following settings have been
used:
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Figure 3.5: Examples of digital filter weights. Top: MC' simulation pulses, bottom: cosmic
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shapes g(t) (multiplied with a factor of 5 for better visibility), blue lines show the amplitude
weights Wamp(t), and red lines the time weights wiime(t).

On the left side the digital filter weights for the high gain pulses are shown, on
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e The conversion factor from photoelectrons to integrated charge over the whole pulse
was set to 7.8 FADC counts per photoelectron, there are no gain fluctuations.

e The relative timing between the trigger and the signal pulse was uniformly distributed
over 1 FADC slice.

e The LONS has been simulated approximately as in extra-galactic source observation
conditions.

e The total dynamic range of the entire signal transmission chain was set to infinite,
thus the detector has been simulated to be completely linear.

e The intrinsic arrival time spread of the photons was set to be 1ns, as expected for
~v-ray showers.

e No PMT time spread (negligible compared to the shaping time of 6ns) has been
simulated.

e Only one inner pixel has been simulated.

Figure 3.6 depicts the signal pulse shape of a typical MC event (for the chosen pa-
rameterization of the pulse shape see Blanch (2003)) together with the simulated FADC
samples. The FADC measurements are affected by noise, e.g. at t=2%3.33ns there is a
random noise peak due to LONS. The digital filter has been applied to reconstruct the
signal size and timing. Using this information together with the assumed MC pulse shape,
the pulse shape is reconstructed and shown as well. It agrees well with the simulated shape
(on average the x? value equals the number of degrees of freedom).

Below, Monte Carlo simulations are used to determine especially the following quantities
for each of the tested signal extraction algorithms:

e The charge resolution as a function of the input signal charge.
e The charge extraction bias as a function of the input signal charge.

e The time resolution as a function of the input signal charge.

Figure 3.7 presents a) the charge and b) the arrival time resolution as a function of the
input pulse charge for MC simulations assuming an extra-galactic background for different
signal extraction algorithms. The charge and time resolutions are roughly proportional
to the pedestal RMS level (square root of number of LONS photoelectrons per time).
The digital filter yields the best charge and timing resolution of the studied algorithms
(Bartko et al. 2005a). Although the charge resolution of the digital filter is expected to
be independent of the charge, it increases slightly with increasing charge. This is due to
residual event to event differences between the actual pulse form and the assumed signal
shape.

Figure 3.8 shows the bias of the reconstructed charge as a function of the simulated
input charge. All three studied signal extraction algorithms show a bias for small signals.
This is due to the search for the maximum signal in the integration window. In case of a
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Figure 3.6: Simulated signal pulse shape (black line) and FADC samples (blue points) for
a typical MC event. The FADC measurements are affected by noise, e.q. at t=2%3.33ns
there is a noise peak due to LONS. The red line shows the reconstructed pulse shape using
the digital filter result for the charge and arrival time and the assumed MC pulse shape.
The simulated and reconstructed pulses agree well.

very low input charge the algorithms reconstruct the highest charge signal from electronics
noise or LONS. Above the image cleaning threshold of 5 photoelectrons the digital filter
and the spline signal extraction algorithms show biases below 0.1 photoelectrons (below
2% of the input charge). The sliding window has a somewhat larger bias.

In the case of a large background light level (e.g. a star is imaged in the camera pixel)
the charge and time resolution is reduced. Nevertheless, above the threshold of about 5
photoelectrons the digital filter and the spline signal extraction algorithm show very low
biases.

3.1.6 Pedestal Reconstruction

The pedestal is the average FADC count content for the signal baseline (no input signal).
In the DAQ system it is set to a value of around 15 FADC counts. To determine the
pedestal setting off-line, dedicated pedestal runs are used, where the MAGIC read-out is
randomly triggered.

For small signals there is no switch of the DAQ chain from the high to the low gain
for the second 15 FADC samples out of the total recorded 30 FADC samples, see section
2.2.6. In this case the contents of the second 15 FADC samples are used to calculate the
pedestal (which is defined as the average of these 15 FADC samples). After every 500 such
events, for which no switch from the high to the low gain happens, the pedestal value is
updated.

The fluctuations of the signal baseline are due to electronics noise as well as LONS
fluctuations. Thus the pedestal RMS is a measure for the total integrated noise. Fig-
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Figure 3.7: a) Charge and b) arrival time resolution as a function of the input pulse charge
for MC simulations for the Digital Filter, a cubic spline interpolation (charge= spline
integral over 1.5 FADC samples around the pulse mazimum, time=half mazimum position
of the rising edge of the pulse) and a sliding window of 6 FADC samples (charge=samples
sum, time = pulse barycenter) (Bartko et al. 2005a,).
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Figure 3.8: Bias of the reconstructed charge as a function of the simulated input charge.
Above the image cleaning threshold of 5 photoelectrons the digital filter and the spline signal
extraction algorithms show biases below 0.1 photoelectrons (below 2% of the input charge).
The sliding window shows a somewhat larger bias.
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Figure 3.9: Distribution of the extracted charge from a pedestal run (galactic star back-
ground) for a typical pizel (No. 100) using the digital filter.
structure. The left peak is due to the signal baseline and electronics noise. The right peak
s due to one or more photoelectrons from LONS. The average reconstructed signal is above
zero due to the search feature of the digital filter (like the sliding window and the spline
interpolation algorithms) for the largest signal above the baseline, the bias (see e.g. figure

3.8 above).

Figure 3.10: a) RMS of the charge distribution of the digital filer applied to pedestal events
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Ped. RMS [FADC count]

One can see a two peak
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in units of FADC' counts. b) The same data after calibration to photoelectrons.

ure 3.9 shows the distribution of the extracted charge from a pedestal run (galactic star
background) for a typical pixel (No. 100) using the digital filter. One can see a two peak
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structure. The left peak is due to the signal baseline and electronics noise. The right
peak is due to one or more photoelectrons from LONS. The relative size of the two peaks
depends on the LONS level, in case of a closed camera there is just one peak around zero
reconstructed signal. The average reconstructed signal in the presence of LONS is above
zero. This is due to the search feature of the digital filter (like the sliding window and the
spline interpolation algorithms) for the largest signal above the baseline, the bias (see e.g.
figure 3.8 above). Due to the search for the largest signal the charge distribution cannot
be easily used to compute the calibration conversion factor between the charge in FADC
counts and photoelectrons.

Figure 3.10a depicts the RMS of the charge distribution of the digital filter applied to
pedestal events in units of FADC counts for all pixels in the MAGIC camera. Figure 3.10b
shows the same data after calibration to photoelectrons. The average pedestal RMS is
about 1.1 photoelectrons for inner pixels and about 1.5 photoelectrons for outer pixels.

3.1.7 Calibration Pulse Reconstruction

The digital filter has been applied to events when the camera is illuminated with the very
fast calibration light pulser, see section 2.2.7. The digital filter yields the reconstructed
charge in units of FADC counts. Figure 3.11a presents the average reconstructed charge in
units of FADC counts as a function of the average reconstructed charge in photoelectrons.
The latter is obtained by the F-Factor method described in section 3.2.1. Up to signals of a
few hundred photoelectrons the reconstruction is linear within errors. Figure 3.11b shows
the measured timing resolution using the Digital Filter for different calibration LED pulses
as a function of the mean reconstructed pulse charge, see also section 3.2.1. For signals of
10 photoelectrons the timing resolution is as good as 700 ps, for very large signals a timing
resolution of about 200 ps can be achieved. This timing resolution is dominated by the
intrinsic width of the calibration light pulse (about 2 ns) and the transit time spread of the
PMT of several hundred ps (not included in the Monte Carlo simulations). The intrinsic
resolution of the timing extraction algorithm is less.

3.1.8 Performance and Discussion

For known constant signal shapes and noise auto-correlations the digital filter yields the
best theoretically achievable signal and timing resolution for ~-ray showers. Due to the
pulse shaping of the Cherenkov signals the algorithm can be applied to reconstruct their
charge and arrival time, although there are some fluctuations of the pulse shape and noise
behavior. The digital filter reduces the noise contribution to the error of the reconstructed
signal. Thus it is possible to lower the image cleaning levels and the analysis energy
threshold (Bartko et al. 2005a). The timing resolution is as good as a few hundred ps for
large signals.
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Figure 3.11: a) Linearity of the signal reconstruction using the digital filter: Average recon-
structed charge in units of FADC counts as a function of the average reconstructed charge
in photoelectrons. Up to signals of a few hundred photoelectrons the reconstruction is linear
within errors. b) Arrival time resolution using the Digital Filter as a function of the input
pulse charge for different calibration LED pulses. The full line shows a parameterization
of the time resolution, see section 3.2.1.

3.2 Event Reconstruction

After the signal (in units of FADC counts) and the arrival time have been reconstructed for
each individual pixel of the MAGIC camera, the event properties are reconstructed from
the shower image in the camera. In a first step (section 3.2.1) calibration constants are
applied to the reconstructed signals to account for gain and arrival time differences of the
different camera pixels (Gaug et al. 2005). Defect pixels are interpolated by the average
signal of the adjacent pixels (section 3.2.2). Thereafter, in section 3.2.3, a so-called image
cleaning is performed which rejects pixels with a low signal-to-noise ratio. In section 3.2.4
the remaining (“cleaned”) shower images are characterized by image parameters (Hillas
1985). Finally, for each event a measure for the probability to be a background event, the
energy and the arrival direction of the primary particle are calculated, sections 3.2.5 to
3.2.7.

3.2.1 Calibrations

The MAGIC telescope PMT camera requires precise and regular calibration over a large
dynamic range (Gaug et al. 2005). The calibration provides the conversion constants from
the extracted signal charge in units of FADC counts and arrival time with respect to a
particular FADC clock tick to the physical quantities of signal charge in photoelectrons (or
Cherenkov light pulse intensity in photons) and absolute signal timing. For this purpose
an optical calibration system (Schweizer et al. 2002) consisting of a number of ultrafast
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and powerful LED pulsers is used, which illuminate the MAGIC camera homogeneously
(see section 2.2.7). There are four methods to determine the calibration constants for the
charge:

1. Excess noise factor method (calibration ADC counts - photoelectrons)
2. Blind pixel method (calibration ADC counts - photoelectrons)
3. PIN diode method (calibration ADC counts - photos arriving on camera)

4. Muon ring calibration (calibration ADC counts - photos arriving on mirror).

3.2.1.1 Excess Noise Factor Method (“F-Factor Method”)

For this method one assumes that the number of photons impinging on the photocathode
has a Poisson variance, that the photon detection efficiency is independent of the place
where and under which angle the photoelectron is released and that the excess noise in-
troduced by the gain fluctuations does not depend on the signal amplitude. From this
one can derive (Mirzoyan & Lorenz 1997) the following relation for the average number of
photoelectrons due to the calibration pulses, Npp e :

2
14

2 2

01 — 0y

Nph.el. - F2

(3.8)

where o( describes the error of the reconstructed charge due to LONS fluctuations and
the signal extraction algorithm intrinsic uncertainties, see section 3.1.6, oy is the measured
standard deviation of the reconstructed charge and p is mean reconstructed charge. pu, oy
and o are measured in units of FADC counts. F' denotes the so-called excess noise factor,
previously measured in the laboratory. The excess noise factor method yields one value of
Nph.e1. per pixel for an LED calibration run.

3.2.1.2 Calibration to Equivalent Photoelectrons

The camera of the MAGIC telescope consists of 397 inner pixels and 179 outer pixels,
which have four times the area of an inner pixel. In an ideal case all pixels would have the
same photon to photoelectron conversion efficiency. Nevertheless, there are considerable
differences in this efficiency. Especially the outer pixels are affected by somewhat larger
losses of the light collection and photon conversion efficiency due to the selection of the
PMTs with the highest QE as inner pixels and a somewhat simpler design of the light
guides for the outer pixels (Barrio et al. 1998).

To account for these differences in photon to photoelectron conversion efficiency, the
data are calibrated to equivalent photoelectrons. The number of equivalent photoelectrons
is proportional to the photon fluence per pixel and does not reflect the actual number of
photoelectrons emitted by the photocathode of the PMT.

The median number of photoelectrons in a calibration run of the inner pixels defines
the reference value (Nphe.) for the calibration. All reconstructed charges pl,., from the
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data are then multiplied with a conversion factor:

Ri
<Nph.el.>ﬁ ) (39)
Healib

i
Cphe -

where 7 is the pixel index, y’,;, is the mean charge in FADC counts from the calibration
pulses in pixel ¢ and R! ., is a measure of the pixel area (R* = 1 for all inner pixels and
R' = 4 for all outer pixels). All values of photoelectrons in the following refer to equivalent

photoelectrons. Figure 3.12a shows the conversion factors ¢}, between the reconstructed

signal charge in FADC counts and equivalent photoelectrons determined from one calibra-
tion run. The average conversion factor for the inner pixels is about 0.15 photoelectrons
per FADC count for the inner pixels and about 0.55 photoelectrons per FADC count for
the outer pixels.
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Figure 3.12: a) Conversion factors c;he between the reconstructed signal charge in FADC
counts and equivalent photoelectrons, b) Calibration signal relative arrival time for a 10
LED UV calibration run in units of FADC sampling intervals (3.33 ns). White pizels
denote defect pixels.

3.2.1.3 PIN Diode Cross-Calibration Method

Each pixel is calibrated using the F-Factor Method with light pulses of three different
wavelengths. However, this just gives the calibration factor between the reconstructed
charge in FADC counts and the number of photoelectrons released by the light input
signal to the camera pixel. In addition, one has to calibrate the photon flux hitting the
pixels.

An absolute calibration between FADC counts and light input signal photons can be
obtained by comparing the signal of the pixels with the one obtained from a laboratory
calibrated 1 cm? PIN diode. The experimental setup is shown in figure 2.12. For further
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information, see Gaug et al. (2005). The systematic error is up to 8%. The PIN diode
method is not yet routinely used to calibrate the data.

3.2.1.4 Blinded Pixel Method

Three selected 0.1° pixel PMTs with accurately measured quantum efficiencies are installed
in addition in the camera. They are “blinded” with filters of known transmission in order to
reduce the number of photoelectrons per calibration pulse in a controlled way, such that on
average only for one in 10-20 light pulses a single photoelectron is detected. The number
of photoelectrons follows a Poisson distribution, which allows to determine the average
number of photoelectrons from the measured pulse charge distribution. Using the known
filter transparency and quantum efficiency one can determine the absolute calibration light
flux, see e.g. Gaug (2006). The blinded pixel method is not yet routinely used to calibrate
the data.

3.2.1.5 Muon ring calibration

The absolute overall light collection efficiency of the MAGIC telescope can be calibrated
using isolated muons hitting the reflector (Goebel et al. 2005; Rose 1995). The geometry
and the energy of the muons are reconstructed from the measured ring images and com-
pared with Monte Carlo predictions. The amount of Cherenkov light produced by muons
can be modeled with small systematic uncertainties. Muon images are recorded during
normal observations with a rate of about 2 Hz. A continuous calibration can therefore be
performed with no need for dedicated calibration runs. The parameters of the MC simula-
tions (especially the reflectivity of the mirror) are adjusted yielding an absolute calibration
of the reconstructed energy of the observed ~y-ray showers. In addition, the width of the
muon ring images can be used to monitor the spot size of a point-like source in the camera
during normal data taking. It agrees well with the point spread function measured from
star images, see section 3.6.2.

3.2.1.6 Time Calibration

The photomultipliers introduce a time delay, the transit time (TT), in the amplified pho-
toelectrons signal, depending on the applied high-voltage (HV), typically 12 ns for the ET
9116 PMTs and 18 ns for the 9117 PMTs at the nominal HV of 1400 V. Together with
smaller relative delays due to different lengths of the optical fibers, these delays have to
be calibrated relative to each other in order to obtain a correct timing information for the
analysis (Gaug et al. 2005).

Using the light pulser at different intensities, the time offsets and time spreads of the
readout and detection chain are measured. Event by event, the reconstructed arrival time
difference of every channel with respect to a reference channel was measured and its mean
and RMS calculated. The former yields the measured relative time offset while the latter is
the convolution of the arrival time resolutions of the measured and the reference channel.

Figure 3.11b shows the time resolution (RMS of the arrival time differences histogram,
divided by the square root of 2), measured at different intensities. The measurements have
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been fitted by the following ansatz (black line in figure 3.11b):

4 ns? 4 ns?
AT’cosmics ~ + + 004 2 . 310
\/< @ > /pheel. < @ >2 /ph.el.? e (310)

This time resolution still contains the contribution due to the calibration light pulse width
of about 2 ns and is therefore an upper bound to the achievable timing resolution for
Cherenkov light events.

Figure 3.12b shows the calibration signal relative arrival time (with respect to pixel 100)
for a 10 LED UV calibration run in units of FADC sampling intervals (3.33 ns). There are
relative arrival time differences up to a few ns. As the arrival time can be determined with
a resolution below 1 ns, the relative arrival time differences must be corrected for.

3.2.2 Bad Pixel Treatment

A few camera pixels cannot be calibrated due to various reasons, mostly hardware failure or
the image of a very bright star. In case a non-calibrated pixel has at least three calibrated
neighbors, the charge after calibration is set for this non-calibrated pixel equal to the
average calibrated charge of the neighboring pixels (Tonello 2006). Up to 5% of the pixels
cannot be calibrated and are interpolated.

3.2.3 Image Cleaning

In order to reject pixels with a low signal-to-noise ratio which may influence the subsequent
parameterization of the shower images, so-called absolute image cleaning tail cuts are ap-
plied in a two step procedure: All camera pixels with a charge of at least 10 photoelectrons,
that have a neighboring pixel with a charge of at least 10 photoelectrons, are assigned to
be so-called “core pixels” of the shower image. All pixels that are no core pixels but have
a charge signal of at least 5 photoelectrons and are neighbor to a core pixel are assigned to
be “boundary pixels”. All inner camera pixels that are neither core nor boundary pixels
are set to zero signal. These tail cuts are accordingly scaled by a factor of four for the
larger size of the outer pixels of the MAGIC camera, see e.g. Wittek (2002¢). By applying
the image cleaning algorithm one artificially raises the analysis energy threshold and one
loses the information contained in the shower tail. Especially for low energy showers, this
decreases the /hadron separation power of the cleaned images.

Figure 3.13a depicts the camera image of a y-ray candidate event. The color scale de-
notes the calibrated pixel signal in photoelectrons. In figure 3.13b the color scale illustrates
the reconstructed and calibrated pulse arrival time for all pixels. The pixels contained in
the shower image show similar arrival times. Figure 3.13c shows the same event after the
application of the image cleaning algorithm. The green ellipse was fitted to the brightness
distribution (pixel charge per pixel area) after image cleaning. The red lines show the
major and minor axis of this ellipse.

The arrival time of the charge pulse in each pixel can also be used in the image cleaning.
According to MC simulations the arrival time of the Cherenkov photons from the shower
is expected to vary smoothly over the shower image. Contrary to that the arrival time of
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Figure 3.13: Shower picture before and after image cleaning of a v-ray candidate event: a)
calibrated signal in equivalent photoelectrons b) calibrated arrival time in FADC sampling
intervals (3.33 ns) ¢) calibrated signal after application of the image cleaning algorithm.
The green ellipse was fitted to the brightness distribution after image cleaning. The red
lines show the major and minor axis of this ellipse.

noise pulses from LONS fluctuations are randomly distributed in time. Presently, there are
several timing based image cleaning algorithms under study and evaluation. They show
promising results, see e.g. Gaug (2006).

3.2.4 Image Parameterization / Hillas Parameters

For further analysis the cleaned shower pictures obtained with the MAGIC PMT camera
are characterized by a set of image parameters, first proposed by Hillas (1985), see also
Wittek (2002b). The basis of this image parameterization is that the Cherenkov light
distribution for a y-ray induced shower in the camera is in a first approximation elliptical.
This ellipse can be characterized by the moments of the light intensity distribution. The
Hillas parameters correspond to brightness, position, orientation and shape of the image
in the camera. Figure 3.14 illustrates the definition of the basic Hillas parameters Width,
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Figure 3.14: Definition of the Hillas Parameters: the parameter Dist equals the geometric
distance between the center of gravity of the Cherenkov light distribution and the source
position in the camera. The angle between the major shower axis and the line joining the
source location in the camera and the shower center of gravity is Alpha. The square root of
the second moments of the light distribution along the major and minor axis of the ellipse
are the parameters Width and Length.

Length, Dist, Alpha.

The total amount of Cherenkov photons in the camera after the image cleaning, mea-
sured in equivalent photoelectrons, is described by the parameters Size. The fraction of
light contained by the n brightest pixels with respect to the total Size is called Concentra-
tion/n]. The sum of the signal charges (after image cleaning) of the pixels located in the
outermost ring of pixels of the camera with respect to the total shower Size is defined as
Leakage.

The parameters MeanX and MeanY correspond to the center of gravity (first moment)
of the Cherenkov light distribution in the camera, the parameter Dist equals the geometric
distance between the center of gravity and the source location in the camera. The angle
between the major shower axis and the line joining the source location in the camera and
the shower center of gravity is Alpha.

The square root of the second moments of the light distribution along the major and
minor axis of the ellipse are the parameters Width and Length. The third moment of the
light distribution along the major shower axis is M3Long.

3.2.5 Gamma/Hadron Separation

The MAGIC telescope does not only record y-ray shower images, but it is also triggered by
cosmic ray showers, single isolated muons and fluctuations from the light of the night sky.
In fact, the background images are by a factor of up to several thousand more numerous
than the images of y-ray showers. Thus a statistical method has to be applied for the
sample separation of ~-ray candidates (signal) and background events, see e.g. Fegan
(1997) for a review.
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As discussed in section 2.1.1, there are physical differences between hadronic and elec-
tromagnetic showers. In general, hadronic showers are broader, more irregular and subject
to larger fluctuations. Moreover, the main axis of y-ray shower images point to the source
location in the camera, whereas the direction of the main axis for background showers is
approximately uniformly distributed. Figure 3.15 shows two camera images, one of a MC
simulated y-ray shower and the other of a recorded background event. Figure 3.16 com-
pares the image parameter distributions for MC ~-rays and OFF data (background) for
Size > 200 photoelectrons. The distributions show substantial differences which provide a
good y/hadron separation power.

charge [ph.el.]

Figure 3.15: a) MC ~y-ray shower image in the MAGIC camera, E = 190 GeV, Size =
410 photoelectrons. b) Background shower image, most probably due to a charged cosmic
ray, Size = 410 photoelectrons.

In this analysis, a custom implementation (Bock et al. 2004; Hengstebeck 2003) of the
Random Forest (RF) method (Breiman 2001) was applied for the v/hadron separation. In
the RF method to each event several not completely independent decision trees (series of
cuts) are applied. By combining the results of the individual decision trees, the parameter
hadronness is calculated, which is a measure of the probability that the event is not ~-ray
like.

The trees of the RF are generated by means of training samples for the different classes:
A sample of Monte Carlo (MC) generated y-ray showers was used to represent the signal
events together with randomly selected events drawn from the measured OFF-data to
represent the background.

The source-position independent image parameters Size, Width, Length and Concen-
tration are selected to parameterize the shower images. In addition, for sources at known
locations the source-position dependent parameters Dist and M3Long are used. In order
not to bias the RF towards a certain sky position, for the determination of unknown sources
as well as extended sources the parameter Disp, a function of Size, Width and Length (see
section 3.2.7) is used instead. Note that the Alpha parameter is not included in the RF
training. In general, the Size distributions of MC generated 7-rays and measured OFF-
data are different, which might influence the training of the Random Forest. Therefore,
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Figure 3.16: Comparison of the distributions of the image parameter Width, Length, Dist,
Concentration, third moment along the long axis and Hadronness for MC ~y-rays (red his-
tograms) with a power law spectrum with slope of -2.6 and OFF data (blue points) for
Size > 200 photoelectrons. The distributions show substantial differences which provide a
good vy /hadron separation power.

a subsample of the OFF-data is randomly chosen which has the same Size distribution
as the MC generated ~-rays. Only showers with a minimum Size of 200 photoelectrons
were considered in the training. The vy-ray sample is defined by selecting showers with a
hadronness below a specified value. An independent sample of MC ~-ray showers was used
to determine the efficiency of the cuts, which depends on the hadronness cut value chosen.

Figure 3.17 displays the so-called Gini-index for the different image parameters used in
the RF training. The Gini-index is a measure for the relative discrimination power of the
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Figure 3.17: The Gini index values for the RF training parameters are a measure for the
relative importance of the parameters for the v /hadron discrimination: The most important
parameters are Width and Length. The Size parameter was used for the scaling of the other
parameters but does not contribute itself to the y-hadron separation, see text.

different parameters. The most important parameters are Width and Length. The Size
parameter was used for the scaling of the other parameters, but one has to make sure that
it does not contribute itself to the y-hadron separation. This is done by using MC ~-rays
and measured background showers with the same Size distribution in the RF training.

Figure 3.18a shows the distribution of the hadronness parameter for MC simulated ~-ray
showers and measured Crab Nebula ON and OFF-data (background). The hadronness for
the simulated v-rays peaks at small values, whereas the hadronness for background showers
peaks at larger values. Nevertheless, there exist always a fraction of hadron induced showers
which have an image nearly like a 7-ray shower (for example if in the first interaction
nearly all energy is transferred to a 7). For larger hadronness values the ON and OFF
distributions agree well, for small hadronness values there is an excess of the ON data over
the OFF data from the Crab Nebula v-rays. Figure 3.18b shows the ~-ray cut efficiency
as a function of the background efficiency, the so-called Neyman-Pearson plot. For a ~-ray
efficiency of 50% only about 1.25% of the background events pass the cuts.

3.2.6 Energy Reconstruction

The total Cherenkov light intensity recorded with the camera of the MAGIC telescope for
~v-ray showers depends on the energy of the primary ~-ray, the observation zenith angle, the
impact parameter of the ~y-ray with respect to the telescope axis and on the atmospheric
extinction. For a given atmospheric extinction and observation zenith angle it is possible
to estimate the primary ~-ray energy (and the impact parameter) from the shower image.

In the presented analysis a slightly modified Random Forest algorithm is used for the
energy estimation. The image parameters Size, Width, Length, Dist, Concentration and
Leakage as well as the observation zenith angle are used to characterize the shower images.
Using MC simulated ~-ray showers (without applying «/hadron separation cuts) the RF
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Figure 3.18: a) Normalized hadronness distributions for MC ~y-rays and measured Crab
Nebula ON and OFF data: The MC ~-ray showers have a small hadronness, whereas the
measured ON and OFF data peak for large hadronness values. For larger hadronness values
the ON and OFF distributions agree well, for small hadronness values there is an excess
of the ON data over the OFF data from the Crab Nebula y-rays. b) Neyman-Pearson plot:
the v-ray efficiency of the Random Forest cuts as a function of the background efficiency.
For a ~v-ray efficiency of 50% only about 1.25% of the background events pass the cuts.

is trained to separate the population of events with matching simulated energy from those
having an energy outside a corresponding energy bin. The combination of image parameters
determines the “probability” of an event to belong to a given energy bin and the one with
the highest “probability” is selected.

Figure 3.19a displays the distribution of the simulated vs. RF reconstructed energies
for MC ~-rays. For the lowest simulated energies there is a sizeable bias towards larger
estimated energies. This is a consequence of the trigger which selects close above threshold
only images with fluctuations towards a higher Size. All energy dependent distributions
have to be corrected for the mis-match between estimated and true energy, see section
3.4.3. Figure 3.19b shows the distribution of the ratio between the difference of estimated
and true energy over the true energy. For simulated energies above 100 GeV and Size >
200 photoelectrons the reconstructed energy is on average equal to the simulated one, the
average energy resolution (0 (Ereconstructed — Esimul.)/ Esimut.) 18 about 25%.

3.2.7 Source Position Reconstruction: The Disp Method

Up to this point for each shower a measure for the probability to be a background event
and an energy estimate (assuming it was a 7-ray shower) was calculated. A further task
is the determination of the source position in the sky. This is especially important in case
of uncertainties in the a priori knowledge of the source position (e.g. unidentified EGRET
sources or GRBs), serendipitous searches for sources in the field of view (e.g. in a sky scan)
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Figure 3.19: RF energy estimation and energy resolution: a) Distribution of simulated
vs. reconstructed energy for MC ~y-rays. b) For simulated energies above 100 GeV and
a minimum Size cut of 200 photoelectrons the average estimated (reconstructed) energy is
equal to the MC simulated energy. The average energy resolution is about 25%, it decreases
with increasing enerqgy of the primary ~v-ray.

or the study of the morphology of extended sources. In order to produce a non-correlated
map of the sky in VHE ~-rays, one has to assign to each event a unique source position in
the sky (later called “arrival direction”).

For each event the arrival direction of the primary in sky coordinates is estimated by
using the Disp-method (Fomin et al. 1994; Lessard et al. 2001; Domingo-Santamaria et al.
2005): The arrival direction is assumed to lie on the major axis of the Hillas ellipse that
fits the shower image in the camera at a certain distance (Disp) from the image center of
gravity, see figure 3.20. Shower images which are closer to the source position in the camera
are more roundish, whereas showers which are further away from the source position in the

camera are more elongated. Thus Disp can be parameterized as a function of the ellipticity
(Lessard et al. 2001):

_ Width
Length

Disp = ¢ - (1 ) , &= A+ B logSize + C - (log Size)* . (3.11)

The parameters A, B and C' are determined from MC simulations after application of
v /hadron separation cuts. A second order polynomial in log Size is fitted to the distribution
of Disp/(1-Width/Length) as a function of log Size.

This Disp calculation provides two possible primary origins along the major shower
axis. Therefore, the correct one has to be selected. Cherenkov photons from the upper
part of the shower create a narrower section of the image with a higher photon density
(head), photons from the lower part of the shower normally generate a much more fuzzy and
spread image end (tail). Therefore, asymmetries in the charge distribution along the major
axis of the images can indicate to which direction from the shower center of gravity the
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Figure 3.20: The Disp method to reconstruct the primary arrival direction: The arrival
direction is assumed to lie on the major axis of the Hillas ellipse that fits the shower image
in the camera at a certain distance (Disp) from the image center of gravity. The asymmetry
in the charge distribution along the major axis of the image indicates to which side from
the shower center of gravity the source position is located.

source position is located. In the presented analysis the third moment of the photoelectrons
distribution along the major image axis, M3Long, is used. Note, that the precision of the
head/tail determination using the parameter M3Long depends on the image Size. Above
500 photoelectrons the efficiency is well above 90%, below 200 photoelectrons the head /tail
determination may be wrong for nearly 50% of the events. In general, the Disp method
yields the arrival direction of the primary in camera coordinates. By knowing the telescope
pointing direction and the observation time the camera coordinates can be converted to
celestial coordinates (Wittek 2005b). A point source of y-rays yields a reconstructed sky
distribution of y-rays which can be fitted by a two-dimensional Gaussian with a sigma of
0.1°, see section 3.6.2. In other words: The ~-ray PSF is about 0.1° when using the Disp
method.

3.3 ~-Ray Signal Reconstruction / Background Sub-
traction

After calculating for each event the probability to be a background event (the so-called
hadronness) a cut in the hadronness value is applied to separate y-ray candidate events from
background events. For the y-ray candidate events the arrival direction of the primary and
the energy are computed. The ~-ray signal and the background level of the observation have
to be calculated for the observed data set using a statistical approach: In the observed data
set there are Non 7-ray candidate events with respect to the source; part of this number are
genuine 7y-rays from the source and the other part is due to various backgrounds producing
~v-ray like air showers. The background is determined from the number of vy-ray candidates,
Norr, with respect to an OFF-source, a sky region from where no 7-rays are expected.
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The number of genuine «-rays from the source, N, is given as the excess of the ON-source
~v-ray candidates over the scaled number of background v-ray candidates:

N’Y == NON - OéNOFF y (312)

where « is the normalization factor between the ON-source and the OFF-source data
set. This method relies on the assumption that the systematic differences of the ON and
OFF data sets are small compared to the y-ray signal from the source. Moreover, the
reconstructed vy-ray signal depends critically on the determination of the normalization
factor a.

The significance that the observed excess vy-ray signal from the source is not due to a
background fluctuation is given by equation 17 of Li&Ma (1983)):

S, = V2 (NON In (a (1+ a)Nox )) + Nogg In (M))m ) (3.13)

(Nox + Norr Non + Norr

Note that this equation only considers statistical fluctuation of the ON and OFF ~-ray
candidate counts and assumes an exact knowledge of the normalization constant a.

In the following two analysis methods to determine the vy-ray signal (Non, Nopr and
«) are developed: the Alpha analysis (section 3.3.1) and the Disp sky map / 62 analysis
(section 3.3.2).

3.3.1 Alpha Analysis

One method to determine the normalization constant between the vy-ray candidates for
the ON and OFF data set is by means of the distribution of the image orientation angle
Alpha, see section 3.2.4. As shown in figure 3.16 y-ray showers point to the source (they
have low values of Alpha), whereas for background showers the Alpha parameter is in first
order distributed uniformly between 0° and 90°. In case one knows the shower head/tail
information, one can define Alpha to be from —90° to 90°. For image sizes above 200
photoelectrons there is only a negligible number of y-ray shower images expected with
Alpha values above 30°. Thus the region Alpha > 30° contains only background events,
both in the ON and OFF data, and can be used to determine the normalization constant a.
Figure 3.21 shows as an example the Alpha distributions for ON data of the Crab Nebula
and dedicated OFF data for the background estimation. The two distributions have been
normalized in the region 30° < Alpha < 80°. In this region the Alpha distributions of
the ON and OFF data agree well with each other, no systematic differences can be seen.
For Alpha < 7.5° there is an excess of 597 7-ray candidate events of the ON data over
the OFF data, corresponding to a significance of 18.8 ¢. In case of using a fit to the OFF
data distribution (e.g. with a second order polynomial) in the full Alpha range one can
determine the background for Alpha < 7.5° with a higher statistical precision. Thereby
one obtains a significance of 24.10.

The width of the Alpha distribution for vy-rays depends strongly on the image parameter
Size. A fit to the alpha distribution with a Gaussian centered at zero degrees yields a sigma,
of around 2° for Size > 600 photoelectrons. For small Sizes below 150 photoelectrons the
sigma value may be larger than 10°. To achieve the highest significance, the cut in the
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Figure 3.21: Distributions of the image orientation angle Alpha for ON data of the Crab
Nebula and dedicated OFF data for Size > 400 photoelectrons, corresponding to an analysis
enerqy threshold of about 280 GeV. The distributions have been normalized to each other
in the region 30° < Alpha < 80°. In this region the Alpha distributions of the ON and
OFF data agree well, no systematic differences can be seen. For Alpha < 7.5° there is an
excess of 597 v-ray candidate events of the ON data over the OFF data, corresponding to
a significance of 18.8c.

parameter Alpha may be adjusted to about 1.8 the sigma of the vy-ray Alpha distribution
(Li&Ma 1983).

3.3.2 Disp-Sky Map Analysis

Using the Disp method for each event the arrival direction of the primary particle that
initiates the air shower can be reconstructed in camera as well as in sky coordinates. In
order not to bias the arrival direction calculation to any position, only source position
independent image parameters are used in the RF training of the v/hadron separation, see
section 3.2.5. For example, the Dist parameter cannot be used.

Figure 3.22a) and b) show the reconstructed arrival direction for y-ray candidate events
(after v/hadron separation cuts) in camera and sky coordinates, respectively, for ON-
source data of the Crab Nebula taken on October 5, 2005. A minimum image Size of 200
photoelectrons was required. In addition to reconstructed ~-rays from the source, there
are background events, which fulfill the selection criteria, i.e. the cut in the hadronness
parameter.

This section is structured as follows. In section 3.3.2.1 the background distribution in
the sky map is calculated according to the camera acceptance. In section 3.3.2.2 the source
position is determined from the background subtracted sky map and in section 3.3.2.3 the
squared angular distributions (6? distributions) between the reconstructed shower direction
and the source are studied for ON data and background. Thereafter the software pointing
correction using the MAGIC starguider is explained in section 3.3.2.4. Finally, in section
3.3.2.5, possibilities for the smoothing of the reconstructed sky maps are discussed.
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Figure 3.22: Raw Disp maps (after vy /hadron separation and without background subtrac-
tion) a) in camera and b) in sky coordinates, the Crab Nebula y-ray source is located in
the center of the camera. A minimum image Size of 200 photoelectrons was required.
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Figure 3.23: a) Disp map in camera coordinates without a known ~y-ray source in the field
of view (OFF data). The data reflect the camera acceptance for a uniform background of
v-ray candidates. b) Generated background sky map corresponding to the ON-data of figure

3.22. Note, that for the chosen Size cut of 200 photoelectrons the camera acceptance is
quite uniform in azimuth.

3.3.2.1 Camera Acceptance / Background Determination

In general, the background in the sky map of the ON data depends on the intrinsic camera
acceptance as well as on the particular star field of the ON region and observation conditions
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Figure 3.24: a) Background subtracted sky map of the Crab Nebula, the color scale shows
the reconstructed brightness distribution in VHE vy-rays. A minimum tmage Size of 200
photoelectrons was required. b) The same data shown as significance per sky bin, the sky
bins are statistically independent.

(especially observation ZA and weather conditions). In the following it is assumed that
the OFF-source data match the sky brightness and observation conditions well. Only the
intrinsic camera acceptance is considered for the background determination.

In order to determine the background in the ON data, a Disp sky map in camera
coordinates is computed with the same algorithm but for a data set without a known ~-
ray source in the field of view. Figure 3.23a depicts the Disp map in camera coordinates
for an observation without y-ray source in the field of view, thus this map just shows the
camera acceptance to a uniform background of y-ray candidates. In this particular case the
observation of an AGN candidate source on October 5, 2005, where no signal was found,
was used as OFF data as no dedicated OFF data in the Galactic plane has been taken.
For a discussion about the derivation of the best suited background model see section 3.5.

To determine the background in a certain ON-source data set, for each ON-source event
the camera coordinates of a background event are generated taking the above determined
camera acceptance map as probability density function for the background events in the
camera. Thereafter, the camera coordinates of the generated background event are pro-
jected into sky coordinates using the same telescope pointing direction and time as for
the ON-source event. By construction, the generated background events have the same
time distribution as the ON-data and the same distribution of estimated source positions
in the camera as the OFF data. Figure 3.23b shows the obtained background sky map
corresponding to the ON-source observation in figure 3.22.

The normalization factor o between the ON-source sky map and the background sky
map can be computed as the ratio between the total number of y-ray candidate event
counts in the ON-source sky map with a minimum angular distance to the source location
and the corresponding number of entries in the background sky map. Figure 3.24a displays
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the background subtracted sky map of the Crab Nebula in units of excess events per solid
angle, while figure 3.24b shows the same sky region in significance per solid angle bin.
A v-ray excess can clearly be seen at the position of the Crab Nebula (RA = 5"34™m31°,
dec= 22°0'52"), whereas the rest of the sky map is consistent with no ~-ray signal.

3.3.2.2 Source Position Reconstruction

In order to determine the source position (RAgource, d€Csource) and extension (ogource), the
background subtracted sky map (VHE 7-ray sky brightness map b(RA, dec)) is fitted by
the following two-dimensional Gaussian:

b(RA,dec) = Cexp |—

(RA — RAgouree)? - cos?(dec) + (dec — decsource)z] ‘ (3.14)

2 (0-520urce + O-I%SF)

Such a fit to the Crab Nebula sky map presented in figure 3.24a results in:

RAcrab = 5"34™30° £ 2°, deccyay = 20°2'24” 4 23" and /02, + 02ep = 0.95° £ 0.06° .
(3.15)

Within the systematic telescope pointing uncertainty of 2’, see section 2.2.2, the re-
constructed position is compatible with the nominal position of the Crab Nebula: RA =
5134m318, dec= 22°0'52" (Han & Tian 1999). The VHE ~-ray emission is compatible with
a point source emission for opsp = 0.1°. The angular resolution of the MAGIC telescope
is discussed in section 3.6.2.

3.3.2.3 ¢? Distributions

In section 3.3.1 the so-called Alpha analysis was presented, which allows to determine
the normalization constant between the y-ray candidates for the ON and OFF data set.
Another method to determine this normalization constant is to compare the radial distri-
butions of the reconstructed arrival directions for the ON and OFF data with respect to
the candidate source:

Let 6 be the angular distance between the reconstructed primary 7y-ray candidate sky
position and the known sky position of the y-ray source. Figure 3.25 shows the distributions
of 62 for the ON-data (corresponding to figure 3.22) and the OFF data (corresponding to
figure 3.23a) as well as the generated background model (corresponding to figure 3.23b.
The #? distributions of the OFF data and the one generated from the background model
agree well with each other. The ON and OFF data have been normalized for 0.2 deg® <
6> < 0.5 deg®. In this region the distribution of the ON data agrees well with the ones
of the OFF data and the background model, no systematic differences can be seen. For
62 < 0.04 deg® there is an excess of 552 v-ray candidate events of the ON data over the
OFF data, corresponding to a significance of 17.6 0. In case of using a fit to the OFF data
distribution (e.g. with a second order polynomial) in the full # range one can determine
the background for #? < 0.04 deg® with a higher statistical precision. Thereby one obtains
a significance of 22.00.
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Figure 3.25: Distributions of 62 for the ON-source observation and dedicated OFF data
(corresponding to the data set of figure 3.21) as well as the generated background model
for Size > 400 photoelectrons, corresponding to an analysis enerqgy threshold of about 280
GeV. In the normalization region 0.2 deg? < 6% < 0.5 deg? all distributions agree well,
no systematic differences can be seen. For 0> < 0.04deg® there is an excess of 552 vy-ray
candidate events of the ON data over the OFF data, corresponding to a significance of
17.60.

Both the Alpha analysis, see section 3.3.1, as well as the #? analysis can be used to deter-
mine the number of v-ray candidate excess events of a data set. For the Alpha analysis one
usually makes use of the known source position by including source dependent parameters
(like Dist) in the Random Forest for the v /hadron separation. For the Disp/6? analysis one
usually does not use source position dependent parameters in the Random Forest train-
ing. The better v/hadron separation power of the Random Forest with source-dependent
parameters compared to the one without source-dependent parameters is compensated by
the usage of a two-dimensional information of the source location per shower compared to
the only one-dimensional information in the Alpha analysis. In conclusion, the Alpha and
Disp/6? analysis give comparable sensitivities (significance per observation time).

3.3.2.4 Software Pointing Correction Using the MAGIC Starguider

In order to perform morphological studies of celestial objects emitting VHE ~-rays the
actual pointing direction of the MAGIC telescope must be monitored with a high precision
compared to the y-ray PSF of about 0.1°. Using the MAGIC star field monitor (see section
2.2.2), the actual pointing direction is determined every 10 some seconds by comparing the
observed star field with the star catalogue position (Riegel et al. 2005). For the data
presented in this thesis there was no absolute calibration of the pointing direction of the
MAGIC star field monitor with respect to the pointing direction of the MAGIC telescope
yet.

Figure 3.26 shows the pointing deviation between the intended telescope pointing posi-
tion and the actual position for a 90 min observation of the Crab Nebula under low zenith
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Figure 3.26: Pointing Deviation as determined with the MAGIC starguider for the Crab
Nebula data set of figures 3.21 and 3.25. For most observations the mis-pointing is small
compared to the MAGIC ~-ray PSF of 0.1°. Nevertheless, possible mis-pointings (e.g.
during source culmination) can efficiently be monitored and corrected for.

angles. The mis-pointing is small compared to the MAGIC v-ray PSF of 0.1°. Nevertheless,
during source culmination there may be sizeable mis-pointings of about 0.1°.

3.3.2.5 Sky Map Folding and Interpolation Procedure

In figure 3.24 relatively coarse sky bins of 0.05° x 0.05° have been chosen such that the
source y-rays are only spread out to a few bins (the MAGIC ~-ray PSF is about 0.1°) and
the excess per bin is significant also for fainter sources than the Crab Nebula. Nevertheless,
it is desirable to present the y-ray sky images without this coarse binning. There are three
possibilities:

e finer sky binning
e interpolation of the coarsely binned sky map

e folding of the coarsely binned sky map.

The first possibility requires increased statistics such that also for finer bins the signal
in each sky bin is significant. Figure 3.27 illustrates the two latter possibilities to present
the background subtracted sky map in a smoother fashion: In the interpolation case the
v-ray sky brightness b(x, y) in the sky direction (x,y) with z; < x < 2,47 and y; <y < Y11
is approximated to be:

(w2 — @) (Y2 — )b(z1,91) + (72 — 2)(y — Y1)b(21, 92)
+(& = 21)(y2 — Y)b(w2, 1) + (¥ — 21)(y — y1)b(22, y2)
(552 - $1)(y2 - yl)

b(z,y) = (3.16)

Here (z;,y;) is the center of bin (4, j) and b(x;,y;) is the y-ray sky brightness in bin (i, j).
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Figure 3.27: Background subtracted ~y-ray sky maps of the Crab Nebula: a) sky map of
figure 3.24 folded with a two-dimensional Gaussian with o = 0.072°, b) the bin centers of
figure 3.24 interpolated.

The folding of the sky map serves to increase the signal-to-noise ratio by effectively
averaging the sky brightness over a larger sky area and thus reducing the statistical fluctu-
ations. However, it degrades the spatial resolution. For presentation purposes the coarsely
binned sky maps are folded with a two-dimensional Gaussian with a standard deviation of
oop = 0.072° and a maximum of one:

(X —2)?+ (Y —y)?
209p

bosaea(w,) = [ AX [ Y b (X, V) exp |- RENEStS
—00 —00

where bpinned (X, Y) is the average y-ray sky brightness in the sky bin containing the sky

direction (X,Y’). For presentation of sky maps with low statistics the folding method is

preferred over the interpolation method.

3.4 Determination of the y-Ray Energy Spectrum

One of the most important results of the y-ray observations is the energy spectrum ®(FE)
of the VHE ~-ray sources. It provides valuable information on the acceleration processes of
VHE particles in the astrophysical object. The differential energy spectrum (or differential
v-ray flux) of a source is defined as the number of y-rays detected from the source, N,,
per active detection area, per time and per energy interval:

dN.
(E) = i .
(E)=3E dAeg (E) dt

(3.18)

In section 3.4.1 the effective detection area is calculated from MC simulations and in
section 3.4.2 the effective observation time is calculated. Finally in section 3.4.3 the effect
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of the instrumental energy resolution is corrected for by an unfolding algorithm and the
source energy spectrum is calculated.

3.4.1 Effective Collection Area

The effective collection area A.g(E) describes the hypothetical area within which the
MAGIC telescope would observe each 7-ray entering this area (100% efficiency). In prac-
tice it is the y-ray reconstruction efficiency integrated over the plane perpendicular to the

telescope axis:

27 o]
A (E, ¢,0z4) = /0 /0 €(E, ¢,075,b)b db do , (3.19)

where F is the energy of the primary ~v-ray and € is the y-ray reconstruction efficiency,
which is a function of the energy, the zenith angle of the observation 75, the azimuth

angle ¢ and the impact parameter b.

~ 5 — -1
e 10 3 Wiy T ¥4 3:I.O 2
= a Ty B b)Y
e 104: :. ml II C ] ..c
s . 3 I m, 2 g
.4“2: 103; ; g 10 If -...
d | . =z by k
% 1025 Tf © -3 ] 1 !S
- II 10 - tS
3 1 - %
10 : s
- al o
l = 10 - P:T
E L1l L I L I L I : L Lol ity L Lol L \l\‘l logg L L LIl
10 10°  10° 10" 10" 10 10°  10° 10" 10°
Energy [GeV] Energy [GeV]

Figure 3.28: a) Effective collection area for v-rays as a function of the simulated y-ray
enerqy for zenith angles between 0° and 30° and Size > 200 photoelectrons. The source
is located in the camera center. b) Corresponding expected differential v-ray rate from a
source with a spectrum of B2 as a function of the simulated ~v-ray energy.

The effective Collection Area is computed from MC simulations, as

N;econstructed (E, ¢, GZA)

n X Asimu ated 3.20
]\[filmula.‘ued(E'7 ¢)7 GZA) lated ( )

Aeff(Ea d)a QZA) —

where it is assumed that a large enough area (Agmulatea) Was simulated such that beyond
this area no ~-rays are reconstructed (the y-ray reconstruction efficiency is equal to zero).

Figure 3.28a displays the effective collection area as a function of the simulated MC
~v-ray energy for ZAs between 0° and 30° and with a lower Size cut of 200 photoelectrons,
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the source is in the center on the camera. Figure 3.28b shows the corresponding expected
observed differential y-ray rate from a source with a spectrum proportional to F=2¢ as a
function of the simulated ~y-ray energy. At low energies the effective area and the expected
differential y-ray rate show a sharp rise with energy. For these lowest energies the effective
area is limited by the amount of Cherenkov light collected by the telescope to pass the
Size cut. The energy where the expected differential v-ray rate reaches its maximum is
defined as the energy threshold of the telescope, see also section 3.6.3. For larger energies
there is a slow variation of the effective collection area with energy. Only for the largest
energies the effective area drops due to leakage of the shower pictures out of the MAGIC
camera. At present there are dedicated efforts to lower the analysis energy threshold of
the MAGIC telescope. As the analysis presented in this thesis does not critically depend
on a lowest possible energy threshold a conservative lower Size cut of 200 photoelectrons
has been chosen.

3.4.2 Effective Observation Time

The effective observation time is defined as the time within which the observed number
of events would have been observed with an ideal detector. This is equivalent to the time
during which the telescope was ready to record an event. Due to some small dead-times
when the DAQ system cannot accept a trigger, the effective time when the DAQ system
can record an air shower is slightly less than the time difference between the run start and
stop time. As the dead-time is not a constant, the effective observation time is determined
by a fit (Wittek 2002a) to the distribution of the observed time differences ¢ between
consecutive recorded air showers (Poisson statistics):

AN, recorded

g X exp [—R 1], (3.21)

where ANiecordea 18 the number of recorded shower arrival time differences in the time
interval [t,¢ + At] and R is the average shower rate assuming a vanishing dead time. In
order to yield the true air shower rate, the fit has to be performed only for time differences
much larger than the maximum dead time. On the other hand, there may also be a few
very large time differences (in the order of seconds), e.g. due to the start of a new run,
which must not be taken into account in the fit. Errors may arise when the air shower rate
varies within the observation time (Wittek 2002a). Thus the effective observation time teg
is given by:

tof = Nrecorded/R . (322)

Figure 3.29 presents the distribution of the time differences between two consecutive
recorded air shower events with Size > 200 photoelectrons. In total 179572 events are
recorded. For large time differences the rate is determined to be 32.76 + 0.12 Hz, which
leads to an effective observation time of 5410 + 19 s. This has to be compared to the
cumulated time differences between run starts and stops of 5508 s, which yields a dead-
time in the order of 2% of the total observation time.
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Figure 3.29: Effective observation time: Distribution of time differences between two con-
secutive recorded air showers with an image Size > 200 photoelectrons. The distribution
can be fitted well for time differences above a few us by equation (3.21). Smaller time dif-
ferences are affected by dead-times. A rate of 32.76+0.12 Hz and a total of 179572 recorded
events yield an effective observation time of 5410 & 19 s, compared to the cumulated time
differences between run stops and run starts of 5508 s.

3.4.3 Unfolding of the Energy Spectrum

With the MAGIC telescope any measurement can only be done as a function of the esti-
mated energy of the primary ~v-ray, the most important measurement being the number
of y-ray excess events as a function of estimated energy. Due to experimental deficiencies,
the experimentally measured (estimated) value of the energy, Festimatea 1S not identical
with the true one, Fi... As a consequence, the measured distribution in Fygimated 1S a
convolution of the true distribution with a resolution function describing the deficiencies of
the experiment. The aim of the unfolding is to recover the true distribution in Fj,, from
the measured one, using a resolution function which has been determined from MC sim-
ulations. For further details about the unfolding algorithm see Wittek (2005a); Anykeev
et al. (1991) and references therein. The implemented unfolding routines in the MAGIC
software framework MARS are described by Aliu & Wittek (2006).

As an example figure 3.30a shows the distribution of -ray excess events from the
direction of the Crab Nebula as a function of the estimated energy. Figure 3.30c shows the
result of the unfolding, the distribution of v-ray excess events as a function of true energy.
The bins in true energy are chosen larger than in estimated energy to reduce the number
of unknowns in the unfolding procedure. Figure 3.30b illustrates the energy resolution
function, the distribution of simulated vs. reconstructed energy for MC ~v-rays after all
data analysis cuts. The blue lines indicate the bins in estimated energy, which were used in
the unfolding algorithm. In this case 20 bins with estimated energies between 90 GeV and
about 1700 GeV are chosen. Measured excess events with higher energies are not taken
into account due to low MC statistics at large energies. There are no excess events with
a smaller reconstructed energy. The red lines indicate the 11 reconstructed bins in true
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Figure 3.30: Distribution of v-ray excess events from the Crab Nebula as functions of a)
the estimated energy and c) the true energy. b) Distribution of simulated vs. reconstructed
energy for MC ~-rays after all data analysis cuts. The blue lines indicate the bins in
estimated energy, which were used in the unfolding algorithm. The red lines indicate the
reconstructed bins in true enerqy, see text.

energy (energies between 80 GeV and 3000 GeV). The number of reconstructed bins in
true energy is well below the number of measured bins in estimated energy. Although the
reconstructed range in true energy is larger than the chosen range in estimated energy,
there is a non-zero energy migration from every of the true energies into the chosen range
of estimated energies.

Figure 3.31 displays the reconstructed very high energy v-ray spectrum (dN,,/(dE,dAdt)
vs. true E,) of the Crab Nebula after correcting (unfolding) for the instrumental energy
resolution. The horizontal bars indicate the bin size in energy, the marker is placed in the
bin center on a logarithmic scale.
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Figure 3.31: Energy spectrum of the Crab Nebula. Within errors it agrees with the previous
measurements by the HEGRA collaboration (Aharonian et al. 2004a) (E > 500GeV ) and
the spectral model fit to the Whipple data (E > 300 GeV) by Hillas et al. (1998). The
full line shows a fit to the MAGIC data taking the full instrumental energy resolution into
account, see text.

Above an energy of about 300 GeV the energy spectrum of the Crab Nebula can be
approximated by a simple power law (Hillas et al. 1998; Aharonian et al. 2004a): The full
line shows the result of a forward unfolding procedure: A simple power law spectrum is as-
sumed for the true differential y-ray flux. The parameters of the power law are determined
by fitting the predicted differential flux to the measured energy spectrum (dN,, /(dE,dAdt)
vs. estimated E,) taking the full instrumental energy migration (true E, vs. estimated
E,) into account as described by Wittek (2005a) and Mizobuchi et al. (2005). The result
of the fit in the region 300 GeV < Eeggimatea < 2 TeV is given by (x?/n.d.f = 13.5/10):

dN, L B\
—— =(3.0£0. 1 — T .
TAdE (3.0+0.3) x 10 (TeV) cm s TeV

The given errors (10) are purely statistical. The systematic error is estimated to be 35%
in the integral flux level and 0.2 in the spectral index, see section 3.7. The measured energy
spectrum of the Crab Nebula agrees well within errors with the previous measurements by
the HEGRA collaboration (Aharonian et al. 2004a) (E > 500GeV) and the spectral model
fit to the Whipple data (£ > 300 GeV) (Hillas et al. 1998), as well as to an independent
analysis of the MAGIC data (Wagner et al. 2005). As the Crab Nebula is a constant source
of v-rays, this result gives confidence in the analysis methods. The analysis has not been
optimized to reconstruct the low energy part of the spectrum.

3.5 Analysis of Data Taken in the Wobble Mode

As explained in section 2.3, there are two modes of data taking with the MAGIC telescope:
ON/OFF observations and the so-called wobble mode. Thereby the telescope tracks a sky
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position close to the candidate source, typically at an offset of 0.4°, see e.g. Bretz et al.
(2005). The source rotates around the camera center due to the Altitude-Azimuth telescope
mount. This requires a dedicated analysis procedure, which was developed in this thesis
and will be presented below:

Figure 3.32: Wobble mode observation: The source and anti-source position are located
opposite with respect to the camera center. Due to the Altitude-Azimuth mount of the
telescope source and anti-source rotate in the camera. The blue region around the source
defines the ON-region, whereas all three red regions can be used as background control
regions. When changing the wobble position W1 to W2 the source and anti-source positions
in the camera are exchanged.

Figure 3.32 illustrates the location of the source position in the camera for the two
wobble tracking positions W1 and W2. The mirrored source position with respect to the
camera center is called “anti-source” position. The possible off-source tracking positions
(same offset to the candidate source) are switched regularly in order to make the distri-
butions of the source and anti-source positions in the camera as similar as possible. Thus
systematic effects due to inhomogeneities of the camera acceptance cancel out for param-
eter distributions with respect to the source and anti-source. Nevertheless, the switching
from the tracking position W1 to W2 does not mirror-image the source on top of the anti-
source and vice-versa in the camera. The switching from W1 to W2 is rather a translational
displacement of the sky in the camera. The sky positions projected to the anti-source po-
sitions in the camera are not the same for W1 and W2. Therefore, the wobble mode only
cancels out inhomogeneities in the camera, but not inhomogeneities of the sky (e.g. bright
stars).

One can define two more “background control” position (see e.g. Rowell (2003)) by a
90° rotation of source and anti-source around the camera center. Assuming a rotational
symmetry of the camera acceptance around the camera center, one can use the anti-source
position as well as the additional two background control positions to evaluate the back-
ground at the source position. Thereby one can measure ON and OFF data at the same
time. This allows a reliable background estimation independent of possible changes in
observation conditions like the weather.
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This section is structured as follows: in section 3.5.1 the effect of the relatively small
MAGIC trigger region on the wobble observations is discussed. Thereafter, in section
3.5.2 the ON and OFF samples are defined from the wobble data and the ~-ray signal is
determined. Finally in section 3.5.3, the ON/OFF and the wobble observation modi are
compared.

3.5.1 Trigger Losses in Effective Area
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Figure 3.33: Charge signal distribution in the MAGIC camera for MC simulated ~v-rays,
with a source a) located in the camera center and b) located 0.4° off-set from the center in
the positive = direction. While figure a) shows a rotational symmetric charge distribution,
in figure b) there is an apparent asymmetry due to the trigger losses for shower image
center of gravities outside the trigger region of the MAGIC camera.

For wobble mode observations, as well as for observations of extended sources, the finite
trigger region of about 0.9° radius of the MAGIC telescope, see section 2.2.5, is of major
concern. Figure 3.33 presents the charge signal distribution in the MAGIC camera for MC
simulated v-rays, with a source a) located in the camera center and b) located 0.4° off-set
from the center in the positive x direction. While figure a) shows a rotational symmetric
charge distribution, in figure b) there is an apparent asymmetry due to the trigger losses
for shower image center of gravities outside the trigger region of the MAGIC camera.

The trigger loss is energy dependent. Higher energy showers have a higher chance to
extend inside the trigger region of the MAGIC camera. Figure 3.34 depicts the ratio of
the effective collection area after the image cleaning between wobble mode observations
(0.4° source off-set) and observations with the source in the camera center as a function of
the simulated y-ray energy. The ratio rises with energy, above an energy of 200 GeV the
effective area in the wobble mode is reduced by less than 10% compared to ON observation.

The losses in the effective area can be circumvented by enlarging the trigger region of
the camera. This is one of the design considerations for the camera of the second MAGIC
telescope (Teshima et al. 2005).
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Figure 3.34: Ratio of the trigger efficiency (effective area) of wobble mode and ON observa-
tions, from MC simulations. The ratio rises with energy. Above an energy of 200 GeV the
effective area in the wobble mode is reduced by less than 10% compared to ON observation.

3.5.2 Definition of ON and OFF samples for the Wobble Mode,
Gamma Signal Determination

In the wobble mode observations, both the source and background control regions are
observed simultaneously at camera positions where the acceptance is assumed to be equal.
The v-ray signal is obtained as excess of the y-ray candidates from the source direction (ON
data) over the background (OFF data). Therefore, a statistically independent definition
of the ON and OFF data samples is necessary, either using the Alpha analysis (section
3.5.2.1) or using the #? analysis (section 3.5.2.2).

3.5.2.1 Alpha Analysis

One possibility to determine the ~-ray signal is to use the image orientation angle Alpha
with respect to the source and anti-source position. Figure 3.35 shows the definition
of the Alpha and anti-Alpha angle. For each event the parameter Alpha is calculated
for both positions. The ~-ray signal is expected to be an excess for low values of the
Alpha distribution over the anti-Alpha distribution. However, both distributions are not
statistically independent as one particular shower may have a small Alpha value as well
as a small anti-Alpha value. In order to produce statistically independent ON and OFF
samples and to suppress any signal contribution to the OFF sample, a cut on the anti-
Alpha parameter is applied: An event is only included into the ON distribution in case the
Alpha value with respect to the anti-source is above a certain limit, which is generally taken
to be 15°. A corresponding cut is applied to the OFF distribution. This anti-Alpha cut
causes an additional loss of effective area in the wobble mode observations (for the trigger
losses see section 3.5.1 above) compared to ON/OFF observations, where no anti-Alpha
cut is necessary.

Figure 3.36 shows as an example the distributions for the image orientation angle Alpha
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Figure 3.35: Definition of the image orientation angles Alpha and anti-Alpha for wobble
data: Alpha is the angle between the line joining the source position in the camera and the
center of gravity of the shower image and the long axis of the shower ellipse. Anti-Alpha
is the corresponding angle with respect to the Anti-source position in the camera (source
position mirrored at the camera center).
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Figure 3.36: Distributions for the image orientation angle Alpha with respect to the source
(ON Data) and to the anti-source (OFF Data) for Crab Nebula wobble observations. A
lower Size cut of 400 photoelectrons has been applied (analysis energy threshold about 280
GeV). An upper anti-Alpha cut of 15° has been applied, such that the ON and OFF dis-
tributions are independent for Alpha < 15° and correlated for Alpha values above. No
normalization between ON and OFF has been applied, for Alpha > 30° the ON and OFF
distributions agree well with each other. For Alpha < 7.5° there is an excess of 446 ~v-ray
candidate events of the ON over the OFF data, corresponding to a significance of 16.3 0.
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with respect to the source (ON Data) and to the anti-source (OFF Data) for Crab Nebula
wobble observations. No normalization between the ON and OFF data has been applied.
For Alpha < 7.5° there is an excess of 446 v-ray candidate events of the ON over the OFF
data, corresponding to a significance of 16.30. In case of using a fit to the OFF data
distribution (e.g. with a second order polynomial) one obtains a significance of 20.9 o.

3.5.2.2 Disp / #* analysis
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Figure 3.37: a),b) Raw Disp maps (after /hadron separation and without background
subtraction) in camera coordinates for the W1 and W2 observations of the Crab Nebula.
c¢) The position of the Crab Nebula in the camera for both wobble observations. d) The

background acceptance of the camera, derived from the background region of the two wobble
observation positions, see tewt.

Alternatively to the Alpha analysis, the y-ray signal can also be evaluated using the
Disp/6? analysis (see section 3.3.2) for the wobble data. Figures 3.37a) and b) show raw
Disp maps (after v/hadron separation and without background subtraction) in camera
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Figure 3.38: a) Raw Disp map (after vy /hadron separation and without background subtrac-
tion) in sky coordinates for the combined W1 and W2 data set of the Crab Nebula. The
two white stars show the two pointing positions for W1 and W2 observations. The red
circle shows the source integration region. The white circles show the background control
regions (same camera acceptance as the source region) for W1 and the black circles show
the background control regions of W2. b) The same data set after background subtraction.

coordinates for the W1 and W2 observations of the Crab Nebula, while figure 3.37c shows
the location of the Crab Nebula in the Camera. One can see an excess of vy-ray candidate
events in both figures 3.37a) and b) at the location of the Crab Nebula. For W1 (W2)
observations there are no 7-rays from the Crab Nebula in the camera part with x > 0
(z < 0). Scaling these two camera parts to a common number of events and adding them,
one obtains the background acceptance map of the camera, displayed in figure 3.37d).

Figure 3.38a exhibits a raw Disp map (after v/hadron separation and without back-
ground subtraction) in sky coordinates for the combined W1 and W2 data set of the Crab
Nebula. The two white stars show the two pointing positions for W1 and W2 observations.
One can see an excess of y-ray candidate events at the position of the Crab Nebula (RA =
5134m318, dec= 22°0'52") over the background. The red circle (radius 0.1° corresponding
the the MAGIC PSF) shows the source integration region. For a telescope pointing to W1,
the white circles are located rotationally symmetric in the camera to the source region.
Assuming a rotationally symmetric camera acceptance, the events in the white circles can
be used to estimate the background at the source position. They are called background
control regions. Similarly for a telescope pointing to W2 the three black circles can be used
as background control regions. Figure 3.38b) shows the same data set after background
subtraction.

To represent the ON data, one calculates the squared angular difference 6? between
the reconstructed primary particle arrival direction and the source position. There are two
possibilities to evaluate the background: First, one can use the background model of figure
3.37d to compute the background #? distribution at the source position. Second, one can
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Figure 3.39: Distributions of 6% with respect to the source location (ON Data), the three
background control positions (OFF data), scaled by a factor 1/3, and the calculated back-
ground model for Crab Nebula wobble observations (data set as in figure 3.36). A lower
Size cut of 400 photoelectrons has been applied (analysis energy threshold about 280 GeV).
For large values of 6? the distribution of the ON data and the background model agree well,
no systematic differences can be seen. For 02 < 0.04deg® there is an excess of 410 vy-ray
candidate events of the ON data over the OFF data, corresponding to a significance of
19.3 0.

use the §? distribution with respect to the three background control positions. Of course the
latter distribution has to be truncated for larger % values for which also signal events from
the source would be included. Figure 3.39 shows as an example the #? distributions with
respect to the source position (ON data), the three background control positions (OFF)
data and the computed background model. The OFF data and the generated background
agree well. Also the distribution of the ON data agrees well with the generated distribution
from the background model for larger 62 values. For #? < 0.04 deg? there is an excess of
410 events, corresponding to a significance of 19.3 ¢. In case of using a fit to the OFF data
distribution one obtains a significance of 24.1 0.

The use of three background control regions to evaluate the background to the ON
data, yields a statistically better determination of the background in the Disp/6? analysis
compared to the case of the Alpha analysis of the wobble data (see above). Therefore,
for wobble data the Disp/#* analysis yields a better sensitivity than the Alpha analysis.
Moreover, the anti-Alpha cut in the case of the Alpha analysis of the wobble data further
reduces the effective area (the number of signal events) and thus the sensitivity of the
Alpha analysis of the wobble mode data.

3.5.3 Comparison of the ON/OFF and Wobble Observation Modi

For the decision about the observation modus it is of vital interest to compare the achievable
sensitivities with the ON/OFF and wobble mode observations. In the presented sample
analysis (no cut optimization for the highest sensitivity) the sensitivity, measured in signif-
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icance per square root ON observation time, is about the same for the ON/OFF as for the
wobble observations. The small trigger region of the MAGIC camera causes an acceptance
loss of up to 20% for wobble observations compared to ON observations. Increasing the
trigger region of the camera in future upgrade projects would also increase the sensitivity
in the wobble mode but have only negligible effects on the sensitivity for ON observations.

For the reliable background determination to the ON data, dedicated OFF data have
to be taken in addition to the ON data, while the wobble observation mode allows the reli-
able background estimation from the wobble data alone (in case of a homogeneous camera
acceptance). Taking further into account that some sources have a very particular sky
brightness profile and changing atmospheric and telescope conditions, the wobble obser-
vation mode is becoming the favorite observation mode for steady state, point-like and
slightly extended (see e.g. section 4.3) sources.

The observations of the sources HESS J1813-178 and HESS J1834-087, presented in
sections 4.2 and 4.3, have been conducted in the wobble mode. The Galactic Center (see
section 4.1) was observed in ON/OFF as well as in the wobble mode.

3.6 Basic Performance Parameters of the MAGIC Te-
lescope

The most important performance parameters of a Cherenkov telescope are the flux sensi-
tivity (section 3.6.1), the angular resolution (section 3.6.2), the energy threshold and the
energy resolution (section 3.6.3). Further important parameters are the systematic uncer-
tainties in the v-ray flux determination (section 3.7). They are tightly linked to a precise
knowledge of the optical parameters of the telescope and the atmosphere as well as the
quality of the agreement between v-ray candidate images and MC simulated ~-ray images,
see section 3.6.4. For the analysis presented in this thesis the performance of the MAGIC
telescope for observations under large ZAs and the reconstruction of extended sources are
relevant and are presented in sections 3.6.5 and 3.6.6.

3.6.1 Sensitivity

The sensitivity of the MAGIC telescope is defined as the minimum detectable flux of a
source in a given observation time and at a given significance level. Contrary to the (de-
tection) significance calculated for the source observations, equation 3.13, for the sensitivity
calculation a different (flux) significance definition is used:

_ Nox — Norr
vV Norr

Note, that in case of a small signal to background ratio (Nox — Norr)/(Nox + Norr) both
significance definitions (equations 3.13 and 3.23) give approximately the same result.

In general the sensitivity is defined as a 5o significance detection for an observation
time of 50 hours. Figure 3.40 shows the integral point source flux sensitivity of MAGIC as
obtained from the MC simulation and the analysis of the Crab Nebula and other sources,
after Teshima et al. (2005).

S, (3.23)
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Figure 3.40: MAGIC integral point source flur sensitivity as a function of the analysis
energy threshold for low ZA observations (0° < ZA < 30°) and a ~y-ray spectrum of
dN/dE o< E7%5 for data and MC simulations at low ZA, after Teshima et al. (2005). The
integral flux sensitivities of the analyses presented in sections 4.1 to 4.3 (large ZA, Galactic
sources) are also indicated. In 50 hours a significant signal of a source with a few percent
of the Crab Nebula flux can be observed.

3.6.2 Angular Resolution

The angular resolution is defined as the sigma of a two-dimensional Gaussian, oyp, fitted
to the brightness distribution b(x, ) (photons per solid angle) of an optical or y-ray point

source in the center of the MAGIC camera: b(z,y) o exp (—ﬁ%gﬂ) (Cortina 2005). Figure
2D

3.41a shows the reconstructed ~-ray PSF using the Disp method as a function of the lower
cut on the image parameter Size, obtained for the Crab Nebula. o,p is around 0.1° with a
weak dependence on the lower Size cut.

In case of VHE v-rays the PSF contains the contributions of the instrument as well as
the reconstruction accuracy using the Disp method (see section 3.3.2). Using the MAGIC
automatic mirror control, the mirror positions are frequently readjusted to yield an optical
PSF of o9p = 0.040° — 0.045° (Garczarczyk 2006). The optical PSF is defined as the
sigma of a two-dimensional Gaussian fitted to the optical brightness distribution of a star
image in the MAGIC camera plane. Figure 3.41b shows an example for the brightness
distribution of the optical image of a bright star (Vega) in the MAGIC camera plane.

3.6.3 Energy Threshold / Energy Resolution

The energy threshold for an observation is defined as the energy where the distribution
of y-ray excess events per energy interval reaches its maximum. The energy threshold
depends on the telescope location, especially the height above the sea level, the telescope
parameters like light collection area and quantum efficiency of the photomultipliers as well
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Figure 3.41: Angular resolution: a) Sigma of a two-dimensional Gaussian fitted to the
background subtracted sky map of v-ray excess events from the Crab Nebula and MC' sim-
ulated y-ray showers as a function of a lower cut in Size. b) Brightness distribution (ar-
bitrary units) of the optical image of a star in the MAGIC camera plane, a fit with a
two-dimensional Gaussian yields a sigma of about 0.04°, figure adapted from (Garczarczyk
et al. 2006). The size of an inner camera pizel is 0.1°.

as the lower image Size cut and the applied /hadron separation cuts. Moreover, the
energy threshold depends strongly on the observation zenith angle, see section 3.6.5.

The observations presented in this thesis were conducted at large zenith angles between
37° and 62° in an environment of high sky brightness from the Galactic plane. Therefore,
conservative analysis cuts have been chosen not optimizing for the lowest possible anal-
ysis energy threshold. For a phenomenological parameterization of the analysis energy
threshold as a function of the observation zenith angle, see section 3.6.5.

The relative energy resolution is on average about 25% and itself a function of the
energy of the 7-ray, see section 3.2.6. The relatively coarse energy resolution requires an
unfolding procedure for the determination of the source energy spectrum, see section 3.4.3.

3.6.4 MC - Data Comparison

The TACT method does not offer the possibility to evaluate the v/hadron separation cut
efficiency and the energy estimation resolution by means of test beams of VHE ~-rays of
known energy. They can only be evaluated using MC simulations.

The v-ray efficiency translates directly into the effective collection area used in the flux
calculation (see section 3.4). Therefore, a good agreement between the camera images
of ~-ray showers and the MC simulated ones is a necessary requirement for the reliable
flux measurement. Every difference leads to a wrong estimate of the ~-ray efficiency and
the effective collection area. In the standard analysis chain no MC simulations of the
backgrounds (mostly hadron showers) are used as the simulation of hadronic reactions is
more difficult compared to electromagnetic ones, see e.g. Cojocary et al. (2004).

In order to compare the MC simulated vy-ray shower images to the real ones, the dis-
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Figure 3.42: Comparison of the image parameters Width, Length, Dist, Concentration,
third moment along the long azxis and Hadronness for MC ~-rays and vy-ray candidates
measured from the Crab Nebula. A lower Size cut of 400 photoelectrons was applied. The
real data are found to be in a reasonable agreement with Monte Carlo expectations.

tributions of image parameters are studied. In principle, also the intercorrelation between
the parameters would have to be compared. From the measured data the image parameter
distributions of the y-ray excess events can be obtained by subtracting the corresponding
measured image parameter distributions for OFF from ON-source data after a suitable nor-
malization (Majumdar et al. 2005). Apart from data quality cuts, only an extremely loose
hadron suppression cut (rejecting just 2% of y-ray showers while rejecting half of the back-
ground) has been applied to keep the number of events in the subtracted histograms high
and hence to reduce the fluctuations in the resulting distributions. Moreover, this hadron-



118 3. Data Analysis

ness cut has to be loose to avoid biasing the image parameter distributions of the selected
events. In the case of a strong hadronness cut, the selected events would by construction
agree with the MC simulations. The same data quality and very loose hadronness cuts
are also applied to the MC ~-ray sample. In filling the histograms of the image parameter
distributions, the Monte Carlo generated vy-ray showers have been weighted to account for
the deviation of the Crab spectrum from a pure power law towards low energies (Lucarelli
et al. 2003).

Figure 3.42 displays the resulting distributions of the image parameters Width, Length,
Size, Conc, M3Long and Hadronness for the observed ~-ray excess events from the Crab
Nebula (minimum Size cut of 200 photoelectrons) and the MC simulated ~-rays. The real
data are found to be in a reasonable agreement with Monte Carlo expectations. Nev-
ertheless, there is a disagreement between data and MC beyond statistical errors in the
hadronness distribution for hadronness values below 0.2. Using MC simulations to de-
termine the ~/hadron separation cut efficiency this disagreement between data and MC
simulations may introduce a systematic error in the reconstructed vy-ray flux (see section
3.7). This systematic effect can be minimized by using conservative hadronness cuts having
a high ~-ray efficiency.

3.6.5 Observation at Large ZAs

For observations at large ZA the v-ray initiated shower cascade develops higher up in
the atmosphere and farther away from the Cherenkov telescope. The Cherenkov light
illuminates a larger area on the ground, see figure 3.43. A telescope anywhere in this
illuminated area (note: the effective detection area in the flux calculation is the area of
the Cherenkov light cone perpendicular to the pointing direction of the telescope) will see
the y-ray shower, but with an accordingly reduced brightness. Thus the energy threshold
for the observation of -ray showers increases with increasing ZA, but also the effective
area (the detection rate) increases, see e.g. Konopelko et al. (1999) and Firpo (2006).
Observations at large ZA (up to 60°) therefore allow one to measure the high-energy part
of the spectrum with improved precision, see e.g. Krennrich et al. (1999); Tanimori (1994).

Figure 3.44a presents the analysis energy threshold as a function of the ZA. A conser-
vative image cleaning (thresholds: 10 photoelectrons for core pixels and 5 photoelectrons
for boundary pixels) and a conservative lower Size cut of 200 photoelectrons have been
applied. The full line shows an empirical scaling law for the energy threshold:

Ethreshold(ZA) = Ethreshold(ZA = 00)((305 ZA)_2'65 . (3-24)

Figure 3.44b shows the corresponding effective collection area for y-ray showers for
energies above two times the energy threshold as a function of ZA. The full line shows an
empirical scaling law for the effective collection area for the particular analysis chosen:

Aer (ZA) = Ao (ZA = 0°) + (sin ZA)® - 7.4 - 10° m? . (3.25)

The Crab Nebula is a bright and steady source of VHE ~v-rays, see e.g. Aharonian et al.
(2004a); Hillas et al. (1998). From La Palma it can be observed under ZAs above about
7°. Therefore, the analysis at large zenith angles was developed and verified using Crab
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Figure 3.43: For observations at large ZA the y-ray initiated shower cascade develops higher
up in the atmosphere and farther away from the Cherenkov telescope. The Cherenkov light
illuminates a larger area on the ground. A telescope anywhere in this illuminated area will
see the y-ray shower, but with an accordingly reduced brightness. Thus the energy threshold
for the observation of v-ray showers increases with increasing ZA, but also the effective
area (the detection rate) increases. Picture taken from Firpo (2006).
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Figure 3.44: a) Analysis energy threshold as a function of the ZA. A conservative image
cleaning (thresholds: 10 photoelectrons for core pizels and 5 photoelectrons for boundary
pizels) and a conservative lower Size cuts of 200 photoelectrons have been applied. The full
line shows an empirical scaling law for the energy threshold, see text. b) The corresponding
effective collection area for energies above two times the energy threshold as a function of
ZA. The full line shows an empirical scaling law for the effective collection area, see text.
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Figure 3.45: Energy spectrum of the Crab Nebula observed at large zenith angles between
58° and 62°. Within errors it agrees with the previous measurements by the HEGRA
collaboration (Aharonian et al. 2004a) and the spectral model fit to the Whipple data by
Hillas et al. (1998). The full line shows a fit to the MAGIC data taking the full instrumental

energy resolution into account, see text.

Nebula data with a ZA around 60°. Figure 3.45 displays the reconstructed VHE ~-ray
spectrum (dN,/(dE,dAdt) vs. true E,) of the Crab Nebula after correcting (unfolding)
for the instrumental energy resolution. The full line shows the result of a forward unfolding
procedure, see section 3.4.3. The result of the fit in the region 500 GeV < Eegtimatea < D TeV
is given by (x?/n.d.f =2.6/3):

dN. E —2.840.3
m =(3.0+£0.6) x 107! (ﬁ) cm 25 ' TeV ™. (3.26)

The given errors (1o) are purely statistical. Within errors, the reconstructed energy
spectrum of the Crab Nebula observed under large zenith angles agrees with the one
reconstructed from observations under small zenith angles (see equation 3.23 and figure
3.31). The analysis energy threshold has increased from about 170 GeV at low ZA to
about 850 GeV for a ZA of 60°. The measured Crab Nebula flux at large ZAs also agrees
with previous measurements at small and large ZAs by the CANGAROO (Tanimori 1994),
Whipple (Hillas et al. 1998) and HEGRA (Aharonian et al. 2004a) collaborations.

The point-source flux sensitivity obtained for large ZA observations of the Galactic
Center (58° < ZA < 62°, see section 4.1) and the source HESS J1813-178 (47° < ZA < 54°,
see section 4.2) is shown in figure 3.40.

3.6.6 Extended Sources

A v-ray point source is reconstructed in the background subtracted ~-ray sky map with a
CE2+Z/2
2085
see section 3.6.2. In case that the ~v-ray source itself has a two-dimensional Gaussian

brightness distribution b(z,y) o exp (— ), where opgp depends weakly on the energy,
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profile with og,uce than the reconstructed brightness distribution follows a two-dimensional
Gaussian with standard deviation ogar:

Ototal = \V UPSF + Usource : (327)

For arbitrary source vy-ray brightness morphologies the reconstructed skymap brightness
distribution is the convolution of the source morphology with the instrument PSF.

Accordingly, also the width of the §? distribution increases with increasing intrinsic
width of the source. Figure 3.46a displays 62 distributions for MC simulated v-ray showers
for sources with different intrinsic extensions, while figure 3.46b shows the corresponding
distributions for the image orientation angle Alpha. The distributions become broader
with increasing source size. The necessary larger signal integration regions contain more
background and thus the sensitivity for the reconstruction of extended sources is reduced.
To determine the cut efficiency of the §2 and Alpha cut, one has to use dedicated MC
simulations which simulate the source intrinsic brightness profile. For a source extension of
0.4° and larger a considerable part of the y-ray signal leaks into the ON/OFF normalization
region at large #? and Alpha values. Thus the normalization of the ON and OFF data
becomes problematic. For further discussion about the reconstruction of extended sources
see e.g. Aharonian et al. (1994).
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Figure 3.46: a) Distributions for the 6% parameter for MC simulated y-ray showers for
sources with different intrinsic extension. b) Corresponding distributions for the image
orientation angle Alpha. A minimum Size cut of 200 photoelectrons has been applied.

3.7 Systematic Errors

In addition to statistical errors the y-ray flux and source position/morphology are affected
by systematic uncertainties. There are three dominating types of systematic errors of the
~v-ray flux measurement:
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1. Errors in the reconstruction of the v-ray energy
2. Errors in the calculation of the effective collection area
3. Errors in the determination of the background to the signal events.

The main sources for errors in the reconstruction of the y-ray energy are:

Cherenkov light production: The production and development of an electromag-
netic shower are very well understood (see e.g. Cojocary et al. (2004) and references
therein). Also the production of Cherenkov light in an electromagnetic air shower
is well understood and can be modeled with high precision (Heck et al. 1998). The
corresponding systematic error on the reconstructed ~-ray energy should not exceed

1%.

Atmospheric model used in the MC simulations: In the MC simulations a stan-
dard model of the atmosphere (so-called standard US atmosphere, see section 2.2.8)
has been used. It does not take into account the microclimate conditions at La
Palma (subtropic island climate) as well as seasonal variations. This can affect the
reconstructed y-ray energy by about 15% (Bernléhr 2000).

Weather conditions: The general weather conditions at La Palma are monitored,
but the atmospheric extinction will only be measured in future with a Lidar system,
see e.g. Merck (2004). Thin clouds, moisture and dust may cause a reduced atmo-
spheric transmission. This leads to an uncertainty in the reconstructed image Sizes
and reconstructed energies by up to 10%.

Light losses in the optical system consisting of mirrors, the camera entrance window
and the Winston cone light concentrators: The overall light losses are adjusted in the
MC simulations to dedicated measurements and monitored by the muon calibration
(see section 3.2.1). However, there may be errors in the simulated light distribution
on the camera (e.g. the size of the PSF and halos of the focussed spot on the camera).
The systematic error on the reconstructed energy may be 10%.

PMT quantum efficiency: the absolute light-to-photoelectron conversion effi-
ciency of the PMTs (wavelength dependent) can be measured using the PIN diode or
blind pixel calibration (see section 3.2.1) for three different light wavelengths. The
systematic error of the PIN diode calibration method has been estimated to be about
8% by Gaug et al. (2005).

Adding these five errors on the vy-ray energy in quadrature, one obtains a total system-
atic error on the reconstructed ~-ray energy of 22%. Generally, the differential y-ray spectra
are steeply falling with ~-ray energy and can be fitted by a power law dN,/dE o E~°.
The error of the integral flux ®(E > Ey) = dN,(E > E;)/dAdt above an energy Ej is
then given by:

AD AE
& = la-D=7. (3.28)
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For a differential v-ray spectral index of a = 2.0 the 22% systematic error in the
reconstructed «-ray energy translates in a 22% systematic error of the integral flux. o = 2.6
(as for the Crab Nebula) leads to 35% systematic error of the integral flux.

The second type of systematic errors is due to uncertainties in the determination of the
effective collection area. The main error sources are:

e Camera acceptance: In the MC simulations a camera with homogeneous accep-
tance is simulated. Defect PMTs and trigger inefficiencies may introduce a systematic
error of about 5% of the flux level.

e 7v/hadron separation efficiency: It is determined by applying the «y/hadron sepa-
ration algorithm to MC simulated vy-rays. Differences between the real and simulated
images of y-ray showers (partly due to differences of the simulated and real optical
point spread function of the telescope and the earth’s magnetic field), see section
3.6.4, may introduce a systematic error up to 10%, which may depend on the ~-ray
energy.

e Tracking errors: The starguider allows to correct for relative mis-pointings but has
not yet been calibrated to the absolute position in the sky (see section 3.3.2). A
wrong tracking position leads to broader Alpha and #* distributions and a reduced
efficiency of the chosen signal cut in Alpha or 6% (see section 3.3). This effect may
result in a few percent error of the flux level.

The third type of systematic errors is related to the determination of the y-ray signal
by means of the Alpha or Disp/#? analysis (see section 3.3). The main error sources are:

e Star field: the star field of the ON data is in general different from the one of the OFF
data. Also for wobble data there is a translation of the star field in the camera when
changing the tracking positions (see sections 2.3 and 3.5). Bright stars and gradients
in the sky brightness may affect the shape of the Alpha and 6? distributions used to
evaluate the ~-ray signal. This effect is most important for small image Sizes. For
the analysis presented here high image cleaning cuts (see section 3.2.3) have been
used minimizing the star field effect. The systematic error on the flux is estimated
to be 5% and may depend on the y-ray energy.

e Camera inhomogeneity: To estimate the background in the wobble observation
mode, several background control regions are used, which are located rotationally
symmetric in the camera (see section 3.5). In case of an inhomogeneous camera
(different acceptance for signal and background) systematic errors in the background
determination arise. The error is proportional to the signal to background ratio and
may therefore depend on the ~-ray energy.

e 7-ray sources in OFF date: Especially for the observation of galactic OFF data
there is a certain possibility that the OFF data contain a y-ray source. For example,
recent observations by Aharonian et al. (2006c) show that there is diffuse 7-ray
emission from the Galactic plane +3° around the galactic center. For observations
of the Galactic Center the systematic error is estimated to be 5% in the flux level.
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Adding the systematic errors in quadrature, one obtains a systematic error in the
integral flux level of 28% (for a = 2.0) to 37% (for & = 2.6). Nevertheless, some of the
systematic errors cause an underestimation of the flux level such that the real flux level may
be up to 60% larger (linear addition of the systematic errors) than the reconstructed one.
Only few of the systematic errors depend on the 7-ray energy (like the effect of the star
field) and introduce an error in the slope of the differential y-ray spectrum. To exactly
evaluate the systematic error in the spectral slope extensive MC simulation studies are
necessary. Based on the experience from previous and other similar Cherenkov telescopes
(see e.g. Aharonian et al. (2006a)) the systematic error in the spectral slope has been
assumed to be 0.2.

The systematic errors of the position/morphology determination are due to the follow-
ing effects:

e telescope positioning error: The used 14 bit shaft encoders allow a telescope
positioning with an accuracy of 2’, see section 2.2.2.

e starguider: The starguider was not calibrated to absolute sky positions for the
data analyzed in this thesis, see section 3.3.2. Therefore, it cannot correct for the
systematic telescope pointing error.

e Star field: The background to the v-ray sky maps is generated from the measured
telescope acceptance, see section 3.3.2. Bright stars and gradients in the sky bright-
ness around the y-ray source may affect the background distribution in the sky. This
effect depends on the signal to background ratio of the source and on the chosen
lower cut on the image Size.

The total systematic error in the source position determination is dominated by the 2’
telescope pointing accuracy.



Chapter 4

Observation of VHE ~-Rays from
(Galactic Sources

In this chapter the observations of VHE ~-rays with the MAGIC telescope from three
galactic sources are discussed: the Galactic Center (section 4.1), HESS J1813-178 (section
4.2) and HESS J1834-087 (section 4.3). The source positions, extensions and the energy
spectrum of the VHE v-rays are determined. Possible VHE v-ray flux variations with time
are studied. The results are put in the perspective of multiwavelength observations and
models for the multiwavelength emission.

4.1 Observation of VHE ~-Rays from the (Galactic
Center

This section starts with an introduction to the observation of the Galactic Center in y-rays
(section 4.1.1), followed by a description of the observational technique used (section 4.1.2)
and the procedure implemented for the data analysis (section 4.1.3). In section 4.1.4 the
results are discussed in the perspective of different models proposed for the production of
the VHE ~-rays. Finally, section 4.1.5 contains the conclusions. The results of this analysis
as presented in this section have been published in Albert et al. (2006b).

4.1.1 Introduction

The Galactic Center (GC) region contains many remarkable objects which may be respon-
sible for high-energy processes generating ~y-rays (Aharonian & Neronov 2005; Atoyan &
Dermer 2004), see also section 1.5.6. The GC is rich in massive stellar clusters with up to
100 OB stars (Morris & Serabyn 1996), immersed in a dense gas. Also, young supernova
remnants can be found, e.g. Sgr A East, and nonthermal radio arcs (LaRosa et al. 2000).
The dynamical center of the Milky Way is associated with the compact radio source Sgr
A*, which is believed to contain a massive black hole of about (3 — 4) - 10°M,, (Morris &
Serabyn 1996; Schodel et al. 2002). Within a radius of 10 pc around the GC there is a
mass of about 3 - 107 My, (Schodel et al. 2002; Genzel et al. 2003).
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EGRET has detected a strong source (3 EG J1745-2852) near the GC. Hartman et al.
(1999) and Mayer-Hasselwander et al. (1998) find the source position to be consistent with
the GC position within the EGRET error circle of 0.2° radius. However, an independent
analysis of the EGRET data (Hooper & Dingus 2005) indicates a point source whose
position is different from the GC at a confidence level beyond 99.9 %. This was recently
confirmed by Pohl (2005). 3 EG J1745-2852 has a broken power law energy spectrum
extending up to at least 10 GeV. Below the break of the energy spectrum at a few GeV the
spectral index is 1.3, see figures 1.9 and 1.11. Assuming a distance of the GC of 8 kpc, the
y-ray luminosity of this source is very large, 2.2-10%7erg/s, which is equivalent to about
10 times the y-ray flux from the Crab Nebula.

In VHE 7-rays the GC has been observed by the CANGAROO (Tsuchiya et al. 2002,
2004), VERITAS (Kosack et al. 2004) and HESS collaborations (Aharonian et al. 2004b).
The energy spectra as measured by these groups show substantial differences both in the
flux level and in the spectral slope. This might be due to different sky integration regions of
the signal or to a source variability at a time-scale of about one year, or to inter-calibration
problems.

4.1.2 Observations with the MAGIC Telescope

At La Palma, the GC ((RA, Dec) = (17"45™36°, —28°56')) culminates at about 58° zenith
angle (ZA). The star field around the GC is non-uniform. In the region RA > RAgc+4.7™
the star field is brighter. Within a distance of 1° from the GC there are no stars brighter
than 8 mag. Figure 4.1 shows the star field around the GC.
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Figure 4.1: The star field around the Galactic Center. The 2 sets of big circles correspond
to distances of 1° and 1.75° from the GC and OFF-GC, respectively. The wobble positions
W1 and W2 are given by the full circles. The full black line represents the Galactic Plane.

The MAGIC observations were carried out in the ON/OFF mode as well as in the false-
source tracking (wobble) mode (see section 2.3). The sky directions (W1, W2) to be tracked
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in the wobble mode are chosen such that in the camera the star field relative to the source
position (GC) is similar to the star field relative to the mirror source position (anti-source
position): W1/W2 = (RAgc, Decge +0.4°). During wobble mode data taking, 50% of the
data is taken at W1 and 50% at W2, switching between the two positions every 20 minutes.
Dedicated OFF data have been taken, with a sky field similar to that of the ON region.
The OFF region is centered at the Galactic Plane, GCopr = (17"51™12%, —26°52'00"),
see figure 4.1. OFF data was taken during the same night, directly before and after the
ON observations under the same weather conditions and with the same hardware setup.
The ON and OFF observations were conducted such that they have similar ZA ranges and
distributions, although the OFF source position has a slightly different declination than
the GC. After initial observations in September 2004 the GC was observed for a total of
about 24 hours in the period May-July 2005. Table 4.1 summarizes the data taken.

Period | date | ZA [°] | time [h] | events [10°] | observation mode
I Sep. 2004 62-68 2 0.8 ON
IT May 2005 28-62 7 2.8 wobble
11 Jun./Jul. 2005 | 58-62 | 17/12 6.4/5.0 ON/OFF

Table 4.1: Data set per observation period of the GC. The column “time” states the effective
observation time, the column “events” states the number of events after image cleaning.

4.1.3 Data Analysis

The data analysis has been carried out using the standard MAGIC analysis and reconstruc-
tion software (Bretz & Wagner 2003), the first step of which involves the signal reconstruc-
tion using the digital filter and the calibration using the F-factor method (see sections 3.1
and 3.2.1). After calibration, image cleaning tail cuts of 10 photoelectrons for core pixels
and 5 photoelectrons for boundary pixels have been applied (see section 3.2.3). These tail
cuts are accordingly scaled for the larger size of the outer pixels of the MAGIC camera.
The camera images are parameterized by image parameters, see section 3.2.4.

In the analysis presented here, a custom implementation (Bock et al. 2004; Hengstebeck
2003) of the Random Forest (RF) method (Breiman 2001) was applied for the /hadron
separation and the energy estimation, as described in section 3.2.5. In the RF method
several independent decision trees (series of cuts) are applied to each event. By combining
the results of the individual decision trees, two parameters are calculated: the estimated
energy and the parameter hadronness, which is a measure of the probability that the event
is not ~y-ray like.

The trees of the RF are generated by means of training samples for the different classes:
A sample of Monte Carlo (MC) generated ~-ray showers were used to represent the v-ray
showers together with about 1% randomly selected events drawn from the measured OFF-
data as background showers. The MC v-ray showers were generated between 58° and 68°
ZA with energies between 10 GeV and 30 TeV. For the analysis of the September 2004
data set the RF cuts were determined using a sub-set of Galactic OFF data as background.
The source-position independent image parameters (see section 3.2.4) Size, Width, Length
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Figure 4.2: Sky maps of y-ray candidates (background subtracted) in the direction of the
Galactic Center for Size > 300 photoelectrons (corresponding to an energy threshold of
about 1 TeV). A Gaussian folding has been applied. The left sky map is overlayed with
green contours (0.3 Jy beam™) of 90 ¢cm VLA (BCD configuration) radio data (LaRosa
et al. 2000). The black cross shows the position of Sgr A* and the white line shows the
Galactic Plane. The right sky map is overlayed with green contours of the same radio data
and white contours showing the VHE ~y-ray HESS data (Aharonian et al. 2004b). The
MAGIC and HESS data match well concerning the source location as well as the source
morphology.

and Concentration, as well as the source-position dependent parameter Dist and the third
moment of the photoelectrons distribution along the major image axis, were selected to
parameterize the shower images. The ~-ray sample is defined by selecting showers with a
hadronness below a specified value. An independent sample of MC ~y-ray showers was used
to determine the efficiency of the cuts.

The analysis at high zenith angles was developed and verified using Crab data with a ZA
around 60°. The reconstructed Crab energy spectrum was found to be consistent within
lo statistical uncertainty with measurements at small zenith angles and other existing
measurements, see section 3.6.5.

For each event the arrival direction of the primary particle in sky coordinates is esti-
mated by the Disp-method (see section 3.2.7): The arrival direction is assumed to be on
the major axis of the Hillas ellipse that fits the shower image in the camera, at a certain
distance (Disp) from the image center of gravity. Figure 4.2 shows the background sub-
tracted sky map of v-ray candidates from the GC region (observation periods II/III). It
is folded with a two-dimensional Gaussian with a standard deviation of 0.072° and height
one (the MAGIC ~-ray PSF is ~ 0.1°, see section 3.6.2). A lower Size cut of 300 pho-
toelectrons has been applied, corresponding to an energy threshold of about 1 TeV. The
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Figure 4.3: Distributions of 0 values for the Galactic Center and OFF data, see text, for
Size > 300 photoelectrons (corresponding to an energy threshold of about 1 TeV).

sky map is overlayed with contours (0.3 Jy beam™!) of 90 cm radio data, obtained from
the Very Large Array! (VLA) of radio telescopes in BCD configuration from LaRosa et al.
(2000). The brightest non-central source is the Arc. The excess is centered at (RA, Dec)
= (1745™20%, -29°2') (J2000 coordinates). The present systematic pointing uncertainty is
estimated to be 2/, see section 2.2.2.

Figure 4.3 shows the distribution of the squared angular distance, 62, between the
reconstructed shower direction and the nominal GC position (corresponding to figure 4.2)
and the corresponding OFF data (see sections 3.3.2 and 3.5.2) for the observation periods
I[I/II1. The observed excess in the direction of the GC has a significance of 7.30 (* <
0.02 deg?). For large values of #? the distributions for ON and OFF data agree well. The
source position and the flux level are consistent with the measurement of HESS (Aharonian
et al. 2004b) within errors.

The VHE ~-ray source G 0.940.1 (Aharonian et al. 2005b), a composite SNR, is lo-
cated inside the MAGIC field-of-view. Figure 4.4 shows the distribution of the squared
angular distance, %, between the reconstructed shower direction and the nominal posi-
tion of G 0.940.1. The background has been determined according to section 3.3.2. For
6? < 0.02deg” there is a small excess of about 3.2 standard deviations. Nevertheless, the
background determination for a source as far as 1° offset from the camera center may be
subject to systematic uncertainties (see section 3.7). The small excess is consistent with
the low flux reported by Aharonian et al. (2005b) and the given observation time with the
MAGIC telescope.

For the determination of the energy spectrum, the RF was trained including the source
dependent image parameters Dist and third moment of the pixel charge distribution with
respect to the nominal excess position. For the spectrum determination only the largest
data set (period IIT) was used. The cut on the hadronness parameter (50% ~-ray efficiency
corresponding to an effective area of about 250000 m?) resulted in about 500 excess events

'For further information see http://www.vla.nrao.edu/
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Figure 4.4: Distributions of 02 values for the composite SNR G 0.9+0.1, which is in the
field of view of the Galactic Center, and a background model, see text, for Size > 300
photoelectrons (corresponding to an energy threshold of about 1 TeV).
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Figure 4.5: Reconstructed VHE ~y-ray energy spectrum of the GC (statistical errors only).
The full line shows the result of a power-law fit to the data points taking the full instrumental
energy resolution into account. The dashed line shows the result of the HESS collaboration
(Aharonian et al. 2004b). The dot-dashed line shows the enerqy spectrum of the Crab
Nebula as measured by MAGIC (Wagner et al. 2005). The horizontal bars indicate the bin
size in enerqy, the marker is placed in the bin center on a logarithmic scale.
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Figure 4.6: Light curve: Reconstructed integral VHE v-ray flux above 1 TeV as a function
of time. The vertical error bars show lo statistical errors. The horizontal bars show the
observation periods. The data are consistent with a steady emission within errors.

with a minimum Size of 200 photoelectrons (corresponding to an energy threshold of about
700 GeV). Figure 4.5 shows the reconstructed VHE ~-ray energy spectrum of the GC after
the unfolding of the instrumental energy resolution, see section 3.4.3. The horizontal bars
indicate the bin size in energy, the marker is placed in the bin center on a logarithmic
scale. The full line shows the result of a forward unfolding procedure as described in
section 3.4.3: A simple power law spectrum is assumed for the true differential vy-ray flux.
The parameters of the power law are determined by fitting the predicted differential flux
to the measured energy spectrum. The result of the fit is given by (x?/n.d.f =5.1/5):

dN,

(B (2.9 +£0.6) x 107'(E/TeV) 2%02 cm =257 TeV ™" .

The quoted errors (1o) are purely statistical. The systematic error is estimated to be
30% in the integral flux level and 0.2 in the spectral index, see section 3.7. The measured
flux level as well as the spectral slope agree within the 1o level with the HESS observa-
tions performed two years earlier. The measured spectral slope differs significantly from
the value —4.6 + 0.5 given in the original publication of the CANGAROO collaboration
(Tsuchiya et al. 2004). The CANGAROO collaboration has revised the error estimation
of the Galactic Center data and quote a spectral slope of —4.6152 (Katagiri et al. 2005).

Figure 4.6 shows the measured integral VHE ~-ray flux above 1 TeV as a function of
time given as Modified Julian Date (MJD). The OFF data of all observation periods are
used together to determine the background to the ON data for each time bin. This results
in some correlation between the measured fluxes in the different time bins. Moreover,
different observation modi may result in different systematic errors. The flux level is
steady within errors in the time-scales explored by these observations.
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4.1.4 Discussion

The observations of TeV ~-rays from the GC confirm that this is a very important region
for high energy processes in the Galaxy. Many different objects, able to accelerate particles
above TeV energies, are expected there (see section 1.5.6):

e the compact radio source and black hole candidate Sgr A*

a possible AGN-like relativistic jet originating from the spinning GC black hole

the young SNR Sgr A East

the pulsar wind nebula candidate G359.95-0.04

the diffuse central pc region

the non-thermal radio filaments (Pohl 1997)

the central part of the Dark Matter halo.

In the following, some of these objects are discussed as possible sources of the observed
VHE ~-radiation.

4.1.4.1 Black Hole Candidate Sgr A*

The most likely source is considered to be the massive black hole identified with Sgr A* due
to the directional coincidence. A blazar-like relativistic jet originating from the spinning
GC black hole might produce TeV v-rays (Falcke et al. 1993; Falcke & Markoff 2000). Due
to an unfavorable orientation of the jet axis, the predicted flux of this model is lower than
the observed VHE ~-ray flux.

Atoyan & Dermer (2004) proposed that electrons are accelerated to sufficiently high
energies at the termination shock of the sub-relativistic wind from the central part of the
advection dominated accretion flow onto the GC black hole, in analogy to the pulsar wind
nebulae. The VHE v-rays are produced by inverse Compton upscattering (see section 1.2.2)
of the ambient submillimeter photons of the accretion flow (Atoyan & Dermer 2004). Liu
et al. (2006) suggest that protons are energized by the process of stochastic acceleration.
The observed VHE v-rays are then produced by the decay of 7% produced in collisions of
the high energy protons with the dense ambient matter, see section 1.2.1. In both cases
only the VHE ~-ray source can be described, but not the high flux of the EGRET source
3EG J1746-2851. This is consistent with the recent determination of the position of this
EGRET source by Hooper & Dingus (2005) and Pohl (2005). They found that the position
is different from the GC at the 99.9% level. Other scenarios for the v-ray production in
the vicinity of Sgr A*, have also been found to be consistent with the TeV observations
but not with the GeV observations (Aharonian & Neronov 2005).

It is generally expected that y-rays produced in such compact source models should
show relatively fast variability like the variability observed in the infrared (Genzel et al.
2003) and X-rays (Baganoff et al. 2001, 2003; Porquet et al. 2003). The VHE 7-ray fluxes
observed by the HESS telescope in 2003/2004 and by the MAGIC telescope agree within
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errors. Also the MAGIC and HESS observations themselves, extending over a few months
up to a year, rather suggest a stable source on a year time scale. However, the vy-ray
flux above 2.8 TeV (3.70 significance) reported by the VERITAS collaboration during the
extended period from 1995 through 2003 is a factor ~ 2 larger (Kosack et al. 2004) and the
spectral slope reported by the CANGAROO collaboration is significantly steeper (Tsuchiya
et al. 2004).

The present data are not sufficient to prove or reject Sgr A* as source of the VHE
~v-rays. A more accurate determination of the position and possible extension of the VHE
~-ray source is necessary. A further test is the search for simultaneous flux variability in
infrared, X-rays and VHE ~v-rays.

4.1.4.2 Candidate PWN G359.95-0.04

The X-ray nebula G359.95-0.04 was discovered in deep Chandra X-ray observations of
the Galactic Center (Wang et al. 2006). It lies at a projected distance of about 10”
(corresponding to 0.3 pc at a distance of 8 kpc) to SgrA*. The nebula exhibits a cometary
morphology with a projected size of 0.07 x 0.3 pc. The Chandra data reveal a softening of
the X-ray spectral index with distance from the “head” of the nebula, which is a possible
signature of cooling of electrons away from the accelerator. Wang et al. (2006) have
suggested, that the head of the nebula contains a young pulsar and that G359.95-0.04 is
likely a ram-pressure confined PWN. However, no point-like or extended source is observed
at the position of G359.95-0.04 in the 6 cm radio band (private communication of Yusef-
Zadeh, cited by Hinton & Aharonian (2006)).

(G359.95-0.04 lies within the 68% confidence error circle of the VHE source at the
Galactic Center of both the MAGIC and HESS measurements (Hinton & Aharonian 2006).
Assuming a magnetic field of 120 4G, Hinton & Aharonian (2006) conclude that the same
electron population, which produces the X-rays of (359.95-0.04 as synchrotron radiation
in the ambient magnetic field may produce the VHE ~-rays by inverse Compton scattering
(see section 1.2.2) of the high ambient far infrared background radiation at the GC. The
radio upper limit requires a low energy cut-off of the electron distribution. In case that
(5359.95-0.04 is not responsible for the VHE v-radiation this would put a lower limit of
120 pG to the average magnetic field in this region.

These IC models for the VHE v-radiation predict a peak in the spectral energy dis-
tribution (EZdN,/dE,) just below 100 GeV. Therefore, lower energy 7-ray data at a few
GeV can decisively test this model. Also the VHE ~-ray emission from this source would
be slightly (0.3 pc, corresponding to 8”) offset from Sgr A* and expected to be stable in
time.

4.1.4.3 SNR Sgr A East

The observed 7-ray emission may also come from the supernova remnant Sgr A East. This
is a mixed morphology SNR (radio shell filled with an X-ray emitting nebula) with an
age of about 10* years (Maeda et al. 2002). Tts elliptical structure is elongated along the
Galactic Plane with a major axis of about 10.5 pc and a center displaced from the Galactic
Center, Sgr A*) by about 2.5 pc (corresponding to 1’ at a distance of 8 kpc) in projection
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towards higher right ascensions, see figure 1.8. The total energy release of Sgr A East is
estimated to be between an average supernova value of about 10°! erg (Maeda et al. 2002)
and about 4 x 1052 erg (Mezger et al. 1989). The SNR is located in a strongly magnetized
environment (about 180 pG) of high density (a hydrogen atom density of up to about
10 em™3). In the interaction region with the molecular cloud M —0.02 —0.07 the matter
density can be as high as 10° cm™3 and the magnetic field may be a few mG (Coil & Ho
2000). The high magnetic field together with a perpendicular shock geometry may provide
a very efficient proton acceleration in the shell of the SNR (Crocker et al. 2005) up to
extremely high energies of about 108 eV.

Crocker et al. (2005) recognize that the spectra of the EGRET source (between 100 MeV
and 10 GeV) and the VHE 7-ray source are incompatible (see figures 1.9 and 1.11) in case of
hadronic emission. However, the EGRET GeV source may be offset by about 0.2° from the
GC (Hooper & Dingus 2005; Pohl 2005). Therefore, Crocker et al. (2005), see also Fatuzzo
& Melia (2003); Grasso & Maccione (2005), argue that the GeV and TeV 7-ray emission
come from different sites of the shell of Sgr A East. The very high density environment
may provide enough target material to produce the observed v-ray luminosities within the
given energy budget of the SNR. In this case also the VHE 7-ray source may be spatially
offset from Sgr A* and it may be somewhat extended. The VHE ~-ray flux would be steady
in this model.

Moreover, if in the SNR shell protons are accelerated to energies above 10 eV they
may produce neutrons (and neutrinos) of similar energy. The neutrons above 10'® eV may
travel to the earth before they decay and would lead to a cosmic ray anisotropy in the
direction of the GC (Crocker et al. 2005; Grasso & Maccione 2005). Corresponding claims
for cosmic ray anisotropies were made by the AGASA and SUGAR experiments (Bossa
et al. 2003), but recently the Auger collaboration reported not to see such an anisotropy
(Letessier-Selvon et al. 2005).

To test the hadronic production of the VHE ~-rays in Sgr A East a more accurate
determination of the position and possible extension of the VHE ~-ray source as well as
possible flux variations with time are necessary. The observation of neutrinos or ultra high
energy neutrons from Sgr A East would prove this model.

4.1.4.4 The Diffuse Central pc Region

An extended ~-ray emission might originate from the interaction of relativistic particles
with the soft radiation and matter of the central stellar cluster around the GC. The 95%
confidence upper limit to the VHE ~-ray source size is 3’ (corresponding to 7 pc at a
distance of 8 kpc) (Aharonian et al. 2004b). This is compatible with the whole diffuse
innermost few pc region being the source of the VHE ~-rays.

There are different mechanisms proposed for the acceleration of the very high energy
particles:

e a very energetic pulsar (Bednarek 2002)
e a 7-ray burst source (Biermann et al. 2004)

e shocks in the winds of the massive stars (Quataert & Loeb 2005)
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e the capture of a red giant star by the central supermassive black hole (Lu et al. 2006).

If the TeV ~v-rays are produced by electrons, up-scattering the infrared photons from
dust, heated by the UV stellar radiation (Quataert & Loeb 2005), then the 7y-ray energy
spectrum should significantly steepen between ~ 0.1 — 1 TeV. The Klein-Nishina effect
suppresses the scattering of UV photons for electrons above TeV energies. Instead, the
measured spectrum of VHE v-rays can be well described by a single power law between
500 GeV and ~ 20 TeV, consistent with the results of the HESS collaboration (in the
energy range ~ 0.2 — 10 TeV) (Aharonian et al. 2004b).

The VHE 5-rays may also be produced by hadronic interactions (see section 1.2.1). In
order to reproduce the observed 7-ray spectrum, hadrons should have energies of at least
2% 10® TeV. Such hadrons diffuse through the region of the TeV source (< 7 pc, Aharonian
et al. (2004b)) on a time scale of the order of 10* years, assuming an average magnetic
field strength in this region of 100 4G and the Bohm diffusion coefficient. Thus, the
natural source of relativistic hadrons seems to be the supernova remnant Sgr A East (see
section 4.1.4.3 above) or the energetic pulsar created in the supernova explosion (Crocker
et al. 2005; LaRosa et al. 2005; Bednarek 2002). However, this relatively young source
of relativistic hadrons cannot be identified with the last y-ray burst in the center of our
Galaxy if it appeared ~ 10° years ago (Biermann et al. 2004).

In addition to the point-like source of VHE ~-rays at the Galactic Center, diffuse y-ray
emission along the Galactic Plane (|b] < 0.2° and |I| < 1.5°) was reported by Aharonian
et al. (2006c). The observed v-ray flux is essentially proportional to the gas density. The
observed energy spectrum of the y-radiation has a similar hard power law slope of about
—2.3 as the point source at the GC, harder than the slope of about —2.7 of the cosmic rays
observed at Earth. Therefore, Aharonian et al. (2006¢) conclude, that the Galactic Center
clouds are illuminated by a cosmic-ray accelerator near the GC. The age of this object was
estimated to be some 10* years. The cosmic ray accelerator may well be the same object
which is visible as point source of VHE ~-rays at the Galactic Center.

4.1.4.5 Annihilation of Dark Matter Particles

The GC could also be the brightest source of VHE ~-rays from particle Dark Matter
annihilation (Prada et al. 2004; Hooper et al. 2004; Flix 2005; Bartko et al. 2005), see
section 1.7. Most SUSY Dark Matter scenarios lead to a cut-off in the v-ray energy
spectrum below 10 TeV. The observed ~-ray energy spectrum extends up to 20 TeV.
Thus most probably the main part of the observed VHE ~-radiation is not due to Dark
Matter annihilation (Horns 2004). However, an extended 7-ray source due to Dark Matter
annihilation peaking in the region 10 GeV to 100 GeV (Elsésser & Mannheim 2005) cannot
be ruled out yet.

4.1.5 Concluding Remarks

The MAGIC observations confirm the VHE ~v-ray source at the Galactic Center. The mea-
sured flux is compatible with the measurement of the HESS collaboration (Aharonian et al.
2004b) within errors, but not with the measurements of the CANGAROO and VERITAS
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collaborations (Tsuchiya et al. 2004; Kosack et al. 2004). The VHE 7-ray emission does
not show any significant time variability; the MAGIC measurements rather affirm a steady
emission of y-rays from the GC region. The excess is point-like, its location is consistent
with SgrA*, G359.95-0.04 as well as SgrA East.

The nature of the source of the VHE ~-rays has not yet been identified. The main
part of the observed VHE ~-radiation is most probably not due to Dark Matter particle
annihilation. Future simultaneous observations with the present Cherenkov telescopes, the
GLAST telescope and in the lower energies (X-rays, infrared and radio) will provide much
better information on the source localization and variability of emission. This will shed
new light on the nature of the high energy processes in the GC.

In order to disentangle the possible sources of the VHE ~-rays future observations
should aim for:

e a more accurate determination of the position and extension of the VHE v-ray source

e an extension of the spectrum of the VHE v-rays towards higher and lower energies
and a study of the variation of source position/extension with energy

e a search for time-variations in the VHE ~-ray flux and for simultaneous flux variability
in infrared, X-rays and VHE ~-rays

e a further study of the connection between the diffuse y-radiation along the Galactic
Plane and the point-like VHE v-ray source at the GC

a search for neutrino and ultra high energy neutron emission from the GC.
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4.2 Observation of VHE ~-Rays from HESS J1813-
178

After a short introduction to the source HESS J1813-178 (section 4.2.1) the observational
technique is discussed in section 4.2.2 and the procedure implemented for the data analysis
is presented in section 4.2.3. Finally, this observation is put in the perspective of multifre-
quency data in section 4.2.4 and the results are summarized in section 4.2.5. The results
of this thesis as presented in this section have been published in Albert et al. (2006a).

4.2.1 Introduction

In the Galactic Plane scan performed with the HESS Cherenkov telescopes array in 2004,
with a flux sensitivity of 3% of the Crab Nebula flux for v-rays above 200 GeV, eight
sources were discovered (Aharonian et al. 2005a, 2006a), see also section 1.5.1. One of
the newly detected vy-ray sources was HESS J1813-178. At the beginning, HESS J1813-
178 could not be identified and was assumed to be a “dark particle accelerator,” without
reported counter-parts at lower frequencies.

Since the original discovery, HESS J1813-178 has been associated with the supernova
remnant SNR G12.82-0.02 (Ubertini et al. 2005; Brogan et al. 2005; Helfand et al. 2005).
One may still not exclude this coincidence being the result of just a chance association.
Aharonian et al. (2005a) state a probability of 6% that one of their new sources is by
chance spatially consistent with an SNR. Nevertheless, the properties of SNR G12.82-0.02,
the multifrequency spectral energy distribution, and the flux and spectrum of the VHE
~-rays detected from this direction appear to be consistent with an SNR origin.

HESS J1813-178 has been found to be nearly point-like (ogource = 2.2') by Aharonian
et al. (2006a). Given the size of the SNR, the angular resolution of the HESS telescope,
and the depth of the observations, the source size does not rule out a possible shell origin.
The ~-ray source lies at 10’ from the center of the radio source W33. This patch of the sky
is highly obscured and has indications of being a recent star formation region (Churchwell
1990).

4.2.2 Observations with the MAGIC Telescope

At La Palma, HESS J1813-178 culminates at about 47° zenith angle (ZA). The large ZA
implies a high energy threshold of about 400 GeV for MAGIC observations. It also provides
a large effective collection area, see section 3.6.5. The sky region around the location of
HESS J1813-178 has a relatively high and non-uniform level of light, as shown in figure
4.7. Within a distance of 1° from HESS J1813-178, there are no stars brighter than 8"
magnitude, with the star field being in general brighter in the region south west of the
source.

The MAGIC observations were carried out in the false-source tracking (wobble) mode,
see section 2.3. The sky directions (W1, W2) to be tracked, are such that in the camera the
sky field relative to the source position is similar for both wobble spots, see figure 4.7. The
source direction is in both cases 0.4° offset from the camera center. In figure 4.8 these two
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tracking positions are shown by white stars. During wobble mode data taking, 50% of the
data is taken at W1 and 50% at W2, switching (wobbling) between the 2 directions every
30 minutes. This observation mode allowed a reliable background estimation, although the
observations had to be conducted at a relatively large ZA and the star field around the
source is inhomogeneous.
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Figure 4.7: The star field around HESS J1813-178. Stars up to a magnitude of 14 are
shown. The two big circles correspond to distances of 1° and 1.75° from HESS J1813-178,
respectively. The wobble positions W1 and W2 are given by the full circles. The full black
line represents the Galactic Plane.

4.2.3 Data Analysis

HESS J1813-178 was observed for a total of 25 hours in the period June-July 2005 (ZA
< 52°). In total, about 15 million triggers were recorded. The data were calibrated and
analyzed using the procedure outlined in chapter 3: The Cherenkov signal charge and
arrival time were reconstructed in FADC counts using the digital filter (see section 3.1).
After calibration of the data (see section 3.2.1), image cleaning tail cuts were applied (see
section 3.2.3) at levels of 10 and 5 photoelectrons for core and boundary pixels, respectively.
The camera images are parameterized, see section 3.2.4. After the image cleaning and
rejection of a few runs, which were affected by hardware problems, about 10 million events
remained for further analysis.

In this analysis, the Random Forest method (see section 3.2.5) was applied for the
v/hadron separation and the energy estimation. For the training of the Random Forest a
sample of Monte Carlo (MC) generated ~y-ray showers was used to represent the ~-rays and
a randomly chosen sub-set of the measured data was used to represent the background. The
MC v-ray showers were generated with a ZA between 47° and 54° and with energies between
10 GeV and 30 TeV. The spectral index of the generated differential spectrum dN, /dE ~
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E' was chosen as I' = —2.6, in agreement with the MAGIC-observed energy spectrum
of the Crab Nebula at high energies, see section 3.4.3. The source-position independent
image parameters Size, Width, Length and Concentration, as well as the source-position
dependent parameter Dist and the third moment along the major image axis, were selected
to parameterize the shower images (see section 3.2.4). After the training, the Random
Forest method allows to calculate for every event a parameter, dubbed hadronness, which
is a measure of the probability that the event belongs to the background. The y-ray sample
is defined by selecting showers with a hadronness below a specified value. An independent
sample of MC ~-ray showers was used to determine the efficiency of the applied cuts.
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Figure 4.8: Sky maps of v-ray candidate excess events (background subtracted) from a sky
region around HESS J1813-178 for an image Size > 600 photoelectrons (corresponding to
an energy threshold of about 1 TeV). The right sky map shows a magnified view around the
source of the left sky map. A Gaussian folding has been applied, see text. Owverlayed are
contours of 90 cm VLA radio (black) and ASCA X-ray data (green) from (Brogan et al.
2005). The violet circle shows the position of the INTEGRAL source (Ubertini et al. 2005).
The two white stars denote the tracking positions W1, W2 in the wobble mode.

In order to develop and verify the analysis at high zenith angles (see section 3.6.5),
Crab data in the interesting ZA range around 50° were taken in January 2005. From that
sample the Crab energy spectrum was determined. The flux level as well as the spectral
slope were found to be consistent within 1 standard deviation statistical uncertainty with
other existing measurements (Hillas et al. 1998; Aharonian et al. 2004a) as well as the Crab
spectrum measured with MAGIC at low zenith angles, see also section 3.6.5.

For each event, its original sky position is reconstructed by using the Disp-method,
see section 3.2.7. At this stage only source independent image parameters are used in
the RF training. Figure 4.8 shows the sky map of ~-ray candidate events (background
subtracted, see section 3.3.2) from a sky region around HESS J1813-178. The sky map
is folded (as described in section 3.3.2) with a two-dimensional Gaussian with a standard
deviation of 0.072° and a maximum of one (the MAGIC ~-ray PSF is ~ 0.1°, see section
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Figure 4.9: Distributions of 6% values with respect to the measured source position and
three background control regions, see text, for Size > 600 photoelectrons (corresponding to
an enerqy threshold of about 1 TeV).

3.6.2). To provide a good angular resolution a tight hadronness cut and a lower Size cut
of 600 photoelectrons have been applied. The Size cut corresponds to an energy thresh-
old of about 1 TeV. The sky map is overlayed with contours of 90 cm VLA radio and
ASCA X-ray data from Brogan et al. (2005). The violet circle shows the position of the
INTEGRAL source (Ubertini et al. 2005). The VHE ~-ray excess is centered at (RA,
Dec)=(18"13m27%, —17°48'40"). The error of the excess location is dominated by the sys-
tematic pointing uncertainty of the MAGIC telescope of 2’ (for a description of the MAGIC
telescope drive system see section 2.2.2). In future it may be further reduced with an ab-
solute calibration of the MAGIC star field monitor, see section 3.2.7. The observed excess
position coincides well with the position of SNR (G12.82-0.02 and the position of the VHE
y-ray source observed by Aharonian et al. (2006a) (RA,Dec)=(18"13m38%, —17°50'33"),
who cite a statistical error of 18” but do not give a systematic error. Apart from the main
excess coincident with HESS J1813-178 there are no other significant excesses present.

Figure 4.9 shows the distributions of the squared angular distance, 62, between the
reconstructed shower direction and the measured source position (black points) as well
as the normalized distribution of the 62 values with respect to three background control
regions, see section 3.5.2. The observed excess in the direction of HESS J1813-178 has
a significance of 10.6 standard deviations (62 < 0.05deg?), according to equation 17 of
Li&Ma (1983). Within errors the source position and the flux level are consistent with the
measurement of HESS (Aharonian et al. 2006a).

For the determination of the energy spectrum, the RF was trained including the source
dependent image parameters Dist and third moment of the photoelectron distribution with
respect to the nominal excess position. A loose cut on the hadronness was used: Above
the low energy turn-on, the cut efficiency reaches about 70% corresponding to an effective
collection area for y-ray showers of about 180000 m?. Figure 4.10 shows the reconstructed
very high energy v-ray spectrum of HESS J1813-178 after the unfolding of the instrumental
energy resolution (see section 3.4.3). The horizontal bars indicate the bin size in energy,



4.2 Observation of VHE 7-Rays from HESS J1813-178 141

©

[EEN
o

HES 13-178

June/July:2005
observationitime: 25 h

i
o
[92)
i
o

[EEN
o '

zenith angle: 47-54 deg

-
[

[N
o 0

R N
. N
b
—_
T

dN/dE dA dt [TeV's?cm?

10 e
S Crab MAGIC nee—
13 X.
10" B o 31813-178 mAGIC >
E |- 11813-178, HESS g~
10-14 ! !
3 %
10 10

E [GeV]

Figure 4.10: Reconstructed VHE v-ray spectrum of HESS J1813-178. The spectral index is
—2.140.2 and the integral fluz above 400 GeV is about 8% of the Crab Nebula (statistical
errors only). The dashed line shows the spectrum of the Crab Nebula as measured by
MAGIC, see section 3.4.3. The dot-dashed line shows the results of the HESS collaboration
(Aharonian et al. 2006a,).

the marker is placed in the bin center on a logarithmic scale. The full line shows the
result of a forward unfolding procedure as described in section 3.4.3: A simple power law
spectrum is assumed for the true differential v-ray flux. The parameters of the power law
are determined by fitting the predicted differential flux to the measured energy spectrum.
The result of the fit is given by (x?/n.d.f = 7.3/7):

dN, —12 21402 -2 —1 -1
——— = (3.3£0.5) x 107 %(£/TeV)™ =" TeV™.
daddE ) (B/TeV) ames e

The quoted errors (1o) are purely statistical. The systematic error is estimated to be
30% in the integral flux level and 0.2 in the spectral index, see section 3.7. Within errors
the flux is steady at the timescales explored within these observations (weeks), as well as
in the year-long time-span between the MAGIC and HESS observations.

4.2.4 Multiwavelength Source Modeling

Shortly after the discovery of HESS J1813-178, X-ray emission was found in ASCA data
coming from the source AX J1813-178 (also known as AGPS 273.4-17.8) by Brogan et al.
(2005) and also by Ubertini et al. (2005). The X-ray emission detected by ASCA is
predominantly non-thermal, and compatible with that expected from a PWN or SNRs.
Pulsed X-ray emission has not been detected, but the quality and amount of the data does
not allow to set strong constraints (Brogan et al. 2005). Statistically, the X-ray data are
not good enough to unambiguously separate a pure power law energy spectrum from a
power law plus a thermal contribution either. However, none of the two component fits
yielded a significantly different absorbing column density or photon index when compared
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with a single power law fit (Brogan et al. 2005). The analysis of data from the INTEGRAL
satellite also showed a luminous source at approximately the same location, in the 20-100
keV range (Ubertini et al. 2005). Recently, the ASCA observations were confirmed by the
Swift satellite (Landi et al. 2006).

Simultaneously with this X-ray match, HESS J1813-178 was also found as a non-thermal
source in radio data, using observations with the Very Large Array (VLA) of radio tele-
scopes (Brogan et al. 2005; Helfand et al. 2005) (90 and 20 cm) and the Bonn (11 cm)
(Reich et al. 1990), Parkes (6 cm)(Haynes et al. 1978), and Nobeyama (3 cm) (Handa et al.
1987) telescopes. These groups discovered a shell-type supernova remnant (SNR G12.8-
0.0) spatially coinciding with HESS J1813-178 and the ASCA X-ray source. The spectral
index of the differential radio spectrum vdN,,/dv ~ v~* was found to be o = 0.48 £ 0.03.
The SNR G12.8-0.0 was not detected at a radio wavelength of 4 m (Brogan et al. 2005).
There are no known radio pulsars detected at the HESS J1813-178 position (Manchester
et al. 2005) to a limiting 1.4 GHz flux density of 0.2 mJy. Deeper searches may however
reveal pulsars at lower fluxes, see e.g. (Camilo et. al. 2002). According to the 20 cm radio
map of Helfand et al. (2005) the SNR G12.8-0.0 had an apparent diameter of about 2.5’.
At a distance of 4 kpc this corresponds to a radius of about 1.5 pc.

Brogan et al. (2005) suppose that the non-detection at 4 m wavelength is due to free-free
absorption (thermal bremsstrahlung absorption, i.e. absorption of electromagnetic waves
by free moving electrons). The most natural candidate for opacity is the W33 nebula, lying
close to the line of sight. Thus, SNR G12.8-0.0 should lie at or beyond the distance of W33,
~ 4 kpc. Moreover, the high column density derived from ASCA data (Ng ~ 10% cm 2,
(Brogan et al. 2005)) as compared with the integrated Galactic H I column density along
nearby lines of sight (Ng ~ 10?2 cm™2, Dickey & Lockman (1990)) suggests a significant
source of absorption in the foreground.

Figure 4.11 shows the multi-wavelength emission coming from the direction of HESS
J1813-178, including the new MAGIC data at very high energies. In the following sections
4.2.4.1 and 4.2.4.2, hadronic (neutral pion decay), and leptonic (inverse Compton) models
for the VHE ~v-ray emission of the source are developed and compared to the data. These
models are described in detail in section 1.2.

4.2.4.1 Hadronic Models

In the framework of a hadronic model for the y-ray emission (see section 1.2.1) one assumes
that the observed VHE ~-ray flux is dominated by ~-rays from 7° decay produced in
collisions of accelerated VHE protons with ambient matter. In this model, the observed
radio and X-ray emission would be due to a different population of high energy electrons.
In case of a high magnetic field, as predicted by Volk et al. (2005), these electrons may
only produce negligible amounts of IC v-rays.

As a first step towards a hadronic emission model, the total energy of accelerated cosmic
ray hadrons, which are stored at the source, is estimated from the observed y-ray flux. In
this model, for reasonable assumptions about the source distance and the ambient matter
density the total energy of relativistic hadrons in about 10% of the average energy released
by a supernova explosion. This makes a hadronic emission model tenable and a more
detailed model for the emission spectrum is developed. It fits well to the VHE ~-ray data.
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Figure 4.11: Multi-wavelength emission coming from the direction of HESS J1813-178:
Radio data are from the VLA, Bonn, Parkes, and Nobeyama observatories (Brogan et al.
2005), X-ray and hard X-ray data are from ASCA and INTEGRAL (Ubertini et al. 2005;
Brogan et al. 2005). The lines show the developed leptonic and hadronic models for the
HESS J1813-178 data. Details are given in the text.

The observed v-ray flux of HESS J1813-178 translates into an energy flux w., between
400 GeV and 10 TeV of

10 TeV
dN. TeV
w,(0.4 — 10 TeV) = / E T 4B~ 1.0 x 1071 —2

—_— — . 4.1
o4 Tev  dAdtdE cm?s (4.1)

The total v-ray luminosity of the source at a distance D in this energy range is then
(assuming an isotropic 7-ray emission)

TeV [ D \?
L,(0.4 — 10 TeV) = 47D%w, (0.4 — 10 TeV) ~ 1.9 x 10% —— <4 . ) L (42)
s pc

Let us in the following assume that the whole observed ~-ray flux is produced by proton
proton interactions. This allows to determine the total energy in accelerated protons in
the range 4 — 100 TeV required to provide the y-ray luminosity, see equation 1.10 and 1.11:

D \? n -1
W, (4 — 100 TeV) = typ_, x L (0.4 — 10 TeV) = 1.2 x 10% TeV (4 kpc> (1 Cm—3> .
(4.3)

Here it is assumed that the whole population of high energy cosmic ray protons interact
with a target of constant density n (assumed to only consist of protons).

According to section 1.2.1 the spectral index a of the hadrons is about equal to the
index T" of the observed v-rays. If the power-law proton spectrum (see equation 1.12) with
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differential spectral index v = I" = 2.1 continues down to E, ~ 1 GeV and a maximum
proton energy of 100 TeV is assumed, the total energy in protons is estimated to be

Ver D \’/ n \-!
— — 51
W,(1GeV — 100TeV) = 10°" erg <Vemion> < - kpc> (1cm—3) L (4

Thereby, Vemission 1S the volume in which the accelerated high energy protons interact with
the ambient target protons. In general it may be a subset of the total volume Vg, which
is filled with the accelerated cosmic rays. There are two cases for the relation between
‘/;emission and VCR:

In the first case, Vemission = Vor. A distance of 4 kpc and a matter density of n =
10 cm 3 translate into an acceleration efficiency of 10% of the total SNR power of 10°! erg
in accordance to theoretical models (see section 1.5.2). If the v-ray production region is
the whole SNR volume (~1.5 pc radius at 4 kpc distance) this corresponds to a total target
mass of about Vopission - 7 = 3My. In case the 7-rays are only produced in a shell of 15%
thickness of the SNR radius, this would require a shell mass of about Viyission - 7 = 1 M.
These amounts of target material can be supplied by the ejecta of the SNR, explosion.

In the second case Venission < Vor- The target mass for the high energy protons can be
provided by a small cloud located in a region close to the SNR shell. As an example, a
cloud of hydrogen molecules of 2 solar masses, with a density of 200 cm™2, has less than
0.5 pc radius. This is compatible with the size of the SNR itself.

For reasonable parameters of the SNR and its environment the observed power of VHE
~-rays may be due to the acceleration of hadronic cosmic rays in the SNR with an efficiency
of about 10%. Therefore, in the following the VHE ~-ray emission spectrum is modeled in
more detail:

The hadronic model for the y-ray emission shown in figure 4.11 was computed using
the d-functional approximation, see section 1.2.1. The proton distribution is assumed to
be (see equation 1.12):

dN,(E,) —a
ﬁ = A,(E,/GeV) % exp(—E/Emnax) - (4.5)
The spectral index was taken as equal with the spectral index of the reconstructed -

ray spectrum « = 2.1 and a cut-off energy of E,., = 100 TeV of the proton spectrum was
assumed. The fit of this hadronic model to the MAGIC data yielded (x?/n.d.f = 2.1/5) a
proton density normalization of:

_ Vsnr D \’ n -1
A = (2.2402)x 10°° ( ) n
P ( 0 ) < 10 % <‘/;mission> <4 kpc> 1 Cm_3 , ( 6)

where Vgnr =~ 4-10° cm? is the volume of the SNR. Higher cut-off energies of a few 10 eV
also give good fits to the data. The corresponding figure is omitted here. The source is
thus compatible with proton acceleration up to the knee of the energy spectrum of around

10" eV.
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The total energy of the accelerated protons is then given by:

* dN,(E,)
W,(E, > 1GeV) = Ven /1 AR, (47)
VCR D 2 n -1
= 107 ( ) 4.8
e (v;mission> (4 kpc) tems) 0 U9
which is similar to the result obtained from the more coarse approximation above (equation

4.4).

To summarize, both the flux level as well as the spectral behavior of the VHE ~-
radiation from HESS J1813-178 can be explained by the acceleration of hadronic cosmic
rays in the SNR and their interactions with matter. The target matter may either be
supplied by the ejecta of the SN explosion itself or by a small molecular cloud in the vicinity
of the SNR. The observed radio and X-ray emission may be produced by an additional
population of VHE electrons, which are accelerated in a similar manner as the protons
(Ellison & Reynolds 1991). In case of a strong magnetic field only few electrons are needed

for the radio and X-ray emission, such that they may only produce negligible amounts of
VHE ~v-rays.

4.2.4.2 Leptonic Models

In the case of a leptonic model for the VHE ~-ray emission (see section 1.2.2), it is assumed
that the VHE ~-ray flux is produced by the inverse Compton up-scattering of low energy
ambient photons by high energy electrons. Following Aharonian, Atoyan & Kifune (1997),
the cosmic microwave background is the dominating source of target photons. Possible
additional radiation fields like starlight and the synchrotron radiation produced by the
same electron population which also produces the VHE v-ray flux have been neglected.

The distribution of the relativistic electrons in the source is modeled as a power law
spectrum with an exponential cut-off (see equation 1.20):

AN, /(AVAE,) = A,(E,/GeV) ™ exp (—E,/Emaxe) - (4.9)

Several different values of the parameters A., a. and E,,, produce reasonable good
fits to the measured spectrum of VHE ~v-rays, e.g. a. = 2.0 and Epaxe = 20 TeV; and
o, = 2.1 or 2.2 and Epaxe = 30 TeV. For all these models the total energy in relativistic
electrons is at the percent level of the average supernova explosion energy of 10°! erg.

Furthermore, the leptonic model can be further constrained if one assumes that the
radio and X-rays detected from SNR G12.8-0.0 are due to synchrotron radiation from the
same electrons that produce the VHE ~-rays by the inverse Compton process. The spectral
index of the differential radio spectrum vdN, /dv ~ v~% is a,, = 0.48 £0.03. It is linked to
the spectral index a, of the electron spectrum by a, = 2c,. + 1 (see e.g. Aharonian (2004)
for a review), yielding a, = 1.96 4 0.06.

For computing the synchrotron emission, one has an additional freedom, given by the
unknown fraction fg of the inverse Compton emitting volume which is filled with magnetic
fields. One obtains good fits to the radio data with magnetic fields between 5 and 10 G and
filling fractions between 15 and 30%. Both ranges are reasonable for SNR environments,
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see e.g. Jun & Jones (1999); Allen et al. (2001); Lazendic et al. (2004). Nevertheless, Volk
et al. (2005) predict higher magnetic fields in SNR shocks, exceeding 100 pG. The spectral
uncertainty in the X-ray regime (ASCA data) does not allow, however, to draw definitive
conclusions upon the best fit values of the parameters involved, see also the discussion in
(Brogan et al. 2005).

In the leptonic model shown in figure 4.11, a magnetic filling fraction of fz = 20%, a
magnetic field of 10 4G, a maximum electron energy of Fyax = 20 TeV and o, = 2.0 have
been adopted. The normalization of the electron spectrum is

_» Vangr D \’
A, ~2x 1077 x —= : 4.1
x 1077 x T <4 kpc> (4.10)

The total energy in relativistic electrons is then given by:

o0 dN, D \?
L(E, > 1M = —° E.dE.,=22x10% — ) . (411
We.(E, > eV) = Vi¢ X /1Mev AV dE,] x 10*%erg x <4 kpc> ( )

This model is similar to one of the models presented by Brogan et al. (2005) (blue line
in their figure 3, Epaxe = 30 TeV, a, = 2.0), although they did not yet have a VHE 7-ray
spectrum. The soft X-ray data (ASCA) plotted in figure 4.11 correspond to those shown
by Brogan et al. (2005) (black data points in their figure 3). The presented leptonic model,
as well as Brogan et al.’s, is in rough agreement with MAGIC and HESS data, the radio
and roughly also with the ASCA X-ray data, within the uncertainty of the latter.

However, the hard X-ray data of INTEGRAL (Ubertini et al. 2005) cannot be fitted
well with the same electron population that is assumed to produce the radio and X-ray
(ASCA) data as synchrotron emission and the VHE 7-rays by IC upscattering of the CMB.
In the framework of leptonic models, the high flux of hard X-rays from the INTEGRAL
source must come from a different electron population, perhaps one generated by a compact
object. If such an object exist, it might also contribute to the VHE ~-ray flux. As one can
see in figure 4.8, the radio SNR shell matches spatially well with the main excess of the
ASCA X-ray data. Contrary to that, the INTEGRAL source is offset from the radio SNR,
but it coincides with the tail of the ASCA X-ray source. Further high-resolution multi-
frequency observations in the X-ray and hard X-ray regime are needed to better constrain
the electron populations in leptonic models.

To summarize, it is possible to explain the observed spectrum of VHE ~-rays by the 1C
upscattering of CMB photons by VHE electrons. The radio and ASCA X-ray data may
be due to synchrotron radiation of the same electrons. Nevertheless, the INTEGRAL data
cannot be explained in such a scenario. They may be due to a second electron population.

4.2.5 Concluding Remarks

The observation of HESS J1813-178 using the MAGIC Telescope confirms a new very high-
energy y-ray source in the Galactic Plane. A reasonably large data set was collected from
observations at large zenith angles to infer the spectrum of this source up to energies of
about 10 TeV. Between 400 GeV and 10 TeV the differential energy spectrum can be fitted
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with a power law of slope I' = —2.1 +0.2. These data can be used to cross-calibrate HESS
and MAGIC, their independent observations show satisfactory agreement.

Multifrequency data in the radio, X-ray, and VHE ~v-ray band imply a connection
between HESS J1813-178 and SNR G12.82-0.02 (Helfand et al. 2005; Ubertini et al. 2005;
Brogan et al. 2005). Generally, hard 7-ray spectra are expected from SNRs due to Fermi
acceleration of cosmic rays, see e.g. Torres et al. (2003) for a review. The hard spectrum
determined for HESS J1813-178 may be a further hint for its association with the SNR
G12.82-0.02.

Present data are not sufficient to discriminate between existing models for different
acceleration mechanisms. Future observations at lower energies with improved 7-ray tele-
scopes and/or the GLAST satellite will undoubtedly permit to shed more light on the
existing leptonic and hadronic models. Decisive information concerning hadronic accelera-
tion mechanisms is also likely to come from future neutrino telescopes like IceCube (Ahrens
et al. 2004) or KM3NeT (Katz 2006).
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4.3 Observation of VHE ~-Rays from HESS J1834-
087

In this section, after a short introduction to the source HESS J1834-087 (section 4.3.1),
the observational technique used and the procedure implemented for the data analysis
are presented in sections 4.3.2 and 4.3.3. Thereafter, the VHE ~-ray source is put in the
perspective of the molecular environment found in the region of W41. ¥CO and '2CO
emission maps are presented, which show the existence of a massive molecular cloud in
spatial superposition with HESS J1834-087. The results are discussed in the framework of
leptonic and hadronic models for the VHE ~-ray emission in section 4.3.4. Finally, section
4.3.5 presents some conclusions. The results of this thesis as presented in this section were
published in (Albert et al. 2006¢).

4.3.1 Introduction

In the Galactic Plane scan performed with the HESS array of Cherenkov telescopes in
2004, with a flux sensitivity of 3% of the Crab Nebula flux for y-rays above 200 GeV, eight
sources were discovered (Aharonian et al. 2005a, 2006a). One of the newly detected v-ray
sources is HESS J1834-087 which is found to be, in projection, spatially coincident with
SNR G23.3-0.3 (W41). The possibility of a random correlation between the VHE ~-ray
source and SNR G23.3-0.3 was estimated to be 6% for the central region of the Galaxy
(Aharonian et al. 2005a). The high energy source could also be connected to the “old”
pulsar PSRJ1833-0827 (Gaensler & Johnston 1995), which would be energetic enough as
to power HESS J1834-087. However, its location at 24 arc minutes away from the center
of HESS J1834-087 renders an association unlikely (Aharonian et al. 2005a, 2006a). In
addition, there is also no extended pulsar wind nebula (PWN) detected so far, whereas
HESS J1834-087 was found to be extended: A brightness distribution p ~ exp(—r?/20?)
with a size o = (0.09 £ 0.02)° was reported by Aharonian et al. (2006a).

4.3.2 Observations with the MAGIC Telescope

At La Palma, HESS J1834-087 culminates at about 37° zenith angle (ZA). At this ZA the
energy threshold for MAGIC observations is higher, but also, the effective collection area is
larger (see section 3.6.5) than for observations at zenith. The sky region around the location
of HESS J1834-087 has a relatively high and non-uniform level of background light, see
figure 4.12. Within a distance of 1° from HESS J1834-087, there are 3 stars brighter than
8" magnitude, with the star field being brighter in the region NW of the source. MAGIC
observations were carried out in the false-source tracking (wobble) mode, see section 2.3.
The sky directions (W1, W2) to be tracked are such that in the camera the sky brightness
distribution relative to W1 is similar to the one relative to W2. The source direction is
in both cases 0.4° offset from the camera center. These two tracking positions are shown
by the full points in figure 4.12 and white stars in figure 4.13. For each tracking position
two background control regions are used, which are located symmetrically to the source
region (denoted by the central white circle) with respect to the camera center. During
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wobble mode data taking, 50% of the data is taken at W1 and 50% at W2, switching
(wobbling) between the 2 directions every 30 minutes. This observation mode allowed
a reliable background estimation, although the observations had to be conducted at a
medium-scale ZA and the star field around the source is inhomogeneous.

HESS J1834-087 was observed for a total of 20 hours in the period August-September
2005 (ZA < 45°). In total, about 12 million triggers have been recorded.
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Figure 4.12: The star field around HESS J1834-087: Stars up to a magnitude of 14 are
shown. The two big circles correspond to distances of 1° and 1.75° from HESS J1834-087,
respectively. The wobble positions W1 and W2 are given by the full points. The full black
line represents the Galactic Plane.

4.3.3 Data Analysis

The data analysis was carried out using the standard MAGIC analysis and reconstruction
software (Bretz & Wagner 2003), the first step of which involves the calibration of the
raw data (Gaug et al. 2005). It follows the general steps presented in chapter 3: After
calibration, image cleaning tail cuts of 10 photoelectrons for image core pixels and 5 pho-
toelectrons (boundary pixels) have been applied. These tail cuts are accordingly scaled
for the larger size of the outer pixels of the MAGIC camera. The camera images are
parameterized by so-called Hillas parameters (see section 3.2.4).

In this analysis, the Random Forest method (see section 3.2.5) was applied for the
v/hadron separation and the energy estimation (for a review about 7/hadron separation
and energy estimation see e.g. Fegan (1997)). For the training of the Random Forest a
sample of Monte Carlo (MC) generated -ray showers (Majumdar et al. 2005) was used
to represent the ~-ray showers together with about 1% randomly selected events from
the measured wobble data to represent the background. The MC ~-ray showers were
generated between 35° and 45° ZA with energies between 10 GeV and 30 TeV with a Size
distribution equal to the one of the selected data events for the training. The source-
position independent image parameters Size, Width, Length, Concentration (Hillas 1985)
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and the absolute value of the third moment of the photoelectrons distribution along the
major image axis were selected to parameterize the shower images. After the training,
the Random Forest method allows to calculate for every event a parameter, the so-called
hadronness, which is a measure of the probability that the event is not ~-ray like. The
~v-ray sample is defined by selecting showers with a hadronness below a specified value. An
independent sample of MC ~-ray showers was used to determine the cut efficiency.

The analysis at similar ZA was developed and verified using Crab Nebula data taken in
September 2005, see also (Albert et al. 2006¢). The determined Crab energy spectrum (see
also section 3.4.3 and the dot-dashed line in figure 4.16) is consistent within one standard
deviation statistical uncertainty with measurements from other experiments.

For each event the arrival direction of the primary ~-ray candidate in sky coordinates
is estimated using the Disp-method (see section 3.2.7). A conservative lower Size cut of
200 photoelectrons is applied to select a subset of events with superior angular resolution.
The corresponding analysis energy threshold is about 250 GeV.

Figure 4.13 shows the sky map of -ray candidates (background subtracted, see section
3.2.7) from a sky region around HESS J1834-087. The sky map was folded with a two-
dimensional Gaussian with a standard deviation of 0.072° and a maximum of one. The
MAGIC ~v-ray PSF (standard deviation of a two dimensional Gaussian fit to the non-
folded brightness profile of a point source, reconstructed with the Disp method) is 0.1° +
0.01°, see section 3.6.2. The folding of the sky map serves to increase the signal-to-noise
ratio by smoothing out statistical fluctuations. However, it somewhat degrades the spatial
resolution to about 0.12° 4+ 0.01°. The sky map is overlayed with contours of 90 cm VLA
radio data (green) from White et al. (2005) (20 cm radio data from the same reference are
overlayed in the following figures) and >CO emission contours from Dame et al. (2001)
(black), integrated in the velocity range 70 to 85 km/s, the range that best defines the
molecular cloud associated with W41.
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Figure 4.13: Sky map of v-ray candidate events (background subtracted) from a sky region
around HESS J1834-087 for an enerqy threshold of about 250 GeV. A Gaussian folding was
applied. The source is clearly extended with respect to the MAGIC PSF. The two white stars
denote the tracking positions in the wobble mode. Owverlayed are > CO emission contours
(black) from Dame et al. (2001) and contours of 90 cm VLA radio data from White et al.
(2005) (green). The 2CO contours are at 25/50/75 K km/s, integrated from 70 to 85
km/s in velocity, the range that best defines the molecular cloud associated with W/1. The
contours of the radio emission are at 0.04/0.19/0.34/0.49/0.64/0.79 Jy/beam, chosen for
best showing both SNRs G22.7-0.2 (right SNR shell in this sky map) and G23.5-0.3 (left
SNR shell) at the same time. Clearly, the VHE ~y-ray excess does not coincide with SNR
G22.7-0.2. The central white circle (radius \/0_1") denotes the source region integrated for

the spectral analysis. The center of this circle is at the measured position of the VHE ~v-ray
source.
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The MAGIC excess is centered at (RA, Dec)=(18"34™27%, -8°42°40”). The statistical
error is 0.5’, the systematic pointing uncertainty is estimated to be 2’ (see section 2.2.2).
The large white circle in figure 4.13 is centered at the measured position of the VHE
~v-ray source. This position is slightly offset from the assumed source position used to
determine the two pointing directions in the wobble mode (indicated by the two white stars
in figure 4.13). A fit of a two dimensional Gaussian brightness profile to the non-folded
sky map yields, after subtraction of the MAGIC ~-ray PSF in quadrature, an intrinsic
source extension of o = (0.14 £ 0.04)°, the extension reported by HESS is (0.09 £ 0.02)°
(Aharonian et al. 2006a). Both, the center of gravity position and the extension of the
excess, coincide well with the shell-type SNR G23.3-0.3. (W41).

Figure 4.14 shows images of HESS J1834-087 with three different lower cuts on Size
(200, 300, 600 photoelectrons), corresponding to energy thresholds of about 250, 360 and
590 GeV. As in figure 4.13, the background subtracted sky maps are folded with a two-
dimensional Gaussian, but here the color scale shows directly the excess significance. The
total observed excess significances for #2 < 0.1deg” (corresponding to the sky region inside
the central white circle of figure 4.13) are 8.60, 7.80 and 7.30 for the three lower cuts on
Size. Overlayed are contours of 20 cm VLA radio data from White et al. (2005) (green)
and ¥CO emission contours (black) from Jackson et al. (2006). The contours of the
radio emission are at 0.0035 Jy/beam. The '*CO contours are integrated from 70 to
85 km/s in velocity, as was the '2CO data in figure 4.13. For all three Size cuts the
MAGIC PSF is about 0.1°, and the source position, extension and morphology stay roughly
constant. The characteristics of the MAGIC observation are compatible within errors with
the measurement of HESS (Aharonian et al. 2006a).

Figure 4.15 shows the distribution of the squared angular distance, 02, between the
reconstructed shower direction and the excess center as well as the §%-distribution for
the background, see sections 3.3.2 and 3.5.2. The observed excess in the direction of
HESS J1834-087 has a significance of 8.60 for #2 < 0.1deg?. The VHE y-ray brightness
distribution of the source is clearly non-Gaussian, as can also be seen from figures 4.13 and
4.14. The source may be composed of a point-like core and an extended plateau region.

For the spectral analysis a sky region of maximum angular distance of #? = 0.1deg?
around the excess center (indicated by the white circle in figure 4.13) has been integrated.
Figure 4.16 shows the reconstructed very high energy 7-ray spectrum (dN,/(dE,dAdt)
vs. true E,) of HESS J1834-087 after correcting (unfolding) for the instrumental energy
resolution (see section 3.4.3). The horizontal bars indicate the bin size in energy, the
markers are placed in the bin centers on a logarithmic scale. The full line shows the result
of a forward unfolding procedure: A simple power law spectrum is fitted to the measured
spectrum (dN,,/(dE,dAdt) vs. estimated E. ) taking the full instrumental energy migration
(true E, vs. estimated E,) into account. The result is (x*/n.d.f = 7.4/7):

dN

it A E
dAdtdE

—2.540.2
= (3.740.6) x 107" <ﬁ> cm %5 TeV 1, (4.12)
[§]

The quoted errors are purely statistical. The systematic error is estimated to be 35% in
the flux level determination and 0.2 in the spectral index, see section 3.7. Within the
observation time (weeks) no flux variations exceeding the measurement errors have been
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Figure 4.15: Distributions of 0 values for the source (full circles) and background control
regions (shaded histogram), see text, for an energy threshold of about 250 GeV. It is evident
that the source is clearly extended with respect to the MAGIC PSF (02 ~ 0.01deg?).
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Figure 4.16: VHE ~v-ray spectrum of HESS J1834-087 (statistical errors only). The solid
line shows the result of a power-law fit to the data points taking the full instrumental
enerqy resolution into account. The dotted line shows the result of the HESS collaboration
(Aharonian et al. 2006a). The dashed line shows the spectrum of the Crab Nebula as
measured by MAGIC, see section 3.4.3.

observed. The corresponding figure is not shown here. Also, the flux is compatible within
errors with the measurement of HESS made one year earlier.

4.3.4 Discussion

SNRs as v-ray sources were extensively discussed in the past (see section 1.5.2 and e.g.
Torres et al. (2003) for a review). Due to the spatial coincidence between the VHE 7-ray
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source and the SNR G23.3-0.3 (W41), this SNR appears to be the natural candidate for
generating the observed 7-ray emission. W41 is an asymmetric shell-type SNR with a hot
spot in its center. It is included in Green’s catalog (Green 2004) of SNRs, which states
a diameter of 27" and a distance of about 4.8 kpc. The spectral index of the differential
radio spectrum vdN, /dv ~ v~ is @ = 0.5. The flux density at 1 GHz is 70 Jy. W41 was
mapped in radio with the VLA array at 330 MHz (Kassim 1992) and at 20 and 90 cm
(Condon et al. 1998; White et al. 2005), following earlier studies (see e.g., Ariskin (1970),
Shaver (1970), and references therein). It is partially overlapping with SNR G22.7-0.2 (see
e.g. figure 9 of Kassim (1992)), however the latter is not in coincidence with the peak of
the VHE ~-ray source (see figure 4.13 above).

Recently, Landi et al. (2006) observed the SNR G23.3-0.3 (W41) with the X-ray tele-
scope (XRT) onboard the Swift satellite (6900 s exposure). They found three faint X-ray
sources. All of them are too weak for a spectral analysis and only rough estimates of the
flux can be given. One source is located close to the radio hot spot at the center of the
SNR. Within the XRT positional uncertainty it may have an optical counter-part located at
(RA, Dec)=(18234™34.90%, -8°44'49”.6) listed in the USNO-B1.0 and 2MASS catalogues.
The other two X-ray objects are found near the SNR shell.

Also the XMM X-ray satellite observed the sky region for about 20 ks. The data?
confirm the X-ray sources observed by Landi et al. (2006) and indicate some additional
weak point-like sources. No hard X-radiation spatially consistent with the W41 SNR was
found in the INTEGRAL data (Bird et al. 2006).

In the following, the VHE ~-ray source is put in the perspective of the molecular envi-
ronment found in the region of W41 in section 4.3.4.1. Thereafter, the possible production
of the observed VHE ~-radiation by hadronic (section 4.3.4.2) or leptonic interactions
(section 4.3.4.3) are discussed.

4.3.4.1 Molecular Clouds

Molecular hydrogen is very difficult to detect as it does not emit any prominent lines in
the electromagnetic spectrum. Therefore, indirect methods using the detection of tracer
molecules like CO are often applied, see section 1.5.5. In a large scale CO survey of the
galaxy, W41 was associated with a very large molecular complex called “[23,78]” by Dame
et al. (1986). There, it was concluded that there are probably two large clouds blended at
that position in [ — b — v space (galactic longitude, galactic latitude and relative velocity
corresponding to the redshift of the CO emission line). One of these clouds is located in the
near side of the 4 kpc arm and another in the far side of the Scutum Arm (for an overview of
the Milky Way see section 1.5.1). This conclusion was also earlier supported by a previous
radio recombination line study by Gordon & Gordon (1970). The giant molecular cloud
associated with W41 is best defined by integrating the CO emission from 70 to 85 km/s in
velocity (see section 1.5.5). The CO emission peaks near 1=23.3°, b=—0.3°, v=78 km/s;
the near kinematic distance of this peak is 4.9 kpc. The peak is marked by the central
black contour in figure 4.13, which lies very close to the VHE ~-ray source. The total H,
mass of the cloud, integrated over the range 1=22° to 24.25°, b=—0.75° to 0.5°, and v=70

2Publicly available at http://xmm.esac.esa.int /external /xmm_data_acc/xsa/index.shtml
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to 85 km/s, and assuming a distance of 4.9 kpc, is 2.1 x 10® M. This mass is necessarily
an upper limit since, as mentioned above, there is certainly an emission contribution from
unrelated gas at the far kinematic distance. Still, the CO peak is so strong and well defined
that it most likely arises from gas primarily at one location, near the VHE ~-ray source,
rather than being a random blend of emissions from the near and far distances. The total
H, mass of the CO emission peak in figure 4.13 (computed for the region 1=23.2° to 23.4°,
b=—-0.35° to —0.15°, v=70 to 85 km/s) is 8.8 x 10* M. The higher-resolution *CO map in
figure 4.14, which was derived from the recently completed Galactic Ring survey (Jackson
et al. 2006), confirms that the VHE ~-ray source lies towards the densest region of the
giant molecular cloud. This region has a column density of about 0.06 g/cm?. This value
is small compared to the specific radiation length in gaseous hydrogen of 61.28 g/cm? (Yao
et al. 2006), see also section 2.1.1.2. Therefore, even in the case that the molecular cloud
is located between the observer and the y-ray source, the y-ray absorption in the cloud is
negligible.

4.3.4.2 Hadronic Models

In the framework of a hadronic model for the y-ray emission (see section 1.2.1), one assumes
that the observed VHE ~-ray flux is dominated by ~-rays from 7% decay produced in
collisions of accelerated VHE protons with ambient matter. The observed radio and X-ray
emission would, in this model, be due to a different population of high energy electrons.
In case of a high magnetic field, as predicted by Volk et al. (2005), these electrons may
only produce negligible amounts of IC v-rays.

The luminosity of HESS J1834-087 is similar to the luminosity of HESS J1813-178 (see
section 4.2), if the latter source is considered to be associated with SNR G12.8-0.0 at a
distance of ~ 4 kpc. One has to note, though, that HESS J1813-178 was found to be
nearly point-like, whereas in the present case, a significant extension is observed. The
strongest y-ray emission comes from inside the SNR shell, in contrast to the well-studied
shell-type SNRs RXJ1713.7-3946 and RXJ0852.0-4622 (Vela Junior) (Enomoto et al. 2002;
Aharonian et al 2004c; Katagiri et al. 2005; Aharonian et al. 2005¢; Enomoto et al. 2006).
Also the y-ray spectrum of HESS J1834-087 is steeper then that expected from a spectral
index of about 2.1 for diffusive shock acceleration of hadronic cosmic rays (see sections 1.3
and 1.5.2).

However, these properties may be explained by different regions, where the cosmic ray
protons are accelerated and where the VHE ~-rays are produced: The proton acceleration
may proceed in the shock front in the SNR shell. The accelerated cosmic rays may than
diffuse to the densest part of the molecular cloud (in projection inside the SNR shell). An
energy dependent diffusion coefficient may cause a steepening of the cosmic ray spectrum
and thus also produce a ~-ray spectrum steeper than 2.1.

The exact modelling of the cosmic ray acceleration and diffusion in the molecular cloud
are beyond the scope of this thesis. In order to judge whether such a model is possible
at all, the total energy of accelerated and stored cosmic ray hadrons is estimated from
the observed vy-ray flux and compared with the average energy released by a supernova
explosion:

The observed v-ray flux of HESS J1813-178 translates into an energy flux between
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250 GeV and 2.5 TeV of

2.5 TeV
dN. TeV
wV( ‘ ) /0,25 TeV dAdtdE X Cm2s ( )

The total y-ray luminosity of HESS J1834-087 in this energy range at a distance D is
(assuming an isotropic y-ray emission):

L,(0.25 — 2.5 TeV) = 47 D*w,(0.25 — 2.5 TeV) = 3.0 x 10**

TeV D
S

5kpc>2 o (4.14)

If one assumes that the whole v-ray flux is produced by hadronic interactions of high
energy protons with ambient protons of uniform density n, this allows to determine the
total energy in accelerated protons in the range 2.5 —25 TeV, required to provide the y-ray
luminosity, see equation 1.10 and 1.11:

lem—3
(4.15)

D \’ -1
Wy(2.5 = 25 TeV) = typy X Ly(0.25 — 2.5 TeV) = 1.8 x 10™ TeV (5 ” ) ( . ) :
pc

According to section 1.2.1 the spectral index a of the hadrons is about equal to the
index I" of the observed v-rays. If the power-law proton spectrum (see equation 1.12) with
differential spectral index o = I' = 2.5 continues down to E, ~ 1 GeV and has a maximum
proton energy of 100 TeV, the total energy in protons is estimated to be

Vor D\’ n 7
_ 9 1.1072
W,(1GeV — 100 TeV) = 2.1 - 10°° erg (%mission) (5 kpc) (lcm—3) . (4.16)

Thereby Vemission 1S the volume in which the accelerated high energy protons interact with
the ambient target protons. In general it may be a subset of the total volume Vg, which
is filled with the accelerated cosmic rays.

Assuming an acceleration efficiency of hadrons of 10% of the total supernova power of
10°! erg (see section 1.5.2), the required density n of matter in the y-ray production region
is ~ 20 protons ¢cm > Vor /Vemission-

Given the extension of HESS J1834-087, and the gas mass found in the innermost
contour of the CO map, i.e. in close superposition with the VHE ~-ray source, there is
enough mass to generate the VHE ~-radiation hadronically, even if only part of the gas is
interacting with the SNR shock.

4.3.4.3 Leptonic Models

As in the case of HESS J1813-178, also the VHE ~-radiation from HESS J1834-087 may
be due to the inverse Compton upscattering of low energy radiation fields (dominantly the
CMB) by very high energy electrons. In this case the observed radio and X-radiation may
be due to synchrotron radiation of the same electrons.

Nevertheless, there seems to be a spatial anti-correlation between the radio data and
the VHE ~-rays. The VHE ~-ray source is brightest inside the SNR and not in the shell
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region. However, there may be an electron population inside the SNR, which produces the
radio hot-spot, one of the X-ray sources and the VHE ~-ray.

The present data (especially in X-rays) are not sufficient to accurately model the multi-
wavelength emission.

4.3.5 Conclusions

In summary, the observation of HESS J1834-087 using the MAGIC Telescope confirms
a new extended VHE ~v-ray source in the Galactic Plane. A reasonably large data set
was collected from observations at medium-scale zenith angles to infer the spectrum of
this source up to energies of a few TeV. Above 200 GeV, the differential energy spectrum
can be fitted with a power law of slope I' = —2.5 4+ 0.2. The results of the independent
observations of the HESS and MAGIC telescopes are in agreement within errors concerning
the level of flux, the spectral shape, the morphology, and the extension of the source. The
coincidence of the VHE ~-ray source with SNR (G23.3-0.3 (W41) poses this SNR as a
natural counter-part, and although a massive molecular cloud has been identified in the
region, the mechanism responsible for the VHE ~-radiation remains yet to be clarified.



Chapter 5

The Data Acquisition System
Upgrade of MAGIC

Ground-based Atmospheric Air Cherenkov Telescopes (ACTs) are successfully used to
observe very high energy (VHE) ~-rays from celestial objects. The light of the night sky
(LONS) is a strong background for these telescopes. The v-ray pulses being very short, an
ultra-fast read-out of an ACT can minimize the influence of the LONS. This allows one to
lower the so-called tail cuts of the shower image (see sectio 3.2.3) and the analysis energy
threshold. Moreover, an ultra-fast read-out system allows to use timing information to
separate y-ray showers from backgrounds.

Fast “flash” analog-to-digital converters (FADCs) with GSamples/s are available com-
mercially; they are, however, very expensive and power consuming. Here we present a
novel technique of Fiber-Optic Multiplexing which uses a single 2 GSamples/s FADC to
digitize 16 read-out channels consecutively. The analog signals are delayed by using optical
fibers. The multiplexed (MUX) FADC read-out reduces the cost by about 85% compared
to using one ultra-fast FADC per read-out channel.

Two prototype multiplexers, each digitizing data from 16 channels, were built and
tested. In this chapter the ultra-fast read-out system will be described and the test results
will be reported. The new system will be implemented for the read-out of the 17 m diameter
MAGIC telescope camera.

In section 5.1 (see also section 2.2.6) the MAGIC experiment is briefly described in the
context of the data acquisition (DAQ) system using ultra-fast FADCs. The specifications of
the ultra-fast read-out are described in section 5.2, followed by the measured performance
for the MUX-FADC prototype in laboratory tests (section 5.3) and as read-out of the
MAGIC telescope (section 5.4). Section 5.5 is dedicated to discussions and conclusions
about the prototype test of the MUX-FADC system. This work was published (Bartko
et al. 2005b). Finally, section 5.6 summarizes the production of the full MUX-FADC
system and the installation in the MAGIC telescope.
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5.1 DAQ System Upgrade Considerations

The camera of the MAGIC Telescope consists of 576 photomultiplier tubes (PMTs), which
deliver about 2 ns FWHM fast pulses to the experimental control house, see section 2.2.4.
The currently used read-out system (see section 2.2.6) is relatively slow (300 MSamples/s).
To record the pulse shape in detail, an artificial pulse stretching to about 6.5 ns FWHM
is used. This eliminates the characteristic signal distribution of an isolated muon, a ~-ray
shower and a hadronic shower and causes more light of the night sky (LONS) to be inte-
grated, which acts as additional noise. Thus the analysis energy threshold of the telescope
is limited, and the selection efficiency of the 7-ray signal from different backgrounds is
reduced.

For the fast Cherenkov pulses (2 ns FWHM), an FADC with 2 GSamples/s can provide
at least four sampling points. This permits a reasonable reconstruction of the pulse shape
and could yield an improved «/hadron separation based on timing. Such an ultra-fast read-
out can strongly improve the performance of MAGIC. The improved sensitivity and the
lower analysis energy threshold will considerably extend the observation range of MAGIC,
and allow one to search for very weak sources at high redshifts.

A few FADC products with > 2 GSamples/s and a bandwidth > 500 MHz are available
commercially; they are, however, very expensive and power-consuming. To reduce the cost
of an ultra-fast read-out system, a 2 GSamples/s read-out system has been developed at
the Max-Planck-Institut fiir Physik in Munich. It uses the novel technique of Fiber-Optic
Multiplexing, an approach possible because the signal duration (few ns) and the trigger
frequency (typically ~1 kHz) result in a very low duty cycle for the digitizer. The new
technique uses a single FADC of 700 MHz bandwidth and of 2 GSamples/s to digitize 16
read-out channels consecutively. Groups of 16 analog signals are delayed by using optical
fibers of 16 different lengths. A trigger signal is generated using a fraction of the light,
which is branched off by fiber-optic light splitters before the delay fibers. With the Fiber-
Optic Multiplexing a cost reduction of about 85% is achieved compared to using one FADC
per read-out channel.

The suggested 2 GSamples/s multiplexed (MUX) FADC system will have a 10 bit
amplitude resolution. For large signals the arrival time of the Cherenkov pulse can be de-
termined with a resolution better than 200 ps. The system is relatively simple and reliable.
All optical components and the FADCs are commercially available, while the multiplexer
electronics has been developed at the MPI in Munich. Two prototype multiplexers, for 32
channels in total, were built and tested in-situ as read-out of the MAGIC telescope in La
Palma in August 2004.

Monte Carlo (MC) based simulations predict different time structures for y-ray and
hadron induced shower images as well as for images of single muons (Chitnis & Bhat 2001;
Mirzoyan et al. 2006). As shown in figure 5.1, -ray and hadron initiated showers as well
as isolated muons have different distributions of the RMS value of the arrival times. The
timing information is therefore expected to improve the separation of y-ray events from
the background events.

Figure 5.2 shows the mean amplitude (a, ¢) and time (b, d) profiles for v-ray (c, d) and
hadron (a, b) induced air showers images on the camera plane of the MAGIC telescope.
The impact parameter is fixed to 120 m and the initial y-ray energy is set to 100 GeV, while
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Figure 5.1: Distributions of the RMS wvalue of the arrival time distribution for all v-ray,
proton and isolated muon events measured by a 17m ultra-fast telescope. The events with
RMS < 0.7 ns are of muon origin. The RMS value of the arrival time distribution thus of-
fers a separation power between muons and y-ray induced showers. Figure from (Mirzoyan
et al. 2006).

the proton energy is set to 200 GeV (corresponding to about 1/4 of the Cherenkov light
of a 100 GeV 7-ray shower). The profiles are obtained by averaging over many simulated
showers (Mazin 2006). Although the total durations of 7-ray and hadron induced air
showers are comparable, the photon arrival time varies smoothly over the ~-ray shower
image while hadron shower images are structured in time. The time structure of the image
can also provide essential information about the head and the tail of the shower.

5.2 The Ultra-fast Fiber-Optic MUX-FADC Data Ac-
quisition System

The MAGIC collaboration is going to improve the performance of its telescope by installing
a fast (> 2 GSamples/s) FADC system, which fully exploits the intrinsic time structures
of the Cherenkov light pulses. The requirements for such a system are the following:

e 10 bit resolution at a 2 GSamples/s sampling rate

e > 500 MHz bandwidth of the electronics chain including the FADC
e up to 1 kHz sustained event trigger rate

e dead time < 5%.

This section describes the specifications of the ultra-fast fiber-optic MUX-FADC data
acquisition system: In section 5.2.1 the general multiplexing principle is explained. In
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Figure 5.2: Mean amplitude (a, ¢) and time (b, d) profiles for v-ray (c, d) and hadron (a,
b) induced air showers images on the MAGIC camera plane from MC simulations. The
impact parameter is fived to 120 m and the initial energy of the vy-ray is set to 100 GeV,
while the proton energy is set to 200 GeV. The profiles are obtained by averaging over
many simulated showers (Mazin 2006). The timing structure of the image can provide
viable information about the head and the tail of the shower as well as help to discriminate
between v-ray and hadron induced showers.

section 5.2.2 the optical splitters and delays are described and in section 5.2.3 details of
the multiplexing electronics are presented. Finally, in section 5.2.4 the FADC read-out is
specified.

5.2.1 General MUX-Principle

It is interesting to note that in experiments where FADCs are used to read out a mul-
tichannel detector in the common event trigger mode, only a tiny fraction of the FADC
memory depth is occupied by the signal while the rest is effectively “empty” (Mirzoyan
et al. 2002, 2001). One can try to correct this “inefficiency of use” by “packing” the signals
of many channels sequentially in time into a single FADC channel, i.e. by multiplexing.

Following this simple idea, a multiplexing system with fiber-optic delays has been de-
veloped for the MAGIC telescope. The block diagram is shown in figure 5.3. The ultrafast
fiber-optic multiplexer consists of three main components:

e fiber-optic delays and splitters
e multiplexer electronics: fast switches and controllers

e ultra-fast FADCs.
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Figure 5.3: Schematic diagram of the multiplexed fiber-optic ultra-fast FADC read-out. Part
of the analog signal that arrives via the fiber-optic link from the PMT camera is branched
off and fed into a majority trigger logic. The other part of the signal is consecutively delayed
in optical fibers. Channels are connected consecutively one by one to the ultra-fast FADC,
using fast switches. Thereby the noise from the other channels is efficiently blocked.

After the analog optical link between the MAGIC PMT camera and the counting house
the optical signals are split into two parts. One part of the split signal is used as an input
to the trigger logic. The other part is used for FADC measurements after passing through
a fiber-optic delay line of a channel-specific length.

The multiplexer electronics operates in the following way: The common trigger from
the majority logic unit opens the switch of the first channel and allows the analog signal
to pass through and be digitized by the FADC. All the other switches are closed during
this time. When the digitization window for the first channel is over the corresponding
switch is closed. The closed switch strongly attenuates the signal transmission by more
than 60 dB for the fast MAGIC signals. Then the switch number two is opened such that
the accordingly delayed analog signal from the second channel is digitized and so forth,
one channel at a time until the last one is measured. In this way one “packs” signals from
different channels in a time sequence which can be digitized by a single FADC channel.

Because of the finite rise and fall times of the gate signals for the switches and because
of some pick-up noise from the switch one has to allow for some switching time between
the digitization of two consecutive channels. The gating time for each channel was set to
40 ns, of which the first and last 5 ns are affected by the switching process.

For the use in MAGIC a 16 — 1 multiplexing ratio was chosen. 16 channels are read
out by a single ultra-fast FADC channel. The chosen multiplexing ratio is a compromise
between

e Dead time: the digitization of one event takes 16 x 40 ns = 640 ns. During this time
no other event can be recorded. Compared to the maximum sustained trigger rate
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of up to 1 kHz this dead time is negligible.

e Noise due to cross-talk through the closed switches: The attenuated noise of the
other channels could influence the active signal channel.

e Cost of the FADCs.

e Mechanical constraints, e.g. board size, length of wires and fibers.

5.2.2 Optical Delays and Splitters

Optical fibers were chosen for the analog signal transmission between the PMT camera
and the counting house because they are lightweight, compact, immune to electro-magnetic
pick-up noise, have practically no temperature effect and provide no pulse dispersion and
attenuation (Lorenz et al. 2001). The signal attenuation at 1 km fiber length is about
2.3 dB for the chosen 850 nm wavelength of the VCSELs. The analog signal transmission
offers a dynamic range larger than 60 dB.

Figure 5.4: Two channel fiber-optic delay module of 142 and 150 m length, corresponding
to a delay of 710 and 750 ns, respectively. Mechanical dimensions: 235 mm * 130 mm
(3U) * 85 mm (7 HP).

Using fiber-optic delays ultra-fast analog signals can be delayed by several hundreds
of ns. Thus a large number of successively delayed signals can be multiplexed and read
out by a single channel FADC. Part of the analog signal has to be split off before the delay
lines for trigger. Therefore, fiber-optic splitters of type 1 — 2 are used.

Figure 5.4 shows a module containing two optical delay lines of 142 m and 150 m length,
corresponding to a delay of 710 ns and 750 ns. Figure 5.5 shows a module of four graded
index (GRIN)-type fiber-optic splitters with 50:50 splitting ratio (for a technical description
see Lipson & Harvey (1983)). The modules have standardized outer dimensions and can
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Figure 5.5: Four channel fiber-optic splitter module, GRIN technology and 50:50 splitting
ratio. The outer dimensions are: 235 mm * 130 mm (3U) * 35 mm (7 HP).

be assembled in 3U hight 19” crates. The splitters and optical delay lines are commercially
available from the company Sachsenkabel®.

5.2.3 MUX Electronics

The multiplexer electronics consist of four stages. The first stage is a fiber optic receiver,
where the signals from the optical delay lines are converted back to electrical pulses using
PIN photo diodes. In a second stage, part of the electrical signal is branched off and
transferred to a monitor output. The third stage consists of ultra-fast switches which are
activated one at a time. In the last stage all 16 channels are summed to one output.
The multiplexed signals are then transferred via short 50 {2 coaxial cables to the FADC
channels. Table 5.1 summarizes the specifications of the multiplexer electronics.

Mechanical size 370 mm (9 U) * 220 mm * 30 mm (6 HP)

Number of channels 16

Analog input via 50/125 pm graded index fiber, E2000 connector
Gain 25, including the VCSEL transmitter

Dynamic range max output amplitude: 1 V

Power supplies +12V, 5V

Power dissipation ~20 W

Trigger input LVDS

Table 5.1: Specifications of the electronics for analog signal multiplexing.

Thttp://www.sachsenkabel.de
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Figure 5.6:  Photo of the printed circuit board for analog signal multiplezing: It consists of
a trigger input, 16 opto-electric converters, 16 monitor signal outputs, the Digital Switch
Control circuit (DSC), 16 daughter switch boards and two summing stages. The overall
size is 370 mm (9 U) * 220 mm * 30 mm (6 HP).

One multiplexer module consists of one 6 layer motherboard and 16 double layer switch-
boards, which are plugged into the motherboard via multiple pin connectors. Figure 5.6
shows a photo of the printed circuit MUX motherboard with 16 mounted daughter switch-
boards.

The motherboard includes the following components:

16 opto-electrical converters

16 monitor outputs

the Digital Switch Control circuit (DSC)

the trigger input to activate the DSC

16 ultra-fast MOSFET (metal-oxide-semiconductor field-effect transistor) switches
on 16 switchboards

the 16 channel summing stage.

One opto-electrical converter consists of a receptacle, a PIN photo diode, packed in
the E2000-connector. The photodiode is biased by 12 V to reduce its intrinsic capacity
for speed and noise optimization. The current signal of the PIN photo diode is converted
into an equivalent voltage signal by a transimpedance-amplifier. Its amplifier-IC has a
gain-bandwidth product of about 1.5 GHz and a very high slew rate of about 4000 V/pus.
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Figure 5.7:  Circuit diagram of the Digital Switch Control circuit (DSC): The trigger
initiates a sequence of 16 PECL high levels of 40 ns duration applied consecutively to the
switch boards.

The trans-impedance is 1000 €2. A monitor output consists of an ultra-wide band (UWB)-
driver-amplifier, which transmits the signal from the transimpedance-stage to a 50 {2 SMA
(SubMiniature version A) connector.

Figure 5.7 shows the circuit diagram of the Digital Switch Control circuit, DSC. It
consists of the following parts:

e One clock generator-IC. It is programmable with a resolution of 12 bit from 50 MHz
to 800 MHz and works in positive emitter coupled logic (PECL) mode. It is crystal
stabilized and set to 800 MHz.

e A digital delay line (DDL) that can be set from 2 ns to 10 ns with 11 bit accuracy.
It can be used to adjust the trigger times between different MUX motherboards.

e A digital lock-in-circuit (DLC) synchronizes the MUX-sequence to the trigger signal.
The lock-in jitter is 1.25 ns (= 1/[800 MHz)).

e 16 differential PECL-drivers that transmit the MUX-sequence signals to the corre-
sponding switchboards.
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Each switchboard includes two ultra-wideband (UWB)-amplifier circuits, followed by
two ns-switching MOSFETSs operated in series and one UWB-driver-amplifier-circuit. MOS-
FET switches were chosen due to their fast switching properties and a very fast stabilization
of the signal baseline after the switching. The small cross-talk through the closed switch is
further reduced by the serial operation of two switches. An on-board PECL to CMOS con-
verter distributes the digital switch-control-circuit (DSC)-signal to the MOSFET-switches
in parallel. Figure 5.8 shows a photo of the switch board, while its circuit diagram is shown
in figure 5.9.

T

Figure 5.8: The printed circuit board for fast switching. The switch board contains two
ns-MOSFET-switches operated in series. Its mechanical dimensions are 80 mm * 20 mm
*5 mm.

In a passive summation, the switch parasitic capacitances would add up and can signif-
icantly widen the signal pulse. To avoid this, a two-step active summation was chosen: In
the first step, the outputs of four channels are summed together. In the second step, the
four resulting outputs are summed into one. For the summing UWB-amplifiers are used.
The two-step setup keeps the channel wires short, and permits to use the amplifiers in the
faster inverting mode while keeping the signal polarity non-inverting. Finally, an UWB-
driver sends the multiplexed signals over a 50 2-SMA-coaxial connection to the FADC.
The circuit diagram of the summation stage is shown in figure 5.10.

5.2.4 FADC Read-Out

The FADCs are commercial products manufactured by the company Acqiris? (DC 282).
They feature a 10 bit amplitude resolution, a bandwidth of 700 MHz, a sampling speed
of 2 GSamples/s, an input voltage range of 1 V and an RMS noise level below 1.2 least
significant bits (LSB). Each FADC board contains 4 channels. The read-out data are stored

http:/ /www.acqiris.com
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Figure 5.9: Schematics of the fast switches: A high PECL level from the Digital Switch
Control circuit opens both of the ns-MOSFET switches operated in series.

in a random access memory (RAM) on the FADC board of 256 kSamples (512 kbytes) size
per channel. Up to 4 FADC boards can be arranged in one compact Peripheral Component
Interconnect (PCI) crate and are read out by a crate controller PC running under Linux.
The FADCs are designed for a 66 MHz 64 bit data transfer via the compact PCI bus.

The FADC features a trigger time interpolator time to digital converter (TDC) that
can be used to correct for a potential trigger jitter of 500 ps due to the asynchronous FADC
clock with respect to the trigger decision. Table 5.2 summarizes the specifications of the
ultra-fast FADCs.

5.3 Performance of the System Components

The performance of the MUX-FADC system components was studied in extensive labora-
tory tests: In section 5.3.1 the quality and performance of different commercially available
optical splitters and delays is evaluated. In section 5.3.2 the performance of the multiplex-
ing electronics is discussed. Finally, the quality and performance of the FADCs are tested
in section 5.3.3.
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Figure 5.10: Schematics of the two-step summing stage of the multiplexed signals. The
two-step setup keeps the channel-wires short and allows to use the UWB-amplifiers in the
faster inverting mode while keeping the signal polarity non-inverting.

5.3.1 Performance of the Optical Delays and Splitters

The fiber-optic delay lines have channel-specific delay times of 0...15 times 40 ns plus
640 ns common base delay to allow ample timing for the trigger chain and internal system
delays. Deviations from the specified delay times and potential changes in the delay due to
temperature variations are important. It has to be ensured that all signals arrive in time
at the multiplexer electronics when a given switch is open.

The manufacturer guarantees for the delay length a maximum deviation of £2 ns from
its nominal value. This was confirmed in laboratory measurements. Although the signal
attenuation in fibers is small, nevertheless there are small differences in the dispersion of
the signals in different channels due to the different delay lengths and connector tolerances.

Different technologies of fiber-optic splitters are available on the market. Three splitting
technologies were tested: fused splitters, bifurcation splitters and so-called GRIN-splitters.
In the fused technology two optical fibers are drilled and then thermally fused together.
In bifurcation splitters the end faces of the two output fibers are mechanically attached



5.3 Performance of the System Components 171

Mechanical size 267 mm (6 U) * 220 mm * 30 mm (6 HP)
Number of channels 4
Analog input 1 V full scale, adjustable offset

Sampling frequency 2 GSamples/s
Sampling resolution 10 bits

RAM size 256 kSamples (512 kbytes) per channel
Bandwidth 700 MHz

Noise level < 1.2 LSB guaranteed

Power dissipation 60 W (4 channels)

Trigger input unipolar, adjustable threshold

Table 5.2: Specifications of the ultra-fast FADC.

to the end face of the input fiber. In GRIN-type splitters the splitting is done by a semi-
transparent mirror in conjunction with two graded index lenses (Lipson & Harvey 1983).

The MAGIC optical link uses multimode VCSELs and multimode optical fibers. Me-
chanical stress or deformations of the input fiber into the splitter, especially due to telescope
movements, can vary the propagation of light modes in the fiber. The expected movements
of the fibers were simulated in the laboratory by bending the fibers using different bending
radii. The fused and bifurcation fiber-optic splitters show changes in the splitting ratio
of more than +10%. Only the so-called GRIN type splitters are immune against mode
changes, with measured changes of the splitting ratio of less than 1%.

The splitting ratio is guaranteed to be 50:50 within +3% by the manufacturer. This
was again confirmed in test measurements. All tested splitters were found to be insensitive
with respect to time and temperature changes.

5.3.2 Performance of the MUX Electronics

The MUX electronics was extensively tested in the laboratory. For the use as a read-out
system for MAGIC, the following points are very important:

e short switching noise and flat signal base-line

e high bandwidth (low pulse dispersion in amplitude and in time)
e strong signal attenuation for closed switches

e good linearity and large dynamic range

e stability.

Figure 5.11 shows a photo recorded with a fast oscilloscope of two consecutively multi-
plexed signals along with the switching noise between two channels. Although the switching
noise is as large as 100 mV, it is very reproducible and confined to less than 10 ns of the
40 ns window per read-out channel. In the central part of the window the baseline is flat
and stable.
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Figure 5.11: Oscilloscope photo of two consecutive multiplexed signals and the baseline of
two empty signal gates.

The switching and summing stages only slightly widen the fast input pulses. A pulse
of about 2.5 ns FWHM after the receiver photo diode is widened to 2.7 ns FWHM at the
output of the multiplexer electronics. The pass-through of such fast signals through closed
switches is less than 0.1% (60 dB attenuation).

Figure 5.12a shows the combined linearity of the switches and of the summing stage.
The output signal amplitude of the MUX-board is plotted as a function of the input signal
amplitude after the PIN-Diode, as measured at the monitor output. The right panel of the
figure shows the deviations from linearity of the MUX-electronics. For output signals up
to 1 V the MUX-electronics is linear with differential deviations less than 2%. The total
non-linearity of the read-out chain is dominated by the analog optical link. Its response
deviates from a perfect linear behavior by less than 10% in a total range of 56 dB (Paneque
et al. 2003).

5.3.3 FADC Performance
The main performance parameters of the FADC are
e noise level / effective dynamic range
e linearity and bandwidth
e maximum trigger and acquisition rate
e dead time.

A noise level of less than 1.2 least significant bits (LSBs) is guaranteed by the manufac-
turer (700 MHz bandwidth, no input amplifier). There are small but constant differences
in the input voltage full scales and thus in the gain for different FADC channels. These
can be corrected for by the offline calibration software. The FADCs feature an internal
calibration system keeping their integral and differential non-linearity below one LSB.
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Figure 5.12: a) OQutput signal amplitude of the MUX board as a function of the input signal
after the PIN diode as measured at the monitor output. b) Residuals of the linearity of the
MUX board as a function of the input signal after the PIN receiver diode as measured at
the monitor output. The deviations are less than 2%.

For the maximum trigger rate and the dead time optimization the interplay between
the FADC boards and the crate controller PC is important. The compact PCI (¢cPCI) bus
allows an effective data throughput of up to about 400 Mbytes/s (66 MHz, 64 bit) shared
between all FADC channels in one crate.

In each event 2560 bytes are stored per FADC channel (16 channels of 40 ns gate
time, 2 GSamples/s and 2 bytes per sample for the 10-bit resolution FADC). Reading
out 8 FADC channels with one crate controller board results in a data volume of about
20 kbytes/event, which has to be transferred via the ¢cPCI bus.

The ultra-fast FADC offers three modes of data acquisition:

e single acquisition
e segmented memory
e asynchronous acquisitions using a FIFO memory.

In the single acquisition mode the FADC writes the digitized data into the on-board
RAM using it as one big ring buffer. Upon the arrival of a trigger the N = 2560 bytes
corresponding to the event are copied to the PC with a direct memory access (DMA)
transfer via the cPCI bus. The read-out time 7} per event and per FADC channel in the
crate is given by the sum of the DMA overhead time, Ovhdpya < 25 pus and the data
transfer time over the cPCI bus:

T1 == OVthMA + N - Xfr . (51)

Xfr = 2.5ns/byte is the data throughput of the cPCI bus for the 64 bit, 66 MHz operation.
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For 8 FADC channels per crate this amounts to a total transfer time of about 250 us.
Including a < 25 us global trigger rearm time this leads to about 275 us dead time per
event.

In the segmented mode the FADC RAM is divided into many segments. Each segment
is used as a circular buffer where the digitized data is stored. After the arrival of a trigger
the digitizer continues to write into the next segment. The dead time between two events
is < 25 us. When all segments are filled the data is copied to the PC via one DMA transfer.
The total read-out time for M segments is:

Ty = Ovhdpya + M - (N + Extra) - Xfr , (5.2)

where Extra < 200 denotes the number of “overhead” data points per segment.

In the current scheme an additional time to reorder the data inside the PC has to be
taken into account. For 8 FADC channels in one crate and 100 segments the total dead
time amounts to < 16 ms, i.e. < 160 us per event.

The most attractive operation mode uses the FADC RAM as a FIFO (First In, First
Out) memory. In this case the FADC writes the digitized data in one part of the RAM
while previously stored data is asynchronously transfered to the PC. The dead time is thus
reduced to the < 25 us needed to rearm the trigger. Additional dead time arises only if
the average trigger rate exceeds the maximum sustainable rate of 2 kHz.

5.4 Prototype Test in the MAGIC Telescope on La
Palma

Two prototype MUX-FADC read-out modules for 32 channels were tested as a read-out of
the MAGIC telescope during two weeks in August/September 2004.

The main goals for the tests were:

test of concept of the ultra-fast MUX-FADCs under realistic conditions

e study the interplay of the MUX-FADC system with the MAGIC trigger and data
acquisition system

e implement the reconstruction and calibration for the ultra-fast digitized signals in
the common MAGIC software framework MARS (Bretz & Wagner 2003)

e provide input for detailed MC simulations for the ultra-fast digitization.

This section is structured as follows: First, in section 5.4.1 the setup of the prototype
test is presented. Thereafter, in section 5.4.2 an overview of the data taken is given.
Finally, the data are analyzed and the test results are presented in section 5.4.3.
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5.4.1 Setup of the Prototype Test

Two MUX boards of 16 channels each were integrated into the MAGIC read-out system
allowing the simultaneous data taking with the current 300 MSamples/s read-out and the
MUX-FADC prototype read-out. Figure 5.13 shows in a block diagram how the MUX-
FADC prototype read-out system was integrated into the current MAGIC FADC read-out.
The analog optical signals arriving from the MAGIC PMT camera were split into two
equal parts using fiber-optic splitters. One part of the optical signal was connected to the
current MAGIC receiver boards which provided output signals to the MAGIC majority
trigger logic, see section 2.2.5, and to the current 300 MSamples/s FADCs. The other
part of the optical signal was delayed by a channel specific delay of 0...15 times 40 ns plus
common base delay and directed to the optical receivers on the MUX boards. The common
MAGIC trigger was used to trigger the MUX boards as well as the fast FADCs.
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Figure 5.13: Block diagram of the integration of the MUX-FADC prototype read-out in
the current MAGIC FADC read-out. Shower images are simultaneously recorded with the
ultra-fast MUX-FADC system and with the current MAGIC FADCs. The MAGIC trigger
logic provides a trigger for the MUX electronics as well as for the ultra-fast FADCs.

Figure 5.19 shows the group of 32 selected channels of the MAGIC PMT camera (Baix-
eras et al. 2004) to be read out by the ultra-fast digitizing system. The channels were
chosen to be close packed in order to contain (at least partially) images of showers. In the
test 16 bifurcation and 16 GRIN type splitters were used.

In order to acquire only events where the shower image is mostly located in the 32
MUX-FADC channels, only these channels were enabled in the MAGIC trigger system. The
trigger fires if the signal in at least four close packed pixels exceeds the preset threshold.

In the prototype tests on La Palma an older version of the ultra-fast FADC was used,
the Acqiris DC 240. It features a sampling speed of 2 GSamples/s with an 8 bit resolution.
It was connected via a PCI bridge to a host PC running under Windows.

For every trigger 1300 FADC samples (16 times 80 samples plus 20 extra samples) were
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recorded with both of the used multiplexed FADC channels. An FADC memory of 120
segments was used. In the host PC the data were written into a binary file. This setup was
chosen for simplicity and was not optimized for the smallest dead time in a continuous data
taking mode. Nevertheless, the dead time between two of the 120 consecutively recorded
events in the segmented mode was negligible.

5.4.2 The Data

The tests of the MUX-FADC system were carried out around the full moon period. In
total about 230000 triggers were taken with the MUX-FADC read-out system (including
pedestals and calibration LED light pulses). Table 5.3 summarizes the amount of data
taken with and without the presence of moon light.

trigger type current FADC read-out | MUX-FADC read-out
pedestals, no moon 500 26400
pedestals, moon 5000 13210
calibration, no moon 47000 96000
calibration, moon 91000 70420
€OSmics, no moon 500 8040
cosmics, moon 0 16800
total 144000 230870

Table 5.3: Overview of the data taken during the MUX-FADC prototype test in the MAGIC
telescope at La Palma.

5.4.3 Data analysis

Each data file contains 120 events of two ultra-fast FADC channels with 1300 recorded
FADC samples per event. The recorded raw data are converted into the usual ROOT-
based MAGIC raw data format (Bretz & Wagner 2003), which provides the flexibility to
adjust the number of recorded samples for each pixel.

5.4.3.1 Signal Reconstruction

For each event the signals of 16 PMTs of the MAGIC camera are sequentially digitized by
one FADC channel. As an example, figure 5.14 shows the raw data for 120 superimposed
randomly triggered pedestal events. Between every two consecutive channels the switch
noise is visible.

For calibration purposes the MAGIC PMT camera can be uniformly illuminated by a
fast LED light pulser located in the center of the telescope dish, see section 2.2.7. Fig-
ure 5.15 shows the raw data of 16 consecutively read-out channels for 120 superimposed
calibration events. The calibration signal pulses are clearly visible on the signal baseline.
The gain difference from channel to channel is mainly due to a spread in the gain of the



5.4 Prototype Test in the MAGIC Telescope on La Palma 177

250" [ P e e -
200 ....................... ....................... ....................... ...........
1s0F — S S — AU

100

signal [FADC counts]

50

A AN 3. awe. SN SR A S0 Swn. A S AN SN B SRR, B9
0 200 400 600 800 1000 1200
FADC sample [0.5 ns]

Figure 5.14: Pedestals: Raw data (1300 samples for 16 consecutive channels) for 120
randomly triggered events superimposed.
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Figure 5.15: Calibration events: Raw data (1300 samples for 16 consecutive channels) for
120 LED light pulses superimposed.

VCSEL and receiver diodes of the analog optical link. The additional spread due to small
differences in the fiber-optic splitters and a signal attenuation in the delay lines is small.
For each channel the pedestal level and pedestal RMS are calculated from either a
pedestal run with random triggers or directly from the data. For the pedestal calculation
a fixed number of FADC samples at a fixed position in the digitization window is used.
For the signal reconstruction a fixed number of FADC samples is integrated. The
integration interval was chosen to be 4 FADC samples (corresponding to 4*3.33 ns =



178 5. The Data Acquisition System Upgrade of MAGIC

13.33 ns) for the current MAGIC FADCs. For the MUX-FADCs a window size of 10
FADC ~samples is chosen, corresponding to a 5 ns integration window. The reconstructed
signal S is then given by:

S = Sy, (5.3)

where S; is the i-th FADC sample after the trigger. The signal arrival time relative to
the first FADC sample after the trigger, t,.iva1, is reconstructed as the first moment of the
FADC time samples used to calculate the reconstructed signal (see also section 3.1.4.2):

. EErY st~ t) (5.4)
arrival — 21:21:0-1-3(9) S. . .
i=io !

5.4.3.2 Calibration

The MAGIC camera can be homogeneously illuminated by fast LED light pulsers of differ-
ent colors and intensities for calibration purposes, see section 2.2.7. The common MAGIC
calibration algorithms (see section 3.2.1) and software were successfully applied to the
ultra-fast digitization.

Figure 5.16 shows the distribution of the mean number of photoelectrons per pixel re-
constructed with the current 300 MSamples/s FADC system and the MUX-FADC system.
The MAGIC camera was illuminated with UV calibration pulses of about 2.5 ns FWHM.
As expected, the mean reconstructed number of photo electrons is the same for the 32 split
channels used in the MUX-FADC tests as for all the other MAGIC read-out channels.
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Figure 5.16: Distributions of the mean reconstructed number of photoelectrons in the PMTs
of the MAGIC camera from the LED pulser for the current 300 MSamples/s FADCs and
the MUX-FADCs. Both read-out systems yield the same average number of photoelectrons.
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Small differences in the cable length of the MAGIC analog optical link, the fiber-optic
delays and transition times in the PMTs introduce arrival time differences between the
pulses in different read-out channels of up to a few ns. These relative channel to channel
time differences can also be calibrated using the LED pulser. One can determine the mean
time difference between all pixels with respect to a reference pixel. In the calibration
procedure of the cosmic events this timing difference is corrected for.

In addition, the event to event variation of the timing difference between two read-
out channels for the LED pulser provides a measure of the timing accuracy. Figure 5.17
shows the distributions of the determined timing resolution of the current 300 MSamples/s
FADCs together with the timing resolution of the MUX-FADCs. The timing accuracy
strongly depends on the signal to noise ratio and the width of the input light pulse. The
MUX-FADCs yield a better timing resolution by more than a factor of three compared
to the current FADC system using the simple and stable timing extraction algorithm of
equation (5.4).
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Figure 5.17: Distributions of the timing resolution for the current 300 MSamples/s FADC
read-out and the MUX-FADC read-out. The MUX-FADC' system yields an improvement
in the timing resolution by more than a factor of three.

5.4.3.3 Cosmic Data

Cosmic shower data were recorded to study in detail the interplay of the ultra-fast MUX-
FADC system with the MAGIC trigger logic. It also provides valuable input for the MAGIC
MC simulations of the ultra-fast digitization system, e.g. about the pulse shapes for cosmic
events.

In figure 5.18a one can see the pulse shape in a single pixel for a typical cosmic event. By
overlaying the recorded FADC samples of many events after adjusting to the same arrival
time, the average reconstructed pulse shapes can be calculated, see also section 3.1.2.
Figure 5.18b shows the comparison of the average reconstructed pulse shapes recorded
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Figure 5.18: a) Pulse shape in a single pizel for a typical cosmic event after pedestal
subtraction. b) Comparison between the mean reconstructed pulse shapes recorded with the
current MAGIC FADCs (open circles) and with the MUX-FADCs (full points).

Figure 5.19: a) Reconstructed signal in photoelectrons in the MAGIC PMT camera display
and b) calibrated arrival times in ns in the MAGIC camera display for a typical cosmic
event.

with the current 300 MSamples/s MAGIC FADCs, including the 6 ns pulse stretching,
and with the MUX-FADCs. The average reconstructed pulse shape for cosmic events has
a FWHM of about 6.3 ns for the current FADC system and a FWHM of about 3.2 ns for
the MUX-FADC system.

Figure 5.19a shows a MAGIC PMT camera display with the reconstructed signal af-
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ter calibration in photoelectrons for a typical cosmic event. For the same event figure
5.19b shows the reconstructed arrival time after correction for the channel-to-channel time
differences.

5.4.3.4 Pedestals / Noise

In the data recorded by an IACT, the electronics noise together with the LONS fluctuations
is superimposed on the Cherenkov signal from air-showers. The noise from the LONS can
be simulated as the superposition of the detector response to single photoelectrons, arriving
at a given rate but randomly distributed in time. This can be quantified using the noise
autocorrelation function B;j, the correlation between the read-out samples ¢ and j (see
also section 3.1.4.4):

Bij = (bibj) — (bi)(b;) , (5.5)

where b; and b; are the FADC samples ¢ and j for a pedestal event.

Figure 5.20 shows the noise autocorrelation for the current MAGIC FADC system and
the MUX-FADC system with open camera (i.e. exposed to LONS), normalized to the
pedestal RMS. In the same plot, the noise autocorrelation for the MUX-FADC system
with closed camera (no LONS), normalized to the pedestal RMS for an open camera, is
shown. The noise autocorrelation of the current FADC system extends to several ns since
the pulse is stretched by 6 ns. For the MUX-FADC system with no pulse shaping there
is still a considerable noise autocorrelation for an open camera. The noise autocorrelation
mostly disappears in case of a closed camera with electronics noise only.
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Figure 5.20: Noise autocorrelation function with respect to a fired FADC sample for the
current MAGIC read-out chain with 6 ns pulse shaping, the MUX-FADC read-out with
open camera and closed camera, normalized to the pedestal RMS of the opened camera.

Figure 5.21 shows the distributions of the integrated noise (integrated pedestal RMS
after calibration in photoelectrons) per pixel for the current FADC system and for the
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Figure 5.21: Distributions of the integrated noise per pizel in the signal reconstruction
window after calibration into photoelectrons for the current 300 MSamples/s FADC' read-
out and using the MUX-FADC' read-out.

MUX-FADC system. The shorter integration time used for the pulse reconstruction with
the MUX-FADC system yields a reduction of the effective integrated noise by about 40%.

Using the new MUX-FADC system the noise contributions due to the LONS may even
be resolved into individual pulses. Figure 5.22 shows a typical example for the signals in
a pedestal event (random triggers). The pedestal does not vary in an uncorrelated way.
Instead most of the pedestal variations are due to peaks on the signal baseline.
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Figure 5.22: Time structure in a typical pedestal event. The peaks on the baseline are most
likely due to single photo electrons from the light of the night sky.
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The rate of the peaks was studied to verify whether it is compatible with the rate of
LONS photoelectrons. A window of 6 slices is slid over the FADC samples of randomly
triggered pedestal events. The first window position after the switch noise where the sum
of the FADC samples exceeds the pedestal level by at least 3 FADC counts was chosen.
Figure 5.23a shows the arrival time distribution of the first noise peak. The distribution
can be fitted by an exponential function with a rate r of

r=(0.13£0.01)ns™" . (5.6)

This corresponds to an integrated LONS charge of about 1.3 photoelectrons per 10 ns
integration window, which is in good agreement with the expected LONS rate.

Figure 5.23b shows the pulse shape of the selected noise peak averaged over many events.
It has a FWHM of about 2.6 ns. This corresponds to the response of the instrument to a
d-function input pulse (single LONS photoelectrons have no internal time structure). The
mean charge of the noise peak corresponds within errors to the mean charge for a single
photoelectron.

The 8 bit amplitude resolution in the test setup was somewhat limiting the resolution
of the single photoelectrons due to the LONS. With the higher resolution of 10 bit with
the full MUX-FADC system even a continuous calibration of the read-out chains using the
single photoelectrons shall be possible.
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Figure 5.23: a) Arrival time distribution of the first noise peak on the pedestal baseline.
The peaks are arriving randomly in time with a rate of (0.13 £ 0.01)ns™!. b) Average
reconstructed shape of the LONS noise peaks. The FWHM is about 2.6 ns.

5.4.3.5 MC Simulations

The response of the MAGIC telescope to y-ray showers and to background was simulated
in detail, see section 2.2.8 and Majumdar et al. (2005). Both the currently used 300
MSamples/s read-out chain and the ultra-fast digitization were simulated.
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Figure 5.24 shows the reconstructed single photo electron spectrum of a simulated
pedestal run. The highest integral of 8 FADC slices (4 ns) was searched for in a fixed
digitization window of 20 slices (10 ns). The leftmost peak corresponds to electronics noise
only. The right part of the distribution corresponds to the response of the PMT to one or
more photo electrons.
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Figure 5.24: Reconstructed single photoelectron spectrum of a simulated pedestal run. The
leftmost peak is the pedestal.

In figures 5.25 the signal and arrival time resolutions of the current and the MUX-FADC
system are compared using MC simulations. For both MC simulations the same LONS
conditions are assumed as well as the same electronics noise level. In the simulation the
intrinsic transit time spread of the PMTs of about 250 ps per photoelectron was not taken
into account. The input light pulse has a FWHM of 1 ns as expected for vy-ray induced
showers.

Contrary to the simple signal and arrival time extraction algorithms used above, a
dedicated numerical fit to the FADC samples using a known pulse shape has been applied
to illustrate the theoretically achievable resolution, see section 3.1.4.4. Figure 5.25a shows
the resolution of the reconstructed pulse arrival time as a function of the input signal.
The MUX-FADC system improves the timing resolution by nearly a factor of two. Figure
5.25b shows the resolution of the reconstructed charge as a function of the input charge.
With the MUX-FADC system the charge resolution improves by a factor of two. It should
be noted that in MAGIC II an even higher resolution could be achieved because in the
MAGIC I camera the PMT signals were already stretched at the VCSEL driver amplifiers
in order to prevent an oscillation. In MAGIC II a better amplifier should allow to transmit
the full bandwidth of the PMTs.
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Figure 5.25: MC simulations: a) Comparison of the pulse arrival time resolution as a
function of the input signal size between the current MAGIC 300 MSamples/s FADCs and
the 2 GSamples/s FADCs. The time resolution improves by nearly a factor of two with the
new system. b) Comparison of the signal resolution as a function of the input signal with

the current 300 MSamples/s MAGIC FADCs and the 2 GSamples/s FADCs system. The

stgnal resolution improves by a factor of about two.

5.5 Discussion

The newly developed ultra-fast fiber-optic multiplexed FADC prototype read-out system
was successfully tested during normal observations of the MAGIC telescope in La Palma.
The fiber-optic splitters and delays are commercially available and comply with the required
specifications for the use in the ultra-fast MUX-FADC read-out system. The 10 bit 2
GSamples/s FADCs from Acqiris have been developed for MAGIC, and are available now as
a commercial product. Thus the ultra-fast FADC read-out has grown to a viable technology
which is ready for the use as a standard read-out system for the MAGIC telescope and
other high-speed data acquisition applications.

The multiplexing of 16 channels into one ultra-fast FADC allows one to reduce the
price of an ultra-fast read-out system. The MUX-FADC read-out reduces the costs by
about 85% compared to using one ultra-fast FADC per read-out channel. Also the power
consumption of the read-out system is reduced by at least a factor of 10.

The ultra-fast MUX-FADC system allows to skip the artificial pulse stretching and
thus to use a shorter integration window for the Cherenkov pulses. The reduction of the
pulse integration window from 13.33 ns (4 samples with 3.33 ns per sample) for the current
MAGIC FADC system to 5 ns (10 samples with 0.5 ns per sample) for the MUX-FADC
system corresponds to a reduction of the integrated LONS charge by a factor of about 2.7.
Consequently, the RMS noise of the LONS is reduced by about 40%.

The recorded images of the air showers are usually, at least for energies above 100
GeV, characterized by so-called Hillas parameters, see section 3.2.4. In order to prepare
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raw shower images for the Hillas parameter calculation it is necessary to apply so-called
tail cuts to reject pixels with a low signal-to-noise ratio, see section 3.2.3. All pixels with
signals below 3 times their noise RMS (mainly due to LONS) are rejected (dynamic image
tail cut cleaning).

A reduction in the noise RMS translates into lower image cleaning levels. Thus a larger
part of the shower image, or in other words a shower image of a higher signal-to-noise
ratio, can be used to calculate Hillas parameters. This is especially important for low
energy events where the signals of only a few pixels are above the image cleaning levels.
The image quality of the air showers will improve with the ultra-fast read-out system. This
will allow the reduction of the analysis energy threshold of the MAGIC telescope.

The ultra-fast FADC system also provides an improved resolution of the timing struc-
ture of the shower images. As indicated by MC simulations (Mirzoyan et al. 2006) vy-ray
showers, cosmic ray showers and the so-called single muon events have different timing
structures. Thus the ultra-fast FADC read-out should enhance the separation power of
~v-ray showers from backgrounds.

5.6 Production and Installation of the Full MUX-FADC
System

After the successful prototype tests of the MUX-FADC system the Max-Planck society has
allocated special funds to build and install the MUX-FADC system as a read-out upgrade
of the full MAGIC telescope (end of 2004). In 2005 the MUX electronics was produced and
tested in the MPI, the optical components were purchased and their quality controlled as
well as the Acqiris FADCs. Figure 5.26 shows the full read-out system consisting of four
racks in the MPI electronics department during tests.

In spring 2006 the full MUX-FADC system was installed in the MAGIC telescope and
data are being recorded since May 2006 in parallel to the 300 MSamples/s FADC read-
out. The analysis of these data is beyond the scope of this thesis. Figure 5.27 shows the
installed MUX-FADC racks in the electronics room of the MAGIC counting house in La
Palma.
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Figure 5.26: Full MUX-FADC read-out system assembled in the electronics department at
MPI during quality control tests. The racks are shown from the back side with preliminary
connected optical fibers.
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Figure 5.27: Full MUX-FADC system after installation in the electronics room of the
MAGIC counting house in La Palma.



Chapter 6

Summary, Conclusion and Outlook

This thesis had the following four main aims:

1. Observation of very high energy ~-rays from galactic sources with the MAGIC tele-
scope. Modelling and discussion of the multi-wavelength emission of the sources.

2. Development of dedicated observation and analysis procedures for large zenith angles.
Implementation of the off-source tracking observation mode (the so-called wobble
observation mode). Computation of VHE ~-ray sky maps and comparison with
multiwavelength data.

3. Development and implementation of an FADC pulse reconstruction algorithm in the
common MAGIC analysis software framework MARS.

4. Development of new ultra-fast read-out electronics for the upgrade of the MAGIC
telescope, including prototype-tests, production and installation of the full-scale sys-
tem.

In the first half of my time as a PhD student, I have developed, in cooperation with the
electronics department of the MPI, an “Ultra Fast Fiber-Optic Multiplexed FADC system.”
In summer 2004 I performed a successful test of a prototype of this new read-out system
at the MAGIC telescope. The results are published in Nuclear Instruments and Methods
A (Bartko et al. 2005b). Based on this prototype test the Max-Planck-Gesellschaft has
granted the MAGIC group funds to upgrade the current MAGIC read-out system with
the newly developed one. I have supervised the production and quality control of the
hardware of the new read-out system till fall 2005. Together with colleagues from the MPI
we installed the full new read-out system in the MAGIC telescope at La Palma in April
2006, followed by a test and commissioning phase. Moreover, we have adapted the MAGIC
read-out and data analysis software to the new data format.

Since May 2006 data are being recorded with the new MUX-FADC system in parallel
to the 300 MSamples/s FADC read-out. The analysis of these data is beyond the scope of
this thesis. It will be finalized after submission of this thesis. The parallel read-out with
the old and the new data acquisition system will allow a reliable intercalibration of the two
systems. In the near future, the MUX-FADC system itself will have to be updated in the
process of the installation of the second MAGIC telescope, see section 2.4.
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On the software side, I have developed a novel FADC pulse reconstruction algorithm for
Cherenkov telescopes. It computes the signal charge and the arrival time from the recorded
FADC samples in each camera channel, for each triggered Cherenkov light pulse. Based
on the features of the current read-out electronics, the reconstruction algorithm performs
a numeric fit of a model signal shape to the recorded signal samples varying the amplitude
and the position in time (the “digital filter” method). The full noise autocorrelation is
taken into account. I have presented the performance of the algorithm at an international
conference (Bartko et al. 2005a), and a publication is submitted to a refereed journal
(Albert et al. 2006e). The reconstruction algorithm has been implemented in the common
MAGIC software framework.

The digital filter method will have to be adjusted to the data taken with the ultra-
fast MUX-FADCs. Because no pulse stretching is applied, differences in the pulse shape
between vy-ray and hadron initiated showers are expected. The quality of the numerical
fit of the expected ~-ray pulse shape to the recorded FADC samples may give, on an
event by event basis, an additional parameter to discriminate y-ray from hadron events.
Furthermore, the improved arrival time information for the signals in each of the pixels
may be further exploited to reject noise in the image cleaning (see section 3.2.3) as well as
to improve the v/hadron separation (see section 5.1).

After the completion of the commissioning phase of the MAGIC telescope, in the be-
ginning of 2005 the cycle one observations started. For this first scientific observation
cycle T have proposed two observations as Principle Investigator: the Galactic Center and
some of the galactic sources recently detected in the galactic scan performed by the HESS
collaboration (Aharonian et al. 2005a). The Galactic Center is a very interesting region
containing most likely a super massive black hole, supernova remnants, pulsar wind nebula
candidates, hot gas and large magnetic fields. Recently, very high energy v-radiation was
reported from the Galactic Center by the CANGAROO (Tsuchiya et al. 2004), VERITAS
(Kosack et al. 2004) and HESS (Aharonian et al. 2004b) collaborations. The fact that the
measured spectra differed significantly has stimulated discussions about the origin of the
differences. The source of the very high energy ~ radiation is still unclear.

Most of the new galactic sources discovered by the HESS collaboration are part of a
new population of galactic very high energy vy-ray sources. Though most of these sources
are spatially coincident with supernova remnants (either from the shell type or pulsar
wind nebulae), none of these new sources had been predicted to be observable in the
very high energy vy-ray domain. In contrast to that, only few of the supernova remnants,
which were predicted to emit very high energy ~y-radiation, could actually be observed.
For the theoretical understanding and modeling of these sources the energy spectrum, flux
variations in time and the exact source location and extension were measured.

The Galactic Center and the new galactic HESS sources are located in the southern
part of the sky. With the MAGIC telescope they can only be observed under large zenith
angles (ZA) of up to 60°. These observations were the first observations with the MAGIC
telescope at such large ZA. The shower images for observations at large ZA (see section
3.6.5) differ significantly from the ones for standard observations at small ZA. Therefore,
I have developed and implemented the data analysis chain for large ZA data and tested
it with data samples of the Crab Nebula as a bright and steady reference source. As the
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galactic star field results in quite an inhomogeneous background brightness distribution, I
have decided to observe the sources in the so-called wobble observation mode (see section
2.3). These were the first scientific observations with the MAGIC telescope in the wobble
observation mode. To analyze the wobble mode data I have updated the MAGIC standard
analysis and reconstruction software (see section 3.5). These observations were also the
first observations with the MAGIC telescope of potentially extended objects with uncertain
sky positions. Therefore, I have developed a procedure to calculate an unbiased sky map of
VHE ~-rays (see section 3.3.2) and to overlay this sky map with contours from observations
in other wavelength bands.

In an extensive observation campaign in summer 2005 we have accumulated a total
exposure time of about 50 hours on the Galactic Center, about 25 hours on the source HESS
J1813-178 and another 20 hours on the source HESS J1834-078. Some of this data taking
I have supervised as shift leader of the MAGIC telescope. These observations resulted in
significant detections of the three sources. Working together with theorists I have discussed
the results considering models for the multi-wavelength emission of the sources. The results
of the observations are published in three Letters to the Astrophysical Journal (Albert et al.
2006a,b,c). In the following sections 6.1 to 6.3 the main results of these observations are
summarized and for each source an outlook is given, as to which further observations are
needed for a better understanding of these sources. This concerns especially the parent
particles of the VHE ~-rays and the acceleration models. Finally, section 6.4 discusses
which measurements are necessary in the future to identify the sources of the cosmic rays
and which implications these requirements have on future instrumentation.

6.1 The Galactic Center

The Galactic Center was observed with the MAGIC telescope under large zenith angles re-
sulting in the detection of a differential y-ray flux consistent with a steady, hard-slope power
law, described as dN,, /(dAdtdE) = (2.940.6) x 10712(E/TeV) 2202 cm =25~ TeV ™", This
measurement confirms the VHE ~v-ray source at the Galactic Center. Within errors the
determined flux is in very good agreement with the measurement of HESS (Aharonian
et al. 2004b). The VHE ~-ray emission does not show any significant time variability;
the measurements rather suggest a steady emission of v-rays from the GC region. The
CANGAROO collaboration has revised their error estimation of the Galactic Center data
such that their results are marginally compatible with the MAGIC and HESS VHE ~-rays
spectra within errors (Katagiri et al. 2005). As the VHE ~-ray spectrum extends up to
20 TeV following a simple power law, the main part of the observed VHE ~-radiation is
most probably not due to Dark Matter particle annihilation in the GC region, which would
in most models result in a cut-off of the y-ray spectrum well below 10 TeV.

There are still various candidate sources for the VHE ~-ray emission in the immediate
vicinity of the Galactic Center: The MAGIC telescope data show a point like source,
centered at (RA, Dec)=(17245m20°%, -29°2"). Within the systematic pointing uncertainty of
2’ the source location is spatially consistent with the three candidates SgrA*, G359.95-0.04
as well as SgrA East.

In order to be able to discriminate between the different source models future experi-
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ments should provide the following features:

e Improved angular resolution: The projected distance between the objects SgrA*,
(G359.95-0.04 and SgrA East is below 1’. G359.95-0.04 and SgrA East have some
intrinsic extension. Therefore, also a VHE ~-ray signal from these source is expected
to be slightly extended, whereas the VHE v-ray signal from the immediate vicinity
of the black hole might be point-like to a very good approximation.

e Larger -ray spectral coverage: The expected 7y-ray spectra from hadronic interac-
tions and IC scattering of leptons are different, especially at energies around 1 GeV.
An open question is, whether the VHE ~-ray source is physically connected to the
EGRET source (Mayer-Hasselwander et al. 1998; Hartman et al. 1999) near the
Galactic Center, observed in the energy region from 100 MeV to about 10 GeV. In
case of cosmic ray interactions with dense target material the VHE v-ray spectrum
is expected to continue up to at least 100 TeV.

e Full time coverage of the VHE v-ray source in order to study the possible connection
of the VHE v-ray emission with the flaring emission in the near infrared and X-ray
bands.

e Further study of the connection between the diffuse v-radiation along the Galactic
Plane and the point-like VHE v-ray source at the GC.

e Search for VHE neutrinos or ultra high energy (> 10'® eV) neutrons from the GC
to test the hadronic models for the production of the VHE ~-rays. Such high energy
neutrons have a good chance to reach the earth before decaying.

6.2 HESS J1813-178

The newly discovered source HESS J1813-178, which is spatially coincident with the SNR
(G12.82-0.02 is observed with the MAGIC telescope resulting in the detection of a differ-
ential y-ray flux consistent with a hard-slope power law, described as dN,/(dAdtdE) =
(3.340.5) x 10712(E/TeV)~21#02 cm =25~ 1TeV !, The observation is put in the perspective
of multifrequency observations.

The source HESS J1813-178 is a very good candidate for an accelerator of hadronic
cosmic rays. The current data can be described by both hadronic as well as leptonic models
for the y-ray emission. To distinguish between these two possibilities, data at around 1 GeV
are needed, see figure 4.11. These data may soon be available from the GLAST satellite
(see e.g. Wood et al. (1995)), expected to be launched in late 2007. The detection of
TeV neutrinos from this source with future neutrino telescopes like IceCube (Ahrens et al.
2004) and KM3NeT (Katz 2006) would strongly support the hadron acceleration in this
source. In addition to prove that the cosmic rays are accelerated in this source, one also
has to show that hadrons are accelerated at least up to the knee energy of the cosmic ray
spectrum of a few times 10 eV. In this case vy-rays of energies of at least 100 TeV would
have to be detected from this source. Possible instruments for this are the high energy
Cherenkov Telescope Array CTA (Colin et al. 2006) or the future HAWK detector (Smith
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2005). At such energies MAGIC measurements would be limited by ~-ray event statistics
due to the small flux.

VHE ~-ray data with a higher angular resolution (for example in combined MAGIC I
and MAGIC II stereo observations, see section 2.4) may be able to accurately determine
the intrinsic source size and distinguish whether the y-rays are produced at the SNR shell
or in the interior of the SNR as expected in the case of a pulsar wind nebula. As shown in
section 4.2.4.2, it is very difficult to attribute the radio emission, soft X-rays as measured
by ASCA (Brogan et al. 2005) and hard X-rays as measured by INTEGRAL (Ubertini
et al. 2005) as synchrotron emission from just one electron population. Future X-ray data
with a high angular resolution will tell whether the X-ray emission originates from the
shell of the remnant and/or from a synchrotron nebula in its interior. An intercalibration
and independent confirmation of the ASCA and INTEGRAL source spectra is also highly
desirable.

6.3 HESS J1834-087

The newly discovered source HESS J1834-087 is spatially coincident with the SNR G23.3-
0.3 (W41). It is observed with the MAGIC telescope, resulting in the detection of a
differential y-ray flux consistent with a power law, described as dN,/(dAdtdF) = (3.7 +
0.6) x 10712(E/TeV) 25402 cm~25~1TeV . A source extension of (0.14+0.04)° is derived.
A spatial coincidence of the 7-ray source with a massive molecular cloud observed by its
13CO and 2CO emission is found.

The v-ray energy spectrum of HESS J1834-087 is steeper than the one expected from
the prototype source of cosmic rays. Also the VHE v-ray emission is centered in projec-
tion inside the SNR shell. Therefore, the observed VHE ~-rays may either be due to IC
scattering of VHE electrons inside the SNR shell (a possible pulsar wind nebula) or due
to the energy dependent diffusion of the accelerated hadronic cosmic rays to the densest
region of the molecular cloud. Future high angular resolution observations of VHE ~-rays
(for example with MAGIC II, see section 2.4) may be able to definitely localize the y-ray
production place. Sensitive X-ray data are needed to study whether there is a population
of VHE electrons inside the SNR, which may be responsible for the observed v-ray emis-
sion. Also the radio hot spot in the middle of the SNR shell should be investigated in more
detail in radio and X-rays. More sensitive radio observations may detect or exclude the
existence of a pulsar within the SNR shell.

6.4 Future Searches for the Accelerators of the Cos-
mic Rays

This thesis has shown that the sources HESS J 1813-178 and HESS J 1834-087 are good
candidates for accelerators of the cosmic rays. The region of a few pc radius around the
Galactic Center also probably hosts an accelerator of cosmic rays. Despite this progress
it is still an open question, which classes of astrophysical objects are responsible for the
acceleration of the cosmic rays. In particular, the following questions arise:
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Are all accelerators of cosmic rays expected to emit VHE ~-rays and neutrinos, and
if so, at what flux levels? Are some additional conditions required like the interaction
with molecular clouds to provide a target for the y-ray and neutrino production?

Which classes of galactic objects emit VHE ~-rays?

How can one determine for a particular source the relative fractions of VHE v-rays,
which are produced in hadronic interactions and which are produced in reactions of
VHE leptons? The physical processes of particle acceleration and y-ray emission in
this source have to be determined for each of these sources separately.

Do the candidate sources of the cosmic rays accelerate hadrons up to the energy
of the knee in the cosmic rays spectrum? Which physical parameters of the source
determine the knee energy?

Are there enough candidate sources to account for the total observed power of the
cosmic rays?

The following observations can contribute to answer these open questions:

A high sensitivity unbiased scan of the galactic plane in VHE ~-rays would provide
an overview and statistics of the types and properties of the candidate sources for
cosmic ray acceleration. These y-ray measurements require new generation IACTs
with a higher flux sensitivity, smaller y-ray PSF, larger field of view and higher duty
cycle, like MAGIC II and CTA.

In order to show that hadrons are accelerated up to the energy of the knee in the cos-
mic ray energy spectrum at about a few times 10! eV in the source, the measurement
of the y-ray spectrum has to be extended up to at least 100 TeV. For ~-ray energies
around 100 TeV large arrays of TACTs like CTA or future large water Cherenkov
telescopes like HAWK are suited best.

Good angular resolution data at around 1 GeV have to be collected on the candidate
source to be able to distinguish the case of production of the observed VHE ~-
rays in the collision of cosmic ray hadrons with ambient matter from the case of
leptonic production. This observation can be carried out by future space-borne ~-ray
telescopes like the future GLAST satellite.

Sensitive soft and hard X-ray data have to be taken on the candidate sources in order
to evaluate whether there are populations of VHE electrons which may produce the
observed VHE ~-ray fluxes. Generally, cut-offs of the synchrotron spectrum are
expected at a maximum of a few keV as electrons are cooling quite efficiently in the
ambient galactic magnetic fields and may not be accelerated beyond a few tens of
TeV. A very hard X-ray component may come from the synchrotron radiation of
secondary electrons produced in hadronic reactions of the accelerated cosmic rays
in or near the source. This physics objective requires sensitive soft and hard X-ray
satellite telescopes with good spectral and spatial resolution.
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e The detection of TeV neutrinos from this source would strongly support the hadron
acceleration in this source. Unfortunately, the neutrino interaction cross-section is
minute, which requires km?® detectors to observe a significant neutrino signal from
galactic ~y-ray sources, see e.g. Kappes et al. (2006). The central part of the
galaxy can only be observed from neutrino telescopes in the northern hemisphere
like KM3NeT (Katz 2006).

e Finally, one has to observe enough sources, in which cosmic rays are accelerated, such
that the sum of the sources are capable to provide the full power observed in cosmic
rays.
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