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Abstract

Blazars, a subclass of active galactic nuclei in which the jet is aligned very close to our line of
sight, can accelerate charged particles to relativistic energies in the jet. Electromagnetic emission
from this class of sources can be observed from radio up to TeVenergies. The MAGIC telescope
is an Imaging Atmospheric Cherenkov Telescope with a 17-m diameter dish, located on the
Canary Island of La Palma, in operation for exploring a new window of very high energy (VHE)
γ-ray bands, above 50 GeV.

Searching for new VHEγ-ray blazars, BL Lacertae was observed with the MAGIC telescope
in 2005 and 2006. A VHEγ-ray signal was discovered with a 5.1σ excess in the 2005 data.
This discovery established a new class of VHEγ-ray emitters, "low-frequency peaked BL Lac
objects". On the other hand, the 2006 data showed no significant excess. This drop in flux
followed the observed trend in the optical activity.

The MAGIC telescope continuously observed the bright knownblazars Mkn501, 1ES1959+650
and Mkn421. In particular, extensive simultaneous multiwavelength observations with the MAGIC
telescope and the X-ray Satellite Suzaku were carried out for Mkn501 in July 2006 and for
1ES1959+650 in May 2006. VHEγ-ray signals from about 100 GeV to a few TeV were clearly
detected. For the first time, the VHEγ-ray spectra were simultaneously obtained with the X-ray
spectra during their low states of activity. Long term observations of Mkn421 in 2006 showed a
strong variability in VHEγ-ray emission.

The spectral energy distributions (SEDs) of these four blazars could be well explained by a
homogeneous one-zone synchrotron self-Compton model. This model suggests that the variation
of the injected electron population in the jet is responsible for observed variations of the SEDs
of the blazars. For all sources, the derived magnetic field strength in the jet and the Doppler
beaming factor showed similar values.

A contribution on the hardware sector is also presented in this thesis. For further lowering
energy threshold in the MAGIC project, a new type of photosensor, "HPDs with an 18-mm di-
ameter GaAsP photocathode", were developed. A quantum efficiency of the photocathode could
reach over 50%. Compared to the PMTs currently used in MAGIC,the new photosensors would
improve the overall Cherenkov photon conversion efficiencyby a factor of 2. Other performance
values including lifetime also fulfilled the requirements of photosensors to be used in the MAGIC
telescope.
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Zusammenfassung

Blazare, eine Unterklasse von aktiven galaktischen Kernen, deren Jet sehr nahe zur Sichtlinie
des Beobachters ausgerichtet ist, können in ihrem Jet geladene Teilchen bis hin zu relativis-
tischen Energien beschleunigen. Von diesen Quellen kann elektromagnetische Strahlung vom
Radiobereich bis hin zu TeV Energien beobachtet werden. DasMAGIC Teleskop ist ein ab-
bildendes atmosphärisches Cherenkov Teleskop mit einem Reflektor von 17m Durchmesser, das
auf der kanarischen Insel La Palma betrieben wird, um im neu erschlossenen Beobachtungsfen-
ster sehr hoch energetischer (SHE) Gammastrahlen über 50 GeV den Himmel zu erforschen.

Auf der Suche nach neuen SHE gammastrahlenden Blazaren beobachtete das MAGIC Teleskop
den Blazar BL Lacertae in den Jahren 2005 und 2006. In den Daten aus 2005 wurde ein Signal
mit einer Signifikanz von 5.1σ gemessen. Mit dieser Entdeckung wurden die "niederfrequent
dominanten BL Lac Objekte" als neue Klasse von SHE Gammastrahlungsquellen etabliert. In
den Daten aus 2006 wurde kein signifikantes Signal gemessen.Der daraus abgeleitete Flussabfall
von BL Lacertae entspricht dem beobachteten Abfall der optischen Aktivität.

Das MAGIC Teleskop beobachtete kontinuierlich die hellen,bereits bekannten Blazare Mkn501,
1ES1959+650 und Mkn421. Insbesondere wurden aufwendige, gleichzeitige Multiwellenlängen-
Beobachtungen mit dem MAGIC Teleskop und dem Röntgensatelliten Suzaku für Mkn501 im
Juli 2006 und für 1ES1959+ 650 im Mai 2006 durchgeführt. Signifikante Signale von Gammas-
trahlen mit Energien zwischen ca. 100 GeV und einigen TeV wurden gemessen. Zum ersten Mal
wurden simultan ein SHE Gammastrahlenspektrum und ein Röntgenspektrum dieser Quellen
aufgenommen, während sie in einem niedrigen Aktivitätsstadium waren. Langzeitbeobachtun-
gen von Mkn421 zeigten eine starke Variabilitaet im Flussniveau in 2006.

Die spektralen Energieverteilungen (SEVs) dieser vier Blazaren können gut durch ein homo-
genes Einzonen-Synchrotron-Selbst-Comptonmodell beschrieben werden. Dieses Modell legt
nahe, dass die beobachteten Variationen der SEVs dieser Blazare auf Veränderungen des in den
Jet injizierten Elektronenspektrums zurückzuführen sind. Für alle Quellen wurden die gleichen
Magnetfeldstärken und Dopplerfaktoren im Jet abgeleitet.

Mein Beitrag zur Hardwareentwicklung ist ebenfalls Teil dieser Arbeit. Zum Erreichen einer
niedrigeren Schwellenenergie des MAGIC Teleskops wurde ein neuer Typ von Photosensoren
"HPDs mit einer 18mm durchmessenden GaAsP Photokathode" entwickelt. Die Quantenef-
fizienz dieser Photokathoden erreicht 50%. Im Vergleich zu den PMTs, die zur Zeit in MAGIC
verwendet werden, würden die HPDs die Photonenkonvertierungseffizienz von Cherenkov Licht
verdoppeln. Alle weiteren Parameter, wie z.B. die Lebensdauer, erfüllen die Anforderungen an
Photosensoren zum Einsatz in Cherenkov Teleskopen wie MAGIC.
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Introduction - This Thesis

In 1912, high energy charged particles striking the earth from outer space, called "Cosmic Rays",
were discovered by Victor Hess. Up to now, cosmic rays have been observed with energies even
beyond 1020 eV. These highest energy particles cannot be generated in any accelerator on Earth,
not even within in our galaxy. It is, however, extremely difficult to identify a distant source as
origin of cosmic rays using their arrival direction becausecharged cosmic rays are deflected by
the inter-galactic and galactic magnetic fields before theyreach the Earth. So far, not a single
source has been proven to be the site of cosmic-ray acceleration. On the other hand, a neutral
particle, like a photon, can reach the Earth without deflection by magnetic fields. High energy
photons are attributed to high energy charged particles andpoint to their origin of generation.

"Active galactic nuclei (AGNs)" are considered to be one of the prime candidates for an
acceleration site of the highest-energy cosmic rays. AGNs are galaxies in which the galactic core
produces more radiation than the entire rest of the galaxy itself. It is believed that, AGNs, like
most galaxies, have supermassive black holes (mass in the range of 106 − 109M⊙) in their cores
and the radiated power is produced by mass accretion onto thesupermassive black hole. Some
AGNs have relativistic outflows (jets), which are considered to be the site of particle acceleration
and generate high energy photons. If a relativistic jet is viewed at a small angle relative to its axis
the observed emission from the jet is amplified by the relativistic beaming effect. Such sources
are called blazars; they are, in fact, the most dominant class of high-energy photon emitters
among AGNs inγ-ray astronomy. For example, 3C 279, the firstγ-ray blazar discovered with
a γ-ray satellite "EGRET", was one of the brightestγ-ray sources in the sky at the time of its
discovery in 1991. In 1992, TeV emission was discovered froma blazar, Mkn421, which was
established as the first extra-galactic TeV photon emitter.Electromagnetic emission from this
class of sources can be observed from radio up to TeV energies. Based on the phenomenological
aspects of their emission features, blazars are divided into two classes,Flat Spectrum Radio
Quasars (FSRQs)andBL Lacertae Objects (BL Lacs). Their spectral energy distributions
(SEDs) are characterized by a two-bump structure. Among BL Lacs, where the lower peak
is located in the sub-millimeter to optical band, the objects are classified as"Low-frequency
peaked BL Lacs (LBLs)", while in "High-frequency peaked BL Lacs (HBLs)" the lower
peak is located at UV to X-ray energies. However, the physical origin of these sub-classes is still
unclear.

The ultimate goal of blazar research is to learn how energy isextracted from the black hole.
We are still at a very early stage in this area, trying, at thispoint, simply to understand how
much energy is involved and what is the physical state of the jet. The observed radiation must
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be associated with the intrinsic properties of the jet. In particular, due to its fast variability,γ-ray
emission may prove to be more directly related to the physicsof the central black hole than other
low-energy emissions. Therefore,"How is the γ-ray spectrum produced?" is therefore one of
the most interesting questions in blazar research and it mayprovide new knowledge about the
fundamental physics of blazars. Unfortunately, the numberof blazars from which very high en-
ergy (VHE:E > 50GeV)γ-rays have been detected ("TeV blazar") is too small for investigating
the fundamental physics of blazars. In 2004, when I started this work, there were only 7 AGNs
confirmed as VHEγ-ray emitters. All but one of them belonged to the class of HBLs. VHE
γ-rays had never been detected from either LBLs or FSRQs. Therefore, there was a strong desire
to increase the number of TeV blazars.

So far, observed emission from HBLs has been very successfully interpreted in the frame-
work of Synchrotron Self-Compton (SSC) models. The lower energy bump is attributed to
synchrotron emission by relativistic electrons in the jet,while the higher energy bump originates
from inverse Compton (IC) scattering of the synchrotron photons off their own parent electrons.
It should be noted that other emission models based on the acceleration of hadrons, with subse-
quent creation of neutral pions to photons, have also been proposed. Emission in the framework
of these "hadronic origin" models would lead to a direct evidence of a cosmic-ray accelerator,
but no observational result has confirmed this type of modelsyet.

Simultaneous multiwavelength observations over a wide energy range are essential for dis-
cussing those emission models of TeV blazars, because theseoften show a strong flux variability
down to time scales of a few minutes in the VHEγ-ray band. Especially, a correlation between
X-rays and VHEγ-rays is an important feature because of its being well associated with the SSC
model. Most of the previous multiwavelength campaigns suffered from the low sensitivity of
the participatingγ-ray telescopes. Therefore, simultaneous observations were limited to being
conducted only during flaring states (i.e., states with highsource flux). In addition, the energy
region between 30 and 300 GeV was unexplored even though it isan important range for TeV
blazar observations, as it is the energy range where blazarsare supposed to show their luminosity
peaks .

Considering these open issues, I decided to study VHEγ-ray emission from blazars with the
MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) telescope. The MAGIC telescope
is an Imaging Atmospheric Cerenkov Telescope (IACT) with a 17-m diameter dish, located on
the Canary Island of La Palma (28.2◦ N, 17.8◦ W, 2225 m a.s.l.). IACTs are currently the most
successful instruments for VHEγ-ray observations thanks to the innovations achieved in the
"imaging technique". IACTs record images ofγ-ray induced air showers in the atmosphere
using their emitted Cherenkov light instead of direct detection of cosmic VHEγ-rays themselves.
Nearly all important discoveries of TeV sources including the first one concerning both galactic
and extra-galactic objects have been achieved with IACTs.

Thanks to the currently largest mirror dish worldwide, the MAGIC telescope is operating
at aγ-ray trigger threshold of∼ 50 GeV and a spectral threshold of∼80 GeV, which are the
lowest energy thresholds to be found among current IACTs. The MAGIC telescope allows us to
study the VHEγ-ray emission from blazars in the newly opened energy range.IACT observa-
tions with a low energy threshold have another advantage forstudying VHEγ-rays from blazars.
While traveling through the universe, VHEγ-rays from blazars are absorbed by faint diffuse
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light, called "Extra-galactic background light (EBL)". The absorption effect decreases as the
VHE γ-ray energy becomes lower. The telescope’s high sensitivity allows the detection of VHE
γ-ray signals with rather short observation times even in lowstates of source activity. Together
with wide energy-range X-ray satellites, these new instruments make it possible to perform mul-
tiwavelength observations in a much wider range than ever, also in various states of activities of
the observed objects.

In order to further improve the observation performance, the MAGIC project will be upgraded
to "MAGIC-II" during the year of 2008 by a second 17-m diameter telescope at 85 m distance
from the first one. One of the key tasks within the MAGIC-II project is the development of a new
type of photosensor to which I contributed, the"Hybrid PhotoDetectors (HPD) with an 18-
mm diameter GaAsP photocathode",for achieving an even lower energy threshold. Currently,
photomultiplier tubes (PMTs) are widely used as photosensors for IACTs. Their conversion
efficiency from a photon to a photoelectron - the so-called "quantum efficiency (QE)"- is only
20 to 30%. On the other hand, HPDs with a GaAsP photocathode have a QE of∼ 50%. In
conventional HPDs, the size of the GaAsP photocathode was too small (<8 mm) to be used
as a pixel element in the MAGIC telescope camera. Therefore,HPDs with a larger GaAsP
photocathode size (18 mm) are required and their performance, for a first application in the field
as photosensors for IACTs, needs to be verified.

Thus, this thesis has the following key objectives:

• Development of a new type of photosensor, "HPD", with a high quantum efficiency to
further lower the energy threshold in IACT observations.

• Search for new TeV blazars to increase the number of sources among all sub-classes of
blazars for investigating the fundamental physics of blazars.

• Wide-range simultaneous multiwavelength observations inthe X-ray and VHEγ-ray bands
in order to obtain wide-range spectral energy distributions in different states for discussing
emission models of blazars, especially with a Synchrotron Self-Compton model.

My thesis follows the structure outlined below where I also mention my personal contribu-
tions within the overall project.

Physics of AGN observations with VHEγ-ray emission: AGNs are the prime candidate sites
for acceleration of the highest-energy cosmic rays. In Chapter 1, the acceleration mecha-
nisms and the emission processes for cosmic high-energy photons in celestial objects are
described. The current status of the VHEγ-ray astronomy is briefly reviewed. Chapter
2 present a basic model of AGNs and some detailed informationabout blazars, including
emission models for their spectral energy distributions. The motivation for observation
strategies of this thesis is also mentioned.

Imaging Air Cherenkov Telescope, "MAGIC": Chapter 3 briefly describes the physics of air
showers and the subsequent production of Cherenkov light, including general descriptions
of IACTs. The hardware layout of the MAGIC telescope is presented Chapter 4.
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Development of a new type of photosensor, "HPD":The development status of HPDs is re-
ported in Chapter 5. First, their basic performance as photosensors and tests of a circuit
to compensate for temperature dependences in their gain characteristic are presented. Re-
sults of QE measurements are covered including applications of the wavelength shifter
technique for increasing the QE in the UV region. Measurement results of aging proper-
ties are also reported. Based on these results, simulation studies are carried out to estimate
the HPDs’ durability for operation as photosensors in the MAGIC camera.

This task was my personal responsibility and I performed allthe measurements and simu-
lation studies as reported in this Chapter. The HPDs were developed together with Hama-
matsu Photonics. I was the direct contact for the company at MPI throughout the develop-
ment.

Analysis methods of the MAGIC telescope:Chapter 6 gives an overview of the standard chain
of the MAGIC data analysis. For verification of my analysis inthe following sections, the
results of Crab Nebula observations are presented as well.

First discovery of VHE γ-ray emission from the LBL object, "BL Lacertae": For the first time,
VHE γ-ray emission was discovered from a LBL object, "BL Lacertae". In Chapter 7,
the observation results of 2005 and 2006 are reported. A comparison with previous ob-
servations in the VHEγ-ray band, a correlation between the optical and the VHEγ-ray
emission, and emission models for the observed SED are discussed.

As a Principle Investigator for this source I proposed the related observations and per-
formed the analysis as a main analyzer. The results published were based on my analysis.

Extensive observation of known bright TeV blazars: Observation results and discussions of
Mkn501 (Chapter 8) , 1ES1959+650 (Chapter 9) and Mkn421 (Chapter 10) are covered.
Wide-range simultaneous multiwavelength (MWL) observations together with the X-ray
satellite Suzaku were carried out in 2006 for Mkn501 and 1ES1959+650. In addition,
the MAGIC telescope performed long term monitoring observations of these three TeV
blazars. Light curves and spectra in both VHEγ-ray and X-ray bands obtained during the
MWL campaigns for Mkn501 and 1ES1959+650 are presented in detail. Long term light
curves (in 2005 and 2006 for Mkn501 and 1ES1959+650, in 2006 for Mkn421) are also
shown. The obtained SEDs are compared to previous measurements and discussed within
an SSC model, which can provide the physical parameters in the jet.

I worked for these MWL campaigns as a coordinator on the MAGICside for both Mkn501
and 1ES1959+650, and proposed the observations with the MAGIC telescope as a Princi-
ple Investigator to obtain simultaneous data of VHEγ-ray and X-ray. I analyzed the VHE
γ-ray data for Mkn501 taken in 2006, 1ES1959+650 taken in 2005and 2006, and Mkn421
taken in 2006 as a main analyzer. The results from my analyseswere published in a paper
and in proceedings as the results of the MAGIC collaboration.

Chapter 11 summarizes the discussions of observed SEDs of four TeV blazars within the SSC
model. Concluding remarks and an outlook based on the results of this thesis are given in Chapter
12.



Chapter 1

Very high energyγ-ray astronomy

1.1 Accelerators in Universe

In 1912, energetic charged particles striking the Earth from outer space, called "Cosmic Rays",
were discovered by Victor Hess. Up to now, cosmic rays have been observed with energies over
1020 eV as shown in Fig. 1.1. The variation of the flux with energy isreferred to as the "Energy
Spectrum". The slope with respect to energy is described by the spectral indexα, dN/dE ∝ E−α.
Remarkably, it appears to be a smooth curve over 10 decades ofenergy with only a few noticeable
structures. There are small, abrupt changes in the local just above 1015 eV and again just above
1018 eV. They appear as small "kinks" on a power law. Within the Cosmic Ray community, these
features are usually referred to as the "knee" and the "ankle", respectively. The spectral index
follows α ∼ 2.7 for energy above about 1 GeV. At an energy just above "knee" the spectral index
steepens toα ∼ 3.0, and at an energy around "ankle" the spectral index gets again harder.

Cosmic-rays with an energy above several 1019 eV (above the ankle) are a particularly inter-
esting topic. The highest-energy particles (> 6×1019 eV) interact strongly with the ubiquitous
cosmic microwave background radiation and lose energy by pion production while propagating
through the universe, thus, they can only travel limited distances. This effect is known as "GZK
effects" [121, 255]. Due to this effect, the cosmic-ray flux is strongly attenuated above 6×1019

eV and the spectrum is expected to have a sharp cut-off aroundthat energy, so-called "GZK
cut-off". However, a Japanese group, the AGASA experiment [82], detected 11 events above
1020 eV, which indicated that the energy spectrum is likely to extend beyond 1020 eV without
the GZK-cutoff [232]. In contrast, a U.S. group, the HiRes experiment [4], derived the spectrum
which followed with the predicted flux by the GZK effect [1]. Acurrent on-going project, the
Pierre Auger experiment [2], which has a much higher sensitivity than both previous ones, has
challenged to settle the issue of the highest-energy cosmicrays. In the latest results, the Auger
experiment showed the energy spectrum steepening above 4×1019 eV [252], the origin of this
feature (whether due to the GZK-effect or other effects) is,however, still under discussion [247].
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(a) (b)

 “Knee”

“Ankle”
(1 particle per km2-year)

(1 particle per m2-year)

Figure 1.1: [Left] (a): Many measurements of the cosmic-ray flux over a wide energy range
(taken from [131]). [Right] (b): MeasuredE-cubed energy spectraE3dN/dE above 1017 eV
from four experiments [AGASA, Yakutsk, HiRes and Auger] (taken from [237]).

1.1.1 Sources of Cosmic Accelerator

For a long time, people have tried to understand the origin ofcosmic rays. In current scenarios,
particles with higher energy (up to the "knee" at about 1015 eV) are supposed to be accelerated
in galactic objects, like supernova remnants (e.g., [48]).The origin of particles with energies
between the knee and the ankle is a matter of recent scientificdiscussions. Some models have
suggested that the spectral break at the knee is due to a limitation in the maximum energy of the
protons accelerated in the galactic objects (e.g., [244]).Particles with energy above the ankle are
thought to be originated from extra-galactic sources (e.g., [228]). However, not a single source,
neither galactic nor extra-galactic one, has been proven asthe site of a cosmic-ray accelerator,
yet.

Fig. 1.2 is the so-called "Hillas-plot", which plots the known cosmic sources where particle
acceleration may occur, with their sizes ranging from kilometers to mega-parsec [129]. A general
condition that has to be fulfilled is that the cosmic accelerator has to confine the accelerated
particle up to the highest energies. Following this argument leads to the expression:

Emax∝ ZeBL, (1.1)

whereZ is the charge of the accelerated particle,B is the magnetic field strength,e is the ele-
mentary charge andL is the linear dimension of the source size. The Diagonal lines represent
the possible maximum energy to be accelerated under the conditions of magnetic strength and
source size. Sites lying below each line are excluded from the candidate sites to produce the



1.1 Accelerators in Universe 7

highest-energy particle as indicated in the figure.
Not many types of sources are expected as accelerators of thehighest-energy cosmic rays.

Active galaxies (AGNs: see detail in Chapter 2), a type of extra-galactic objects, is one of the
prime candidate site where protons can be accelerated up to 1020 eV. Recently (November 2007),
the Auger experiment just published the evidence of correlations between the arrival directions
of cosmic rays with energy above 6×1019 eV and the positions of AGNs lying within∼75 Mpc.
This is the first experimental evidence that indicate AGNs are a likely source of the highest-
energy cosmic rays [3].

Figure 1.2: Source size (L: x-axis) and magnetic filed strength (B: y-axis) of possible sites of
particles acceleration. Objects below diagonal lines can not accelerate (1) protons to 1021 eV
(red solid), (2) protons to 1020 eV (red dashed), (3) iron to 1020 eV (green).
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1.1.2 Acceleration mechanisms

A process was originally considered by Fermi [96]. This mechanism is called "Fermi accelera-
tion". In Fermi’s original paper, it was assumed that collisions with interstellar clouds would be
the main source of energy for the particles. This, however, led to problems for describing mea-
sured cosmic-ray spectrum. First, this process is very inefficient1. Second the universal spectral
index of cosmic rays can not be explained.

To solve these problems, new version of the Fermi acceleration mechanism was invented by
several authors (e.g., [55, 61]). This is the acceleration mechanism in the presence of strong
shock waves, so-called "Diffusive Shock Acceleration".

The situation is pictured in Fig. 1.3 in the rest frame of the shock, which is treated as a dis-
continuity. The mean velocities and densities of the scattering centers "upstream" ,"downstream"
of the shock areu1, u2 andρ1,ρ2 respectively which are taken to be constant throughout the re-
spective region.
The essence of this acceleration process is

• The particle energy can increase at each crossing of the shock wave front.

Here we consider only those particles which have energies high enough for their gyroradii
to be much larger than the thickness of the shock front. Such energetic particles hardly notice
the shock at all and the velocities of the particles (v≈ c) is much more than the velocity of the
shock. The energetic particles are consequently able to pass freely between the regions upstream
and downstream of the shock.

θ2

u1

upstream (ρ1) downstream (ρ2)

shock front

u2

E1

E2

θ1

<shock rest frame>

E1
'

Figure 1.3: Schematic drawing of the first-order Fermi acceleration mechanism. See detailed in
text.

1In this mechanism, the average increase in energy is only second order in (V/c), whereV is the velocity of the
cloud. The original process is called "second-order Fermi acceleration"
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While a particle is in the upstream or downstream region, itsenergy is constant when viewed
in the rest frame of the relevant region. When it crosses fromone region to the other, a Lorentz
transformation gives its energy in the rest frame of the new region. For a particle withE1, the
energy after a one cycle of passing from upstream to downstream and back to upstreamE′

1 is
given by

E′
1

E1
=

E′
1

E2

E2

E1
=

(1− u1v
c2 cosθ2)(1− u2v

c2 cosθ1)

(1− u2v
c2 cosθ2)(1− u1v

c2 cosθ1)
(1.2)

Angles at crossing of the shock are isotropically distributed on either side of the shock front.
The distributions of cosθ1 and cosθ2 for the plane shock front are the projections onto a plane in
the range of 0≤ cosθ1 ≤ 1 and−1≤ cosθ2 ≤ 0, so that〈cosθ1〉 = 2/3 and〈cosθ2〉 = −2/3 can be
derived, respectively. Consideringv≈ c, Eq. 1.2 becomes:

〈

E′
1

E1

〉

≈ 1+
4
3

(u1 − u2)
c

(1.3)

The energy increase is first order in (u1 − u2)/c on average so that this mechanism is called "first-
order Fermi acceleration". This is a much more efficient process than the original one.

After k cycles, the energy of the particleEk can be written using the initial energy of the
particleE0 by

Ek

E0
≈

(

1+
4
3

(u1 − u2)
c

)k

(1.4)

All of the particles which penetrate into the upstream region return across the shock. For
the configuration of the large, plane shock, the rate of particles passing from the upstream to the
downstream region is given by the projection of an isotropicparticle flux onto the plane shock
front,

∫ 1

0
dcosθ

∫ 2π

0
dΦ

Nv
4π

cosθ =
Nv
4

, (1.5)

whereN is the number density of particles undergoing acceleration. On the other hand, in the
case for those travelling downstream, some particles can escape by the motion of the downstream.
Therefore, the escape probability of particles away from the region can be estimated:

Pesc=
Rate of particle loss of downstream region

Rate of particles passing from the upstream to the downstream region (Eq. 1.5)

=
Nu2

Nv/4
= 4

u2

v

(1.6)

Therefore, a particle can pass back from downstream and upstream with a probability of
1− Pesc. After k cycles, the probability that a particle still remains the acceleration regionS(k) is
(1− Pesc)k = (1− 4u2/v)k. Using Eq. 1.4, we can eliminatek and then,

S(k) ≈
(

Ek

E0

)(−3u2/(u1−u2))

(1.7)
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With this formula, the number of particle with energy between E andE + dE (N(E)dE) can be
written by

S(k) ∝
∫ ∞

Ek

N(E)dE (1.8)

We can derive the differential energy spectrum as:

N(E) ∝ E−µ, µ =
2u2 + u1

u1 − u2
(1.9)

A shock can form whenu1 > a1, a1 is the sound speed in the gas of the upstream. The Mach
number of the gas flow isM = u1/a1. The continuity of mass flow across the shock (ρ1u1 = ρ2u2),
together with the kinetic theory of gases (the Rankine-Hugoniot conditions), gives (see details
in [160])

u1

u2
=

ρ2

ρ1
=

(γ + 1)M2

(γ − 1)M2 + 2
(1.10)

whereγ(= cp/cv) is the ratio of specific heats of the gas. Takingγ = 5
3 for a monatomic or fully

ionized gas andM ≫ 1 for a strong shock, we findu1/u2 = 4, which leads to a valueµ = 2.
This mechanism shows excellent physical reasons why power-law energy spectra with a unique
spectral index should occur in diverse astrophysical environments. In this simplest version of the
theory, the only requirements are the presence of strong shock waves and that the velocity vec-
tors of the high energy particles should be randomized on either side of the shock. It is entirely
plausible that there are strong shocks in most sources, e.g., supernova remnants, active galactic
nuclei.

However, there is a big problem to identify a source as originof cosmic rays using the arrival
direction of cosmic ray itself because a cosmic ray is deflected by galactic and intergalactic
magnetic fields while traveling through the universe2. Therefore, it is hard to study cosmic rays
with connections of specific targets just from observationsof the cosmic rays themselves.

On the other hand, a neutral particle, like photon, can reachthe Earth without deflection by
magnetic fields. Taking advantage of the information from such energeticphotons, we can get
closer to the "accelerator" sources in the universe.

1.2 High energy photons

If one wants to locate the site of particle acceleration, thebest suited neutral "messenger" particle
is a high energy photon. While traveling through the universe, the trajectories of photons are not
affected by magnetic fields, so they

• point to origin of their generation

2An arrival direction of the highest energy cosmic rays (& 1019 eV) is somewhat useful to identify its origin
because the highest energy cosmic rays are deflected only by afew degrees [221].
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• carry energy information about their generation process

• carry, as mass-less particles, time information

At low energies, photons can be generated also in thermal processes from stars and inter-
stellar gas. The thermal continuum radiations are characterized by black-body spectra with tem-
peratures extending up to∼ 106 K and various line emissions are associated with atoms and
molecules in the material at the site. In the hottest objects, like accretion disk surrounding black-
hole, thermal radiation can appear as X-rays up to few keV.

On the other hand, most photons in high energy regime (> GeV) are generated in non-thermal
processes. The production of high energy photon is associated with phenomena that take place
in the astronomical object, resulting in the observedγ-ray flux. The most important processes
responsible for producing high energy photons are briefly explained in the following.

Synchrotron radiation

When a relativistic electron is bent in a magnetic field, it emits "synchrotron radiation". In a
uniform magnetic fieldB, a relativistic charged particle moves in a spiral path at a constant pitch
angle3 θ by means of the Lorentz Force. During this motion, the charged particle is accelerated
towards the guiding center of its orbit, and it loses energy by electromagnetic radiation (see de-
tails in e.g.,[163]).

The average (over an isotropic distribution of pitch angle)energy loss rate due to the syn-
chrotron radiation is

−
dE
dt

=
4
3
σTcUmagγ

2 (1.11)

whereσT = 6.67×10−25[cm−2] is the Thomson scattering cross section,Umag= B/8π is the energy
density of the magnetic field andγ is the Lorentz factor of the relativistic particle (electron).

The maximum of the emission spectrum in fact had valueνmax = 0.29νc, whereνc is called
"critical frequency (νc = 3

4π
eBsinθ

mc γ2)". Therefore, the maximum value can be written as

νmax = 1.2×106

(

B⊥

gauss

)

γ2 [Hz] (1.12)

For example, in the case of AGNs (see details Chapter 2), the synchrotron radiation from
relativistic electrons is responsible for the emission between the radio and X-ray bands.

Generally, proton synchrotron radiation is an inefficient process. For the same energy of
protons and electrons,Ep = Ee = E, the energy loss rate of protons (dE/dt) is (mp/me)4 ≈ 1013

times lower than the energy loss rate of electrons. Also, thecritical frequency of the synchrotron
radiation emitted by a proton is (mp/me)3 ≈ 6× 109 times smaller than the critical frequency
of synchrotron radiation emitted by an electron of the same energy. However, under certain
conditions (e.g., above 1018 eV) the synchrotron cooling time of protons can be comparable or
even shorter than other time scales that characterize the acceleration and confinement regions of
relativistic protons [24].

3the angle between the velocity and the magnetic field
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(a) in laboratory frame (S)
     (before scattering)
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     (after scattering)

(b) in rest frame of
     electron (S*)

Figure 1.4: The geometry of inverse Compton scattering in the laboratory frame referenceSand
that in which the electron is restS∗.

Inverse Compton scattering

High energy electrons may scatter low energy photons to highenergy (e+ ǫ → ǫ′ + e : ǫ′ > ǫ) so
that in the Compton interaction the photons now can gain energy. The process is called "inverse
Compton (IC) scattering", though it is basically no different from Compton scattering. Many of
the most important results can be worked out using simple arguments (see details in e.g.,[65]).
Here, we briefly explain some of those arguments.

We consider a collision between a photon of energyǫ and an electron with Lorentz factorγ

(laboratory frame:S). The geometry of the scattering is described in Fig. 1.4.ǫ∗, the photon
energy in rest frame of electronS∗, before scatting is

ǫ∗ = γǫ(1+β cosθ), (1.13)

whereθ is the angle between the incident electron and photon direction in S. If we assume that
γǫ≪mc2, then inS∗ the energy of the photon remains same after the scattering and the Thomson
scattering cross-section can be used.ǫ′, the photon energy after scattering inS is described using
the scattering angle of photon in rest frame of electronϕ∗ as

ǫ′ = γǫ∗(1+β cosϕ∗) = γ2ǫ(1+β cosθ)(1+β cosϕ∗). (1.14)

Therefore, the maximum energy which the photon can acquire is

ǫ′max∼ 4γ2ǫ (1.15)

corresponding to a head-on collision, and the average energy of the scattering photons is

〈ǫ′〉 ∼ 4
3
γ2ǫ. (1.16)

Using the total energy density of the soft photon fieldUrad, the energy incident on electron
per unit time iscσTUrad, so that the average total energy loss rate of the electron bythe inverse-
Compton scattering in this Thomson regime, is

−
dE
dt

=
4
3
σTcUradγ

2 (1.17)
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However, ifγǫ is getting close to (even higher than)mc2 ( γǫ & mc2), we must use the proper
quantum relativistic cross section for scattering. The relevant total cross section can be derived
by the Klein-Nishina formula [163]:

σK−N =
3
8
σT

1
x

{[

1−
2(x+ 1)

x2

]

ln (2x+ 1)+
1
2

+
4
x

−
1

2(2x+ 1)2

}

→ 3
8
σT

1
x

(

ln2x+
1
2

)

(ultrarelativistic limit:x≫ 1)
(1.18)

with x = γǫ/(mc2). Therefore, the cross section decreases roughly asǫ−1 at the highest energy.
This process is particularly important in the production ofhigh energyγ-ray in AGNs because

the inverse-Compton scattering by relativistic electronsis able to produce GeV-TeV photons.
High energy protons can also interact with soft photons, butthe energy loss rate of the protons

by the inverse Compton scattering is suppressed by a factor of (me/mp)4 ≈ 10−13 and significantly
lower than pair production losses [24].

π0 decay

The interactions of high energy protons with ambient matteror radiation produce hadronic parti-
cles, mostly pions (πs). π0 andπ± are produced with the same probability, thus one third of the
π-mesons produced are neutral. Theπ0 produces twoγ-rays,

p+ p→ π0 + X → γγ + X (1.19)

whereX represents minor secondary particles. The minimum kineticenergy of a proton to pro-
duce aπ0 is

Eth = 2mπc2

(

1+
mπ

4mp

)

≈ 280MeV (1.20)

wheremπ is the mass of aπ0 (134.97 MeV).
The energy of the photons emitted by aπ0 at rest isEγ = 1

2mπc2 ≈ 67.5MeV. If the π0 is
moving with velocityv = βc, the energy of the photons in the laboratory frame is:

Eγ =
1
2

mπc21+β cosθγ
√

1−β2
(1.21)

with θγ being the angle between the direction of the photon with respect to the originalπ0.
At the same time, charged pions are produced in proton-proton collisions. These charged

pions subsequently decay into muons and electrons and corresponding (anti-) neutrinos. As an
example the production and decay of a positive pion proceedsaccording to the following reaction
chain:

p+ p→ π+ + X → µ+ +νµ + X → e+ +νe+ ν̄µ +νµ + X (1.22)

The ν’s spectra would be similar to theγ-ray spectrum fromπ0 decay. Theν andγ-ray
associated spectra would be the strongest indications of the site of the cosmic-ray (proton) accel-
erator.
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1.3 Instruments for γ-ray observations

The launch of the Energetic Gamma-Ray Experiment Telescope(EGRET) forγ-rays between 20
MeV and 30 GeV on board of the Compton Gamma-Ray Observatory (CGRO) in 1990 opened
up theγ-ray sky (see [219] for a review). EGRET discovered 271 sources [124], 101 of which
could be associated with already known astronomical objects, while a large number (170) newly
discovered and yet unidentified sources remain. A sky map of the EGRET sources can be seen
in Fig. 1.5.

Since photon spectra in astronomical objects is associatedwith the cosmic-ray spectrum, the
photon index is expected to be negative and the number of photons significantly decreases in
the very high energyγ-ray band ("VHEγ-ray" defined asEγ > 50GeV in this thesis). It is,
therefore, not reasonable anymore for satellites to searchfor the high energy band because of
limitations in the instrument size. On the other hand, ground-based Cherenkov telescopes with
their huge detection areas are well suited to observe photons in the VHEγ-ray regime. Thanks to
the innovation of the "Imaging technique" for the Cherenkovtelescopes, "Imaging Atmospheric
Cerenkov Telescope (IACT)" are currently the most successful instruments for VHEγ-ray ob-
servations. Table 1.1 summarizes principle characteristics of the current operating and two his-
torical IACTs. Until recently, before the "new generation"of IACTs (such as MAGIC, H.E.S.S.
and VERITAS) became operative, the energy range from 30 GeV to 300 GeV was unexplored
by any instruments.

Figure 1.5: Sky map of the third EGRET catalogue (above 100 MeV)
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Table 1.1: Principle characteristics of current operating(and selected historical [last two]) Imag-
ing Atmospheric Cherenkov Telescopes. The energy threshold given is the approximate trigger-
level (rather than post-analysis) threshold for observations close to zenith.

Instrument Lat. Long. Alt. num. Tel. Area Total A. Pixels FoV Thresh.
(◦) (◦) (m) Tels. (m2) (m2) (◦) (TeV)

MAGIC 29 18 2225 1 236 236 574 3.5 0.05
H.E.S.S. [133] -23 16 1800 4 107 428 960 5 0.1
VERITAS [168] 32 -111 1275 4 106 424 499 3.5 0.1
CANGAROO-III [180] -31 137 160 3 57.3 172 427 4 0.3
Whipple [248] 32 -111 2300 1 75 75 379 2.3 0.3
TACTIC [114] 25 78 1300 1 9.5 9.5 349 3.4 1.2
HEGRA [203] 29 18 2200 5 8.5 43 271 4.3 0.5
CAT [49] 42 2 1650 1 17.8 17.8 600 4.8 0.25
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>100 GeV)γ(E

2007-11-22 - Up-to-date plot available at http://www.mppmu.mpg.de/~rwagner/sources/

Figure 1.6: VHE γ-ray source sky map (in November 2007) [taken from
http://www.mppmu.mpg.de/∼rwagner/sources/]
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1.4 Sources of VHEγ-rays

The first discovery of VHEγ-ray emission from a celestial object was achieved in 1989 byan
IACT, "Whipple" (see Table 1.1 ), in their observations for the Crab Nebula [249]. The Crab
Nebula is the brightest and stable point-like VHEγ-ray source. Therefore it is often referred to
as the "standard candle" of VHEγ-ray observations and is commonly used for inter-calibration
between differentγ-ray instruments. In addition, this source is also useful tocheck the telescope
performances and to verify analysis procedures as this thesis uses in Chapter 6.

In 1992, VHEγ-ray emission was discovered from Mkn421 [204] as the first extra-galactic
VHE γ-ray source.

In 2003, just before those "new generation" of IACTs went into operation, only 12 sources
were established as VHEγ-ray sources (see Table 1.2). Taking advantage of advanced techniques
of the "new generation" of IACTs, we could obtain higher sensitivity and lower energy thresholds
in the observations so that the number of VHEγ-ray sources have dramatically increased to 33 in
2005, and to 71 at present (in 2007). A current sky map of knownVHE γ-ray sources is shown
in Fig. 1.6. In the following, we will briefly highlight the most prominent astronomical sources
in the VHEγ-ray band.

Table 1.2: Number of VHEγ-ray sources for each source class in 2003, 2005 and 2007 [132]
Source class 2003 2005 2007

Active galactic nucleus 7 11 19
Supernova remnant 2 3 7
Pulsar wind nebula 1 6 18
Binary system 0 2 4
Diffuse emission 0 2 2
Unidentified source 2 6 21
Total 12 33 71

1.4.1 Extra-galactic sources

Active galactic nucleus (AGN): Supermassive black holes (SMBHs)4 seem to in the cores of
most galaxies. The fueling of SMBHs by infalling matter produces spectacular activity: In some
galaxies, known as "active galactic nuclei (AGNs)", the nucleus produces more radiation than the
entire rest of the galaxy. In∼ 10% of all AGNs, the spin of the SMBH induces twisted magnetic
field lines as jets at the poles of the rotating source. The jets of AGNs are considered to be one of
the prime candidates for the acceleration of the highest energy cosmic rays (withE > 1019 eV)
(e.g., [228]).

If a relativistic jet is viewed at small angle to its axis the observed emission from the jet is
amplified by relativistic beaming and dominates the observed emission. Such sources are called

4mass in the range 106 − 109M⊙
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blazars [240]. Currently (in 2007) 19 AGNs are well-established as VHEγ-ray sources (see
Table 1.3). All but one5 are classified as blazars.

Further explanations about AGNs are given in Chapter 2.

Table 1.3: Summary of the extra galactic VHEγ-ray sources in 2007
Source Name Redshift Spectral Index Type1 Discovery (year2)

M87 0.0044 2.9 FR I HEGRA (2004) [11]
Mkn 421 0.031 2.2 HBL Whipple (1992) [204]
Mkn 501 0.034 2.4 HBL Whipple (1996) [205]
1ES 2344+514 0.044 2.9 HBL Whipple (1998) [76]
Mkn 180 0.045 3.3 HBL MAGIC (2006) [32]
1ES 1959+650 0.047 2.4 HBL Tel. Array (1999) [187]
PKS 0548-322 0.069 n/a HBL H.E.S.S. (2007) [227]
BL Lacertae 0.069 3.6 LBL MAGIC (2007) [37] (Chapter 7)
PKS 2005-489 0.071 4.0 HBL H.E.S.S. (2005) [13]
PG 1553+113 >0.09 4.0 HBL H.E.S.S./MAGIC (2006) [17, 38]
PKS 2155-304 0.116 3.3 HBL Durham Mark 6 (1999) [79]
H 1426+428 0.129 3.3 HBL Whipple (2002) [135]
1ES 0229+200 0.14 2.5 HBL H.E.S.S. (2007) [21]
H 2356-309 0.165 3.1 HBL H.E.S.S. (2006) [18]
1ES 1218+304 0.182 3.0 HBL MAGIC (2006) [33]
1ES 1101-232 0.186 2.9 HBL H.E.S.S. (2006) [18]
1ES 0347-121 0.188 3.1 HBL H.E.S.S. (2007) [22]
1ES 1011+496 0.212 4.0 HBL MAGIC (2007) [39]
3C279 0.536 4.1 FSRQ MAGIC (2007) [238]
(1): explanations for the Types can be found in Chapter 2.
(2): the year of the corresponding paper published.

Gamma-ray burst (GRB): These are the most energetic and violent short term phenomena in
the universe. GRBs occur at cosmological distances. The mean distance of these objects has been
recently measured to be Redshift (z)=2.8 with at least 7% of the GRBs originating atz> 5 [141].
Theγ-ray emissions take place with very short time constant (from tens of milliseconds to few
hundred seconds) theγ-ray emissions can be stronger (typically, 1051 to 1054ergs−1) than any
other knownγ-ray sources.

There is a currently accepted model that the basic mechanismof GRB emission is an ex-
panding relativistic fireball (e.g., [210]), with the beamed radiation (Doppler beaming factor∼
O(102)). In the fireball shock framework, several models have predicted VHEγ-ray emission.

MAGIC has observed some GRBs, including a observation just afew minutes after the emer-
gence [40], but VHEγ-ray emission was not confirmed, yet.

5One is the FR-I galaxy, M87. But it is thought to be a "mis-aligned blazar".
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1.4.2 Galactic sources

Supernova remnants (SNR): A final stage of stellar evolution is reached when a star runs out
of fuel necessary for the fusion reactions that counteract the gravitational pressure. If the star is
heavy enough, a collapse of the stellar core is followed by the ejection of the outer shells of the
stellar material. While depending on the mass of the remaining object, a neutron star or a black
hole is formed, the ejected material forms a nebula, sweeping up interstellar material along its
way. This expanding structure is called a "supernova remnant (SNR)".

SNRs have long been a prime candidate for the acceleration ofthe galactic cosmic-ray pro-
tons and nuclei. They have sufficient energy, with about 10% of the kinetic energy of an average
supernova explosion are converted into relativistic particles (see e.g., [112]).

Pulsar and Pulsar wind nebula (PWN): Pulsars are rapidly rotating neutron stars which are
produced in a type II supernova explosion [250]. A pulsar wind nebula (PWN) is a nebula
powered by the relativistic wind of an energetic pulsar. Young pulsar wind nebulae are often
found inside the shells of supernova remnants.

The rotating strong magnetic filed of the neutron star produces strong and variable electric
fields [117], where charged particles are accelerated to high energies. Due to the variable electric
field, light charged particles (electrons and positrons) emit pulsed synchrotron radiation. De-
pending on the location of the acceleration region, so-called "polar cap" (e.g., [226]) and "outer
gap" (e.g., [80]) models are distinguished. They predictγ-ray emission with a cut-off 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 1039 erg/s. At some
distance from the pulsar, the pressure of the wind in eventually balanced by the external pressure,
resulting in a strong stationary shock front, where chargedparticles can be accelerated to very
high energy (see e.g.,[87]).

The prototype pulsar wind nebula is the Crab Nebula, which isthe first VHEγ-ray source [249].
At present, PWN have emerged as the largest population of identified galactic VHEγ-ray sources
(see Table 1.2).

Binary systems: Very massive stars can accrete matter from stars in orbit around them. They
form so-called "binary systems", which can have different characteristics and evolutions depend-
ing on the involved objects. X-ray binary systems are composed of a compact object, such as
a neutron star or a black hole and a companion star (blue giantor white dwarf or very massive
stars but less compact).

In some binary systems, a central black hole produces relativistic jets and a companion is
responsible for mass accretions. This class is also called "Microquasar", which comes from the
observed morphological and physical similarities with quasars (a class of AGNs). The mass of a
microquasar is about seven orders of magnitude lower than that of a quasar. They are interesting
because the processes taking place in AGNs can be studied in ashorter time in microquasars,
considered from many aspects as their scaled-down versions. Some known microquasars are
considered as counterparts of unidentified EGRET sources. Recently, MAGIC and H.E.S.S.
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have detected VHEγ-ray emission from a few of them (e.g., [19, 34]). They show variable VHE
γ-ray emission, which is not confirmed among any other classesof galactic objects.

Unidentified sources: Most VHEγ-ray sources are predicted to emit X-ray and radio emission
under current known models (e.g.,[6]. see also section 1.2), there are, however, some examples
of VHE γ-ray sources which do not have a counterpart in lower-energybands.

The first unidentified VHEγ-ray source is "TeV J2032+4130" [9], which was discovered by
the HEGRA CT system. Several more unidentified VHEγ-ray sources were discovered recently
during the H.E.S.S. Galactic Plane Survey program [14, 23] (see also Fig. 1.7). In each case,
the source spectrum in the VHEγ-ray energy range can be characterized as a power-law with
a differential spectral index in the range 2.0 to 2.5. The general characteristics of these sources
–spectra, size, and position– are similar to previously identified galactic VHEγ-ray sources.
Further multiwavelength study is required to understand the emission mechanisms powering
them. A non-detection of longer-wavelength emission for some of these objects may be an
indication that a new VHEγ-ray source class exists [14].

Diffuse emission: Particles (particularly protons and nuclei) with above GeVenergies can
readily propagate very large distances in the interstellarmedium without significant energy
losses. As a consequence the emission associated with theseenergy losses is often rather dif-
fuse.

The MILAGRO collaboration have detected TeV emission alongthe plane with localised
enhancements which have been identified as sources [139]. After subtraction of these sources
the remaining emission roughly follows the distribution oftarget material in the galaxy and is
identified as diffuse emission.

A localised measurement of diffuse emission has been made inthe galactic center by H.E.S.S. [20].
This emission correlates with giant molecular clouds in thegalactic center region and suggests an
enhanced cosmic-ray spectrum from that region. This enhanced diffuse emission could originate
from a succession of SNRs in the galactic center over the past105 years [31].
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Figure 1.7: VHEγ-ray sky in Milky way (Galactic longitudel = 60◦ ∼ −85◦) as observed with
H.E.S.S. telescope system. (taken from [132])



Chapter 2

Active Galactic Nuclei

A mysterious feature ofActive Galactic Nuclei(AGN) is their very high luminosity in a very
concentrated volume, probably through physical processesother than the nuclear powering the
"normal" stars. AGNs are, therefore, special laboratoriesfor extreme physics we would like to
understand,

The first class of AGNs, the Seyfert galaxies, was discoveredby Seyfert in the 1940s. They
appeared to be spiral galaxies, but with a star-like nucleusshowing broad and strong emission
lines. Quasars, a subclass of AGNs with very high luminosity, were discovered in the early 1960s
in radio surveys. The optical counterparts of some of the observed bright radio sources were star-
like, and turned out to be the most distant sources among the known celestial objects at that time.
The first quasar, 3C273, was detected by Maarten Schmidt in 1962 and is more than 1000 times
more luminous than a normal galaxy like our own. Many AGNs have been found since then
in a wide range of wavelengths, from radio toγ-ray (see review e.g., [146]). Depending on
the observed features, AGNs have been classified into Seyfert galaxies, radio galaxies, quasars,
blazars and others (see Table 2.1). Detailed descriptions of classes of AGNs can be found e.g.,
in [240]. The connection between these subclasses has been thoroughly investigated, but not yet
completely understood.

In the "standard model" of AGNs [165], it is generally assumed that the energy source is an
accretion of gas onto a super massive black hole (106 − 109M⊙) in the central region. A unified
scheme has been proposed [240] which attributes the differences in the characteristics of the
observed phenomena to the orientation of the source relative to our line of sight. Here I briefly
describe thisunified modelof AGNs.

2.1 Unified model

The unified model of AGNs, explaining all the different subclass of AGNs shown in Fig. 2.1,
has a spinning super massive black hole (SMBH) as its centralpower source. The SMBH is
surrounded by matter that is accreting on the SMBH at the Schwarzschild radius. For instance,
a 108M⊙ SMBH would have a Schwarzschild radius of approximately 2 AU(10−5 pc). The area
surrounding the Schwarzschild radius consists of extremely hot plasma accelerated by the intense
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Figure 2.1: Classification of Active Galactic Nuclei (takenfrom [68])

gravitational field produced by the SMBH. The spin of the black hole induces twisted magnetic
field lines as jets at the poles of the rotating source [62]. Particles can be accelerated by strong
shock waves in the jets to ultra-relativistic energies.

The accretion disk produces a strong radiation in ultra-violet and optical wavelengths and
creates a cloud of highly ionized gas up a radius of to approximately 10−2 pc that is the observed
as a "broad emission line region (BLR)". This region is surrounded by a molecular torus that
effectively shields the central AGN when viewed from the equatorial plane. Clouds of interstellar
medium outside the molecular torus and within the polar cones are ionized by the radiation which
flows from the central AGN and is not blocked by the torus. These clouds produce the "narrow
emission line region (NLR)". Beyond this region, the radio jets may become prominent. The
jets may extend up to 1 Mpc for the FR-II type, where lobes formas the jets interact with the
inter-galactic material. A schematic drawing of the unifiedmodel can be seen in Fig. 2.2.

This model can be used to explain the observed features as being related to the viewing angle.
A blazar is a polar view of an AGN. Narrow line radio galaxies and type-II of quasars or Seyfert
galaxies are generally equatorial views, and broad line radio galaxies and type-I of quasars or
Seyfert galaxies are intermediate views.

Blazars are the most "active" kind of AGNs. Due to the polar view of the jet, the bulk rel-
ativistic motion of the emitting plasma causes radiation tobe beamed in a forward direction,
making the variability appear more rapid and the luminosityappear higher than in the rest frame
due to the relativistic beaming effect (e.g., [209, 108]). First, virtually every blazar exhibits su-
perluminal motion of jet in high-resolution radio maps [242]. This motion is easily explained
by relativistic bulk motion along the line-of sight. Second, radiation is highly polarized. Indeed,
the classical definition of blazars as "optically violentlyvariable AGN" turns out to be consistent
with defining them by high polarization. Third, blazars are well matched with radio galaxies,
which are known to have jets and are located closer to us in theuniverse. Their multiwave-
length variability and polarization characteristics can be well explained by shocks in an aligned
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pc

Jet
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Figure 2.2: Schematic drawing of the unified model of AGNs. The classifications according to
the viewing angle along with the different regions around the central black hole are illustrated.
Note that the scales are logarithmic (taken from [59]).
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relativistic jet.
The extreme characteristics of blazars were also found in high energyγ-ray observation.

Blazars are the most dominant class among AGNs detected by EGRET [124]. The quasar 3C279,
the firstγ-ray blazar discovered by EGRET, was one of the brightestγ-ray sources in the sky at
the time of its discovery [123]. In addition, it showed a fastdaily variability. Other blazars also
have shown similar rapid flaring at high energyγ-ray energies during the EGRET observations.

Moreover, at very high energy (VHE)γ-ray energies observed by ground based Cherenkov
telescopes, variability with flux doubling times as short asminutes have been seen in Mkn501 [41]
and PKS2155-334 [30].

The ultimate goal of blazar research is to learn how energy isextracted from the black hole.
We are still at a very early stage, trying at this point simplyto understand how much energy is
involved and what is the physical state of the jets. Specifically, we are trying to measure the
energy density of particles, magnetic fields, and radiation, as well as the velocity field of the jet.
These parameters must be inferred since the observed radiation depends strongly on the intrinsic
properties of the jet. In addition, even the most fundamental question –which particle is the
origin of the high energyγ-ray emission (leptonic or hadronic)– is still under discussion.

Because the emission regions involved are probably only 10−8 − 10−5 arcsec, direct imaging
of these regions is not possible with the current technologies. Instead, we infer the jet structure
from variability time scales. The VHEγ-ray emission, which has shown the fastest (observed)
variability, is likely to be associated with the physics of the innermost region in the jet.

To summarize, the following important scientific questionsabout blazars have arisen, which
are not completely answered at this point. Therefore, this thesis addresses those questions.

• There are several sub-classes of blazars with distinct spectral characteristics.
What is the physical origin of this difference? (cf. section2.2)

• How is theγ-ray spectrum produced? (cf. section 2.3)
Due to its fast variability,γ-ray emission may represent more fundamental physics - more
directly related to the physics of the central black hole - than other low-energy emissions
from broad emission line clouds or from an accretion disk.

2.2 Blazar sequence

Blazars can be divided intoFlat Spectrum Radio Quasars (FSRQs)andBL Lacertae Ob-
jects (BL Lacs) (see Fig. 2.1). The main difference between the two blazar sub-classes is their
emission line. Objects with only weak or complete absence ofemission lines (equivalent width
< 5 Å) were classified as BL Lacs whereas FSRQs show significant optical emission lines.

Electromagnetic emission from this class of sources can be observed from radio up to VHE
γ-rays, with their spectral energy distributions (SEDs) characterized by a two-bump structure.
From the SED shape, BL Lacs are sub-divided into two types. When the lower peak is located
in the sub-millimeter to optical band, the objects are classified as"Low-frequency peaked BL
Lacs (LBLs)" , while in "High-frequency peaked BL Lacs (HBLs)" the lower peak is located
at UV to X-ray energies [194, 100] (see also Fig. 2.3).
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Fig. 2.3 shows the average SEDs (bolometric luminosity vs. emission frequency) of 126
blazar samples in total1 (of which 33 were detected inγ-ray by EGRET) binned according to ra-
dio luminosity, irrespective of the original classification as BL Lac or FSRQ [100]. The resulting
SEDs show remarkable features:

• As the bolometric luminosity decreases, the first bump movesits peak to progressively
larger energies. It follows the "sequence" FSRQ→LBL→HBL.

• The peak frequency of theγ-ray (the higher energy peak) component correlates positively
with the peak frequency of the lower energy one.

• The luminosity ratio of the high to the low frequency components increases with bolomet-
ric luminosity.

These features cannot be explained solely by the orientation effect of the jet, as argued in the
"unified model" mentioned in the last section.

Based on leptonic origin scenarios for photon spectra (see details in the next section), Ghis-
ellini et al. (2002) [107] found that these features in SEDs translated into an (anti-) correlation
between the energy of particles at the spectral peaks and theenergy density in radiation (Ur) and
magnetic (UB) fields. Fig. 2.4 shows this correlation plot, which has beenrecently updated by
Celotti and Ghisellini (2007) [78] including newly discovered VHEγ-ray (TeV) sources.

An evolutionary scenario has been proposed to explain a physical connection between differ-
ent blazar subclasses in terms of reducing the black hole accretion power with time [69, 77].
In that scenario, the decline of accretion power could be dueto a combination of a decreas-
ing accretion rate and an increasing black hole mass. In viewof limitations to power directly
extractable from a rotating black hole, disks with high accretion power can produce the huge
thermal and non-thermal output featured by many FSRQs. On the other hand, for lower accre-
tion power, we also expect lower particle densities in the acceleration region and less effectively
screened electric fields. Under these conditions, the output luminosity is moderate but electrons
can be accelerated to higher energies [77].

In addition, as the accretion power declines with time, gas and dust are getting less available
for reprocessing accretion-disk radiation. That radiation leads to the observed strong optical
emission lines in the broad emission line region, and to a high energy density of the external
soft-photon field in the jet [69]. In fact, many previous studies which applied emission models
for the observed SEDs have indicated that the contributionsof the external soft-photon to the
γ-ray spectra become less along the sequence FSRQ→ LBL → HBL (e.g., [109]).

Therefore, the blazar sequence can be related to the evolutionary sequence FSRQ→ LBL →
HBL. Following the scenario outlined by Sanders et al. (1988) [217], the earlier stage of blazar
evolution would comprise merging galaxies, infrared luminous galaxies, and radio-quiet quasars.

There are, however, some contradicting arguments specifying that the blazar sequence is
merely caused by selection biases of the samples [191]. In fact, BL Lacs with low peak energy
of the first bump and low luminosity, which were not found in the original study, have turned

1these blazars were selected from X-ray of theEinsteinSlew survey [197], the 1-Jy sample at radio 5 GHz [224]
and the 2-Jy sample radio 2.7 GHz [246].
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HBL

LBL

FSRQ

Figure 2.3: The average SED of the blazars studied by Fossatiet al (1998) [100], including the
average values of the hard X-ray spectra [91]. The data were not taken simultaneously. The lines
shown are based on an SSC model (for the model, see section 2.3.1)



2.3 Emission models 27

(a) (b)

Figure 2.4: (a): The Lorentz factorγpeak of leptons responsible for the emission peaks as a
function of the comoving energy densityU (=Ur +UB). The dashed lines corresponding toγpeak∝
U−1 andγpeak∝U−1/2 are to guide the eye, and not a formal fit. (b): Dependence ofγpeak on the
total jet powerL j , which is the sum of powers of proton (Lp), lepton (Le) and magnetic field (LB).
Again, the dashed lineγpeak∝ L−3/4

j is to guide the eye, and not a formal fit.

up in some results of recent deep-survey observations in theradio and X-ray bands [183, 192,
193]. However, a candidate for a FSRQ which has as high luminosity as other FSRQs, and is
comparable in peak energy of the first bump to HBLs, has not been found yet. Observations with
VHE γ-rays for all types of blazars are therefore especially interesting for this topic.

2.3 Emission models

In general, two types of emission models have been considered for blazars. One is based on the
acceleration of electrons, the so-called "leptonic originscenario" (see e.g., [110, 220]), the other
is originated from emission by the acceleration of hadrons (protons), the so-called "hadronic
origin scenario" (see e.g., [169, 181]).

At present, the measured SEDs of blazars can be successfullyexplained by the leptonic origin
scenarios"(e.g., [109, 78]). If the observed VHEγ-rays are found to be originating from the
hadronic scenarios, that result would be a proof of the source of cosmic rays. However, it is still
difficult to disentangle the hadronic VHEγ-ray component from the leptonic one produced by
inverse-Compton scattering using current available observation data. No observational result has
confirmed the hadronic origin scenario, yet. In this section, the two emission origin scenarios are
briefly described.

2.3.1 Leptonic origin scenarios

In leptonic origin scenarios, the lower-energy bump in the SED is most likely produced by syn-
chrotron radiation of relativistic electrons in a magneticfield, while inverse-Compton (IC) scat-



28 2. Active Galactic Nuclei

tering by the same electrons is believed to be responsible for the high-energy bump in theγ-ray
spectrum.

Synchrotron radiation spectrum

For the synchrotron spectrum by isotropic distribution of electrons in a homogeneous, randomly
oriented magnetic fieldB, the emissivityjν as a function of frequencyν can be defined using the
electron distributionN(γ), whereγ is the Lorentz factor of the electrons [140]

jν = c2B
∫ γmax

γmin

dγN(γ)F

(

ν

c1Bγ2

)

. (2.1)

F(x) is the function

F(x) ≡ x
∫ ∞

x
K5/3(ξ)dξ, (2.2)

whereK5/3 is modified Bessel function of order 5/3, and here
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3e

4πmec
, c2 =

√
3e3

4πmec
, c3 =

√
3e3

8πm2
ec

(2.3)

are defined as constants with mass of the electronm and electric charge of the electrone.
Absorption of the generated synchrotron radiation can occur at a sufficiently low frequency

because the brightness temperature of the radiation may approach the kinetic temperature of
the radiation in such a frequency range. This is known assynchrotron self-absorption. The
absorption coefficient is [140]:
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)
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Finally, the overall synchrotron emission spectrum can be represented by the radiative trans-
fer equation using a length of the emission regionl

Iν =
jν
αν

(1− e−αν l ). (2.5)

When the electron distribution can be denoted by a power-lawN(γ) = Kγ−ndγ, the syn-
chrotron emission spectrum can be expressed by (see e.g., [163])

Iν ∝
{

ν−(n−1)/2 αν l ≪ 1.

ν5/2 αν l ≫ 1.
(2.6)
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Inverse Compton spectrum

For calculating the inverse Compton (IC) spectrum, we employ the formula derived by Jone
(1968) [142]. It is accurate in all soft (target) photon energy ranges (i.e., both the Thomson
and Klein-Nishina regimes) as long as the photon and electron distributions are isotropic, and
the electrons are ultrarelativistic (γ ≫ 1). The electron energy is denoted byγmec2, the soft
photon energy byǫ0mec2, and the scattered high energy photon byǫmec2. The differential photon
production rateq(ǫ) (number of photons of energyǫ produced per energy interval per unit volume
per unit time) will be a convolution over the electron and soft photon distributions,

q(ǫ) =
∫

dǫ0n(ǫ0)
∫

dγN(γ)C(ǫ,γ,ǫ0), (2.7)

wheren(ǫ0) is the number density of soft photons per energy interval and N(γ) is the electron
distribution. The Compton kernelC(ǫ,γ,ǫ0) given by Jones (1968) [142] is

C(ǫ,γ,ǫ0) =
2πr2

ec
γǫ0

[

2κ lnκ+ (1+ 2κ)(1−κ) +
(4ǫ0γκ)2

2(1+ 4ǫ0γκ)
(1−κ)

]

, (2.8)

where

κ =
ǫ

4ǫ0γ(γ − ǫ)
. (2.9)

For givenǫ0 andγ, the allowed kinematic energy range forǫ is

ǫ0 ≤ ǫ < γ
4ǫ0γ

1+ 4ǫ0γ
. (2.10)

For a power-law (N(γ) = Kγ−ndγ) electron spectrum, dN/dǫ, the resultingγ-ray spectrum
in the non-relativistic regime (a = 4ǫǫ0 ≪ 1) has a power-law form with a photon indexα =
(n+ 1)/2 [112]. In the ultrarelativistic (a≫ 1) regime theγ-ray spectrum is noticeably steeper,
dN/dǫ ∝ ǫ−α(lna+ const) withα = (n+ 1) [65]. Several useful analytical approximations for the
γ-ray spectra over a broad energy interval, including these two regimes and the Klein-Nishina
transition region (a∼ 1), can also be found in [25, 84].

Depending on the target photons for IC scattering, the modelcan be divided into two types:
(1) The target photon is the synchrotron photon produced by the same electron population
(Synchrotron self-Compton (SSC)scattering), (2) The target photon is an external photon ei-
ther from the broad-line emission region or from the accretion disc2 (External inverse Compton
(EC) scattering).

The observed correlations of the X-ray and VHEγ-ray fluxes during large flares of VHE
γ-ray emitting blazars [171, 231, 155] provide experimentalevidence for the SSC mechanism.
The SSC model is widely accepted for describing VHEγ-ray emission of HBL objects. One the

2Generally, the average energies of the external photons as measured in the local stationary frame can be∼ 10
eV (UV region) for the photons from the broad-line emission region, or∼ 0.4 eV (near-infrared region) for the
photons from the accretion disc [220].
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other hand, an EC component is generally required to explainhigh-luminousγ-ray emission in
LBLs and FSRQs.

In this thesis, we discuss observed SEDs including VHEγ-ray emission by means of the SSC
model. The concept of the model is described in the following. The model codes were developed
by Tavacchio et al. [234, 235].

Synchrotron self-Compton model

One of the simplest models, the one-zone homogeneous SSC model, assumes that the soft pho-
tons of IC scattering are the synchrotron photons in the sameemission region within the jet.
The emission region has a characteristic sizeR, moving at relativistic speedβ = v/c. Both
relativistic electrons and photons are isotropic in the source frame. The observed radiation is
strongly affected by relativistic beaming effects. The keyparameter is the Doppler beaming fac-
tor δ = [Γ(1−β cosθ)]−1, whereΓ is the bulk Lorentz factor of the emission region in the jet and
θ is the angle between the line of sight and the direction of therelativistic jet. When the observer
lies with the angle ofθ ∼ 1/Γ, thenδ ∼ Γ. Sinceθ is sufficiently small for blazars,θ ∼ 1/Γ is
assumed throughout this thesis.

The observed spectral shape requires that the relativisticelectron spectrum steepens at high
energies. This behavior is approximated with a broken power-law with indicesn1 andn2, below
and above the "break" energyγbmec2, respectively. This particular form for the electron spec-
trum has been assumed on a phenomenological basis in order todescribe the curved shape of
the SED. In some other models, the electron energy distribution function is determined from a
kinetic equation (e.g., [109, 147]). In that case, assumingthe standard hypothesis of a power-law
injection and subsequent cooling and escape in a homogenousregion, the electron spectrum can
be characterized by a broken-power law but a spectral changeof ∆n(= n1 −n2) = 1 is expected by
synchrotron or inverse Compton cooling effects. On the other hand, for some blazars the spectral
changes in their observed SEDs appears to be larger than∆n = 1. This might suggest a more
complex situation [60, 234]. Throughout the works in this thesis we use the Hubble constant
H0 = 70 km/s/Mpc,ΩΛ = 0.70,ΩM = 0.30 for the calculation of source luminosity distance.

With these approximations, we can completely specify the model using the following param-
eters:

• the emission region size:R [cm]

• the minimum Lorentz factor of the electrons:γmin

• the Lorentz factor of the electrons at the break:γb

• the maximums Lorentz factor of the electrons:γmax

• electron spectral slope before the break:n1

• electron spectral slope after the break:n2

• normalization factor of the electron density:K [cm−3]
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• the magnetic field intensity:B [G]

• the Doppler beaming factor:δ

The model is not sensitive to the exact value ofγmin, here we assumeγmin = 1 in this thesis,
and then the model has 8 free parameters.

The available data on the SED can be used to derive 7 "observable" quantities which are of
particular relevance for the above model:

• Photon index of synchrotron radiation before the break:α1

• Photon index of synchrotron radiation after the break:α2

• The frequency of the synchrotron at peak:νs,b

• The frequency of the synchrotron at high-energy cut off:νs,max

• The frequency of IC peak:νc.

• The total measured energy flux for the synchrotron component: ls

• The total measured energy flux for the IC component:lc

As shown in Fig. 2.5, the synchrotron frequencies from a single electron of Lorentz factorγb

at break energy orγmax at maximum energy can be characterized by [147]

νs,b/max = 1.2×106Bγ2
b/max

δ

1+ z
. (2.11)

The peak value of the observed SSC energy in the Klein-Nishina regime is

hνc = Cγbmec
2 δ

1+ z
, (2.12)

whereC < 1 is a constant representing the uncertainty of the Klein-Nishina effect.
The third relation is obtained from the ratio of the synchrotron luminosity to the Compton lumi-
nosity (see [144]):

uB =
d2

L

R2cδ4

l2
s

lc
, (2.13)

whered2
L is the luminosity distance anduB is the energy density of magnetic field (uB = B2/8π).

We recall that the one-zone homogeneous model is self-absorbed at radio frequencies and cannot
explain the radio emission, which implies further contributions from the outer regions of the jet.

One more observable quantity can be provided by the minimum timescale of variation,tvar,
which can be directly connected to the source dimension,R, through the causality relationR.

ctvarδ.
In most cases, these "observable" quantities are rather uncertain because it is not easy to

complete such a broad-band SED by observational data which are ideally taken at the same
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Figure 2.5: An example of the SSC model. (a): an injected electron spectrum with a simple
broken power-law. (b) an output photon spectrum based on theone-zone SSC model using
the electron spectrum with a broken power-law distribution. Characteristic features (spectral
peaks/breaks) are indicated in the plot. This spectrum was produced using following values.
R= 2×1015 [cm], n1 = 2,n2 = 3.6,γmin = 1,γb = 5×104, γmax = 2×106, B = 0.3 [G], K = 5×104

[cm−3], δ = 20,z= 0.034.

epoch. In practice, they are often inferred from observations obtained at different epochs and
with incomplete frequency coverage. It is also possible, bymeans of hypotheses based on physics
processes, to constrain allowed ranges of the SSC parameters by analytical formula (e.g., [234,
54]).

In Fig. 2.6, we demonstrate behaviors of the output photon spectrum from the one-zone SSC
model (hereafter, called "SSC spectrum") using the codes developed by Tavecchio et al. [234,
235]. First, we set a "reference" SSC spectrum with nominal values (see e.g., [166, 235] and
also Chapter 11) at:R = 2×1015 [cm], n1 = 2, n2 = 3.6, γmin = 1, γb = 5×104, γmax = 2×106,
B = 0.3 [G], K = 5× 104 [cm−3], δ = 20 anddL = 147.6[Mpc](z = 0.034). Next, we changed
each parameter of (a)γb, (b) B, (c) K, (d) δ separately with five steps to demonstrate how each
parameter contributes to the evolution of the SSC spectrum.As one can see in Fig. 2.6, the
SSC spectrum showed some characteristic changes dependingon the parameters. Briefly, as
each parameter value increases; (a) The peak positions of both components move towards higher
energies (cf. Eq. 2.11 and 2.12). Low energy bands (ratio to optical bands) below the synchrotron
peak remain unchanged. (b) The overall flux in SED increases.The flux of the synchrotron
component increases more than the other because the magnetic field is directly related to the
synchrotron radiation process. In addition, the synchrotron peak is slightly shifting to higher
energy (cf. Eq. 2.1 and 2.11). (c) The overall flux in SED increases. The IC component changes
more because not only the electron density but also the soft-photon density for the IC scattering
increases (roughly,ls ∝ K, lc ∝ K2). (d) The relativistic beaming effect contributes equallyto
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both components because it is independent from radiation processes.
Comparing the observed source SEDs taken in different states of source activity, we can specify
the contribution of each parameter to the spectral evolution, which could represent the physical
conditions in the jet.

There are other types of SSC models. For example, some modelsare developed using param-
eters with time dependence (e.g., [173, 153]). These modelscan be used to describe flare states
which show a fast variability. There are also two-zone models, which assume e.g., a fast jet spine
and a slower surrounding sheath (e.g., [111]). Such models can explain more complex structures
in SEDs and wider varieties of correlations between different energy bands.

Finally, Fig. 2.7 shows some previous studies of leptonic models which were applied to
observational data. (a) Mkn 501 using a one-zone SSC model [235]. (b) BL Lacertae using SSC
and EC models [167]. As can be seen in (b), when both soft-photon populations (synchrotron
and external photons) contribute to the IC emission (SSC+EC), the overall IC component may
have a double local-peak structure.
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Figure 2.6: Overall photon spectra by the SSC model as functions of the input parameters. A
reference spectrum, denoted by a grey curve in all plots, wasproduced withR = 2×1015 [cm],
n1 = 2, n2 = 3.6, γmin = 1, γb = 5×104, γmax = 2×106, B = 0.3 [G], K = 5×104 [cm−3], δ = 20,
z= 0.034. In each plot, a parameter was changed in five steps. The values used are indicated on
the right side of each plot. (a) electron Lorentz factor at peak energyγb (1×104 → 2×105). (b)
magnetic field strengthB [G] (0.15→ 0.7). (c) electron density parameterK [cm−3] (2×104 →
1×105). (d) Doppler beaming factorδ (12→ 28).
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(a) Mkn 501 (b) BL Lacertae

Figure 2.7: Leptonic origin models with observed SEDs. (a) Overall SED of Mkn 501 of April
16, 1997, April 29, 1998, and June 1999. The solid line is the spectrum calculated with the
homogeneous SSC model (taken from [235]). For all states:R = 1.9× 1015 [cm], n1 = 1.5,
γmin = 1,γmax = 1×107, B = 0.32 [G], δ = 10. For each state: (1997 April 16/ 1998 April 29/ June
1999)n2 = 3/3.3/4.3, γb = 7×105/3×105/1.06×105, K = 1×103/3×102/3.5×102 [cm−3].
(b) Overall SED of BL Lacertae in July 1997 (taken from [167]). The dashed lines show the
theoretical model, which includes three components: the synchrotron component dominating in
the radio-to-UV range, the synchrotron self-Compton (SSC)component in the X-ray range, and
the external Compton (EC) component dominating in the MeV-GeV range.
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2.3.2 Hadronic origin scenarios

The hadronic models assume that a high energy protonic component contributes to the high-
energy bump, while the low-energy bump is explained by synchrotron radiation of co-accelerated
electrons. The energy of relativistic protons can be converted into high energy radiation via the
following processes: (1) direct synchrotron radiation of protons, (2) photomeson production
(p+ γ → p+ kπ), and (3) nuclear collisions (p+ p→ π + X). The first two processes are known
to be very inefficient, and they can become important in AGN jets only for proton energies
≥ 108 − 1010 GeV. Only for such high energies can the time scales of the proton energy losses
become comparable to or shorter than the propagation time scale of the AGN jets. Energy losses
of such energetic protons are dominated by photomeson production, and this process was used for
explainingγ-ray production in blazars by the so-called the proton-induced cascade model [170].

In that model, the radiation target for photomeson production is dominated by near/mid-
infrared radiation. In blazars, such radiation is providedby hot dust at distances of∼ 1− 10 pc
from the central sources and/or by synchrotron radiation due to relativistic electrons in the jet.
The main outputs of the photomeson process are pions. The pions take about 1/3 of the protons’
energy and convert it to photons, neutrinos, and through muons, to electrons and positrons. The
photons injected by neutral pions are immediately absorbedby soft photons in the pair produc-
tion process. Most of this radiation is so energetic that it produces two more generations of
photons and pairs. The final output of this synchrotron-supported pair cascade is the high energy
component, enclosed within or cut off at energies above which photons are absorbed by aγγ-
pair production process. This maximum energy can be∼ 30 GeV in FSRQs, as determined by
external UV radiation, and∼ 1 TeV in BL Lac objects, as determined by infrared radiation of
dust [202].

Much less extreme proton energies are required in models based on the assumption that the
proton energy losses are dominated by collisions with the ambient gas. The final output of
these collisions is the same as in the photomeson process, i.e., relativistic electrons/positrons,
photons and neutrinos. The process can be efficient only if the column density of the target is
nH ≥ 1026cm−2. Bednarek (1993) [53] proposed as a target the funnels formed around the black
hole by a geometrically thick disk, while Dar and Laor (1997)[86] suggested interactions of jet
with cloud and/or stellar winds. The disadvantage of such models is that relativistic protons,
before colliding with the nuclei, may easily suffer deflections by magnetic fields; this generally
results in a lack of collimation of the radiation.

In the case theγ-ray radiation is of hadronic origin, one also expects to detect VHE neutrinos,
but at least km-square sized detectors are needed, like "ICECUBE" project [201]. The detection
of neutrinos would clearly favour this model. One of the biggest problems of the hadronic models
is that the acceleration and cool-down processes involved are rather slow, while flux variations
in AGNs have been observed during very short time spans (typically, from a few minutes to a
day [41, 30]).
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2.4 Gamma-ray absorption by Extra-galactic background light

It is well known that the universe is filled by the "Cosmic microwave background radiation
(CMB)". Additionally, the universe is filled by diffuse light, which is called "Extra-galactic back-
ground light (EBL)". It is the integrated photon flux from allextra-galactic sources, including
those which are not detected individually. Assuming that the universe should appear homoge-
neous and isotropic to a typical observer ("Cosmological principle"), the EBL is expected to have
a uniform mean level on large angular scales over the sky.

When traversing cosmic distances, the high-energy photonscan be absorbed by the EBL via
process ofγ +γ → e+ +e− (photon-photon pair production). It is, therefore, important to take into
account this effect for measured spectra in the VHEγ-ray band in order to study intrinsic source
spectra.

The photon-photon pair production has a kinematic threshold given by

Eǫ(1− cosθ) ≥ 2(mec
2)2 (2.14)

whereE andǫ are the high and low energies of the two photons, andθ is the collision angle.
Following [118, 241], the total cross sectionσγγ is

σγγ =
3
8
σTs(q), (2.15)

s(q) = q

[(

1+ q−
q2

2

)

ln
1+

√
1− q

1−
√

1+ q
− (1+ q)

√

1− q

]

, (2.16)

q =
(mec2)2

Eǫ

2
1− cosθ

(2.17)

whereσT is the Thomson cross section. The functions(q), shown in Fig. 2.8, reaches its maxi-
mum atq = 0.508. For ahead-oncollision (θ = π) the peak of the interaction cross section of a
γ-ray of energyE ∼ 1 TeV corresponds to pair production with a soft photon energy ǫ ∼ 0.5 eV.
Therefore, the wavelength (λ) of the soft photon at the peak cross section can be written as

λ = 2.41µm
E

TeV
(2.18)

It is necessary to calculate the absorption probability of the high energy photon per unit path
length dτγγ/dl , whereτγγ is the absorption "optical depth" for photons of energyE traversing
an isotropic diffuse radiation with spectral density dn(ǫ)/dǫ. With an integration overθ, the
absorption probability is given by

dτγγ

dl
=

3
8
σT

∫ ∞

(mec2)2

E

dǫ
dn(ǫ)

dǫ
F

(

(mec2)2

Eǫ

)

, (2.19)

S(g) = 2g2

∫ 1

g
s(x)x−3dx (2.20)
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Figure 2.8: The behavior of the functionss(p), S(p) (see text) which peak atp =0.508, 0.28,
respectively.

wheres(x) is from Eq. 2.16. The attenuation of the high energyγ-rays byisotropicbackground
photons peaks atg = 0.28 of S(g) (shown in Fig. 2.8), corresponding toEǫ = 3.57(mec2)2. This
gives a characteristic energy of the soft photonǫ ∼ 0.9eV for the most effective attenuation of a
1 TeVγ-ray, and the corresponding wavelength is

λ = 1.33µm
E

TeV
(2.21)

This energy is almost a factor of two higher than for a head-oncollision given in Eq. 2.18.
The lowest energy of a soft photon for interaction with a hardphoton of energyE is deter-

mined by the threshold for pair production in a head-on collision,

λ = 4.75µm
E

TeV
(2.22)

For aγ-ray of energyE, which travels cosmological distances from a source at redshift z, we
can generalize Eq. 2.20 to obtain the optical depth [222, 241],

τγγ(E,z) =
3
8
σT

c
H0

∫ z

0

√

(1+ z)dz
∫ ∞

(mec2)2

E(1+z)2

dǫ
dn(ǫ)

dǫ
F

(

(mec2)2

Eǫ(1+ z)2

)

(2.23)

whereH0 is the Hubble constant and dn(ǫ)/dǫ is the present-day (z = 0) spectral EBL density.
Fig. 2.9-(b) showsτγγ(E,z) for z= 0.031, 0.034, 0.047, 0.0693. Using those values ofτγγ(E,z),
an intrinsic source spectrumΦintrinsic(E), which is corrected for the absorption by EBL, can be
estimated from the measured spectrumΦmeasured(E) by,

Φintrinsic(E) = Φmeasured(E) ·exp(τγγ(E,z)) (2.24)

3these values corresponds AGN sources of Mkn421 (z= 0.031), Mkn501 (z= 0.034), 1ES1959+650 (z= 0.047),
BL Lacertae (z= 0.069), which are observation targets in this thesis
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Figure 2.9:(a) Various models and upper limits of EBL for z=0, and measurements at various
wavelengths. Each upper triangle represents the value fromthe galaxy count at each wavelength.
Red line is based on "low-IR" model of Kneiske et al. (2004) [148]. Blue is taken from "fast
evolution" model of Stecker et al. [223]. Other two lines areUpper limit from [18] (green) and
[174] (blackdashed). (b) attenuation coefficient exp(−τγγ) in the case ofz=0.031, 0.034, 0.047,
0.069 using the EBL spectrum shown in red line in (a).

According to Eq. 2.21 and 2.22, a VHEγ-ray photon is sensitive for absorption in the
optical-infrared range of EBL rather than CMB4. Current measurements and some models of
EBL at present-day (z= 0) in this wavelength range are shown in Fig. 2.9-(a). Two ofits main
contributions are the (redshifted) relic emission of galaxies and star-forming systems (peak at
λ ∼ 1− 2µm) and the light absorbed and re-emitted by dust (peak atλ ∼ 100− 200µm) (see
[158, 143] for reviews). The EBL has a strong connection to galaxy evolution in universe.

However, direct measurements of the present EBL spectrum suffer from large uncertainties,
as they are dominated by large foregrounds of galactic and zodiacal light. In turn, attempts to
model the EBL spectrum (e.g., [148, 223]) are challenged by the need for strong assumptions
on cosmology, star formation rate, the distribution of matter in universe; additionally, a good
understanding of the light recycling history is required. On the other hand, we can constraint
the EBL flux in the optical-infrared region by means of measured the VHEγ-ray spectra of
distant AGNs. Recent studies [15, 174] have suggested that the EBL flux at this wavelength
range is lower than what previous models predicted and is close to the lower limit, which was
derived by direct measurements of galaxy counting. Throughout this thesis, we use the EBL
model suggested by Kneiske et al. (2004) [148] as "low-IR" model (the red line in Fig. 2.9-(a))
because this model show similar fluxes to the upper limit by H.E.S.S. [15] around the peak at
λ ∼ 1− 2µm.

4a 100 TeV photon begins to feel the presence of the CMB
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As one can see in Fig. 2.9-(b), the effect of absorption decreases as the energy becomes
lower. Therefore, observations for blazars with low energythresholds in the VHEγ-ray band are
of great advantage:

• detectγ-rays from distant sources, which increases the number of extra-galactic VHEγ-
ray sources. The distant sources can provide us with crucialinformation about the EBL
spectrum.

• study intrinsic fluxes of extra-galactic sources avoiding possible errors by the absorption
correction. Due to the ambiguity of the EBL flux, larger systematic uncertainties remain
in the corrected VHEγ-ray spectra in higher energies.

The distance whereτγγ(E,z) = 1 at a given energy is known as the "γ-ray horizon". This rep-
resents an observable distance with a given energy photon. Fig. 2.10 show the "γ-ray horizon"
provided by two different EBL models. In general, when lowering γ-ray energy, the correspond-
ing z-value atτγγ(E,z) = 1 becomes higher. This means that the universe is getting more trans-
parent for the VHEγ-ray observations with a lower energy threshold so that we can penetrate
deeper into the universe, and hence are able to study early stages of the universe.
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Figure 2.10: Gamma-ray horizon. The lines denote the optical depthτγγ(E,z) = 1 as a function
of theγ-ray energy and the redshift for the EBL models of "fast evolution" model in Stecker et
al. (2006) [223] (blue dashed curve) and the "low-IR" model in Kneiske et al. (2004) [148] (red
solid curve). The areas to the right and above these curves with dark colors correspond to the
region where the universe is optically thick forγ-rays. The horizontal green line indicates the
current analysis threshold of the MAGIC telescope (at 80 GeV).
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2.5 Motivation for this Thesis

To investigate the fundamental physics of blazars, especially for systematic studies such as the
"blazar sequence" (see section 2.2), we need a fair amount ofsource samples. However, the
number of blazars from which VHEγ-rays have been detected ("TeV blazar") is still very small.
In 2004, when I started this work, there wereonly 7 AGNs confirmed as VHEγ-ray emitters
(see Table 1.2). All of them belonged to the HBL class (exceptfor one, FR-II, M87). None of
the TeV sources were found among either LBLs or FSRQs. Therefore, there was a strong desire
to increase the source number of TeV blazars.

Searching for new TeV blazars, we designed an observation strategy based on the TeV-source
candidate list proposed by Costamante and Ghilleine (2002)[85] (hereafter CG02).

2.5.1 Search for AGNs as new TeV blazars

Target selections

CG02 selected TeV candidates for BL Lac objects among a totalnumber of 246 different AGNs.
A main criterion was the existence of both high-energy electrons and sufficient soft photons to
enable TeV emission. Thus, the objects were required to showsufficient radio, optical and X-
ray fluxes. The selection results can be seen in Fig. 2.11. Finally, they selected 33 objects and
calculated the integral fluxes of those objects above 40 GeV,300 GeV and 1 TeV, using a simple
one-zone homogenous leptonic origin model.

The information about the predicted fluxes provided in the CG02 list was used to select the
best targets for searching new VHEγ-ray emitters with the MAGIC telescope. For a more realis-
tic feasibility study, we estimated the flux above 80 GeV, which roughly corresponds the MAGIC
analysis threshold, using the following formula based on fluxes above 40 GeV as predicted by
CG02:

F(≥ 80GeV) =F(≥ 40GeV)×
(

80
40

)(−n+1)

(2.25)

This method assumes that the photon index of differential spectrum (n) of the potential source
is similar to that of the Crab Nebula (n = 2.6) because the maximum value of the observed SSC
energy (at column 4 in table 2.1 estimated by using Eq.(8) in [147]) is sufficiently higher than
the MAGIC threshold of 80 GeV.

In the end, we found that two sources, BL Lacertae (z= 0.069) and PG 1553+113 (z> 0.09),
which showed higher predicted fluxes than the flux sensitivity of the MAGIC observation for
15 hours (5.8×10−11cm−2s−1). BL Lacertae emerged as the best candidate for a TeV blazar in
our observations. In addition, the following results from previous observations supported our
selection based on the CG02 list.

• The object with the highest flux prediction among the candidates in their list, 2005-489,
had already been detected by H.E.S.S.5 [16] at that time.

5This source was one of the first discovered AGNs during the H.E.S.S. observations.
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Figure 2.11: BL Lac objects collected by Costamante and Ghilleine (2002) [85].(a): Radio (5
GHz) and X-ray (1 keV) plane,(b): Optical (550 nm) and X-ray plane. All objects to the right
and above both dotted rectangles have been considered to be good candidates for TeV emitters
(The plot is updated from the original one with some newly discovered TeV emitters).

Table 2.1: Measured X-ray flux at 1 keV (F1 keV), predicted integral flux at energies above 40
GeV (F≥40GeV, from [85]) and 80 GeV (F≥80GeV, from Eq. 2.25) and maximum energy of IC
emission (ESSC max). The VHEγ-ray fluxes are given in units of 10−11cm−2 s−1.

Source F1 keV F≥40GeV F≥80GeV ESSC max

[µJy] [GeV]

BL Lacertae 1.91 42.8 14.1 442
PG 1553+113 6.54 22.3 7.4 186
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• BL Lacertae was observed with the Whipple 10 m telescope for 39.1 hours in 1995. The
derived upper limit for the flux above 350 GeV was at 3.8% of theCrab flux [136]. HEGRA
found an upper limit above 1.1 TeV at 28% of Crab flux with 26.7 hours observation
time [12]. These values are compatible with the flux predicted by CG02. (1.7% Crab flux
at 300 GeV and noγ-ray are expected at 1 TeV.)

• MAGIC had observed the fourth-best candidate in the list, 3C66A, for about 20 hours
during the commissioning phase in 2004, but did not succeed in detecting VHEγ-ray
emission. This result was consistent with the flux predictedby CG02. Accordingly, we
can estimate a minimum observation time of≥ 40 hours.

Concluding that these two objects were the most promising sources for the detection of VHE
γ-ray emission with the MAGIC telescope, 20 hours of ON-source observation were proposed
in 20056.

BL Lacertae is classified as an LBL. Before this thesis, VHEγ-ray emission had not been
detected from any objects belonging to this class. Therefore, to search for a VHEγ-ray signal
from BL Lacertae is particularly important not only for increasing the number of VHEγ-ray
sources, but also for establishing a new class of objects as asource of VHEγ-rays.

I had taken a responsibility for this challenge as a Principle Investigator for the observations.
The observations and results of this project are reported inChapter 7 of this thesis7.

2.5.2 Simultaneous multiwavelength observations

For discussing emission models of TeV blazars, it is necessary to obtain the SED of the source in
a wide energy range. In addition, blazars often show a strongflux variability down to time scales
of a few minutes for the highest energy range [103, 41]. Hence, simultaneous multiwavelength
(MWL) observations over a wide energy range are essential for studying the physics of TeV
blazars.

Correlation between X-ray and VHE γ-ray: In TeV blazars, the correlation between X-ray
and GeV-TeVγ-ray fluxes is important because it has been well interpretedby SSC emission
models. In these models, emissions in these energy bands areassociated with relativistic elec-
trons with comparable energies in the jet.

As an example, the multiwavelength campaign on Mkn421 in 1994 with the ASCA satellite
and the Whipple telescope [231] showed significant variability in both X-rays and TeVγ rays
with a good correlation. The observed SED can be well explained by the SSC model. On the
other hand, during the multiwavelength observation on 1ES 1959+650 in 2002 [156], a TeV
γ-ray flare without any X-ray counterparts was observed. Thisso-called "orphan" flare cannot
be explained with conventional one-zone SSC models and suggests to consider new emission
models.

6In total, about 1000 hours per year are available for the MAGIC observations.
7the other candidate shown in 2.1, PG 1553+113, was also successfully established as a new TeV blazar. The

results were reported in [35]
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Previous simultaneous multiwavelength campaigns: Most of the previous multiwavelength
campaigns suffered from low sensitivity of the participatingγ-ray telescopes. Therefore, the si-
multaneous observations were limited to being conducted only during flaring states. The study of
the sources in low states of activity may reveal new emissioncomponents that are masked during
flaring states [15]. The connection between high and low states may provide physical informa-
tion about the jet activity. The old telescopes were unable to measure data below 300 GeV. As
discussed in section 2.3.1, it is important to obtain SED information around the IC peak. In some
special cases, the peak may occur around several hundreds ofGeV during strong flare states. It
is, however, widely estimated that in most HBLs the peak is located around several tens of GeV.
To access these IC peaks, observations with lower thresholds are necessary.

MAGIC, which has the lowest energy threshold among the current Imaging Atmospheric
Cherenkov Telescopes, can access the energy range below 100GeV. In addition, the high sen-
sitivity allows the detection of GeV-TeVγ-ray signals with observation times shorter than ever
even in the quiescent state. Together with wide energy-range X-ray satellites, these new instru-
ments make it possible to perform multiwavelength observations in a much wider range.

Source selections: We selected Mkn501 (z = 0.034) and 1ES1959+650 (z = 0.047) as targets
for the MWL campaigns. They were sources already established as TeV blazars before I started
this work8. They show rather high fluxes even in their quiet states (∼ 10% Crab flux, while
many of them have only several % Crab flux), which is enough forMAGIC to detect significant
VHE γ-ray signals within a few hours. It is an important estimation for obtaining real (quasi-
)simulation data with X-ray and VHEγ-ray, because long time overlaps cannot be achieved
with X-ray Satellite observations (several hours at most) due to the different operational modes
between ground-based telescopes and satellites. These sources are located rather close to us
among the TeV blazars. It is an advantage to study intrinsic source spectral features in the VHE
γ-ray band because flux uncertainties, possibly incurred by the correction of EBL absorption,
can be suppressed (cf. section 2.4).

We organized extensive MWL campaigns for these two sources with an X-ray Satellite,
Suzaku, in 2006. The observations and results are reported in Chapter 8 of this thesis (for
Mkn501) and Chapter 9 (for 1ES1959+650).

In addition to these intensive MWL observations, we also planned long term observations
("monitoring") for 1ES1959+650 and Mkn421 (z = 0.031). Mkn421 is the first-established
and brightest of all TeV blazars. We also report parts of these observations in Chapter 9 (for
1ES1959+650 in 2005) and in Chapter 10 (Mkn421 in 2006).

The X-ray Satellite, Suzaku: Suzaku [179] is an X-ray satellite with four X-ray Imaging
Spectrometers (XIS) and a separate Hard X-ray Detector (HXD). The XIS are sensitive in the
0.3-10 keV band with two types of CCDs composed of front-illuminated CCDs (for XIS0, 2 and
3) and a back-illuminated type (XIS1). XIS1 is particularlysensitive below 2 keV. The HXD is a
non-imaging instrument, sensitive in the 10-600 keV band, composed by a Si-PIN photo-diodes
detector (probing the 10-60 keV band) and a GSO scintillatordetector (sensitive above 30 keV).

8i.e. they were two sources among 7 established TeV AGNs at that time.
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Thanks to the good noise shielding, the HXD is the most sensitive detector in the 10-60 keV
range among the currently available X-ray satellites. Therefore, Suzaku seems to be the best
X-ray satellite to cover the wide-range SED for blazar studies.
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Chapter 3

Air showers

Once high energy cosmicγ-rays enter the atmosphere of the Earth, they start to interact with
particles in the atmosphere and produce large cascades witha huge number of secondary par-
ticles (e±,γ), called "Extensive Air Showers (EAS)". Theγ-rays generate air showers via the
electromagnetic interaction ("Electromagnetic cascade"). The energetic secondary charged par-
ticles emit Cherenkov radiation. An Imaging Atmospheric Cherenkov Telescope (IACT) detects
the Cherenkov light as a signal to observe the primaryγ-ray flux. Cosmic rays of charged par-
ticles (protons, helium nuclei.. etc.) also induce Cherenkov light from their air showers. These
showers are developed by the strong interaction ("Hadroniccascade") and become backgrounds
for theγ-ray observations with the IACT. These two kinds of air showers have different features
due to the differences of the interactions inside the showers. Taking advantage of such differ-
ences between these two classes of showers, IACTs discriminate most of the hadronic showers
as background events. This chapter briefly summarizes the physics of air shower and describes
the subsequent production of Cherenkov light including General descriptions about IACTs,

3.1 The atmosphere

The relation between altitude and atmospheric vertical "depth" Xv measured1 in [g/cm2] is shown
in Fig. 3.1.

Xv is related to the density profile of the atmosphere by

Xv =
∫ ∞

h
ρ(h′)dh′, (3.1)

whereρ(h) is the density of the atmosphere at altitudeh. So far an isothermal atmosphere, the
Eq. 3.1 can be described by means of a constant scale height,h0 as [104]

Xv = Xgexp

(

−
h
h0

)

(3.2)

1It is useful to use the "length"X in [g/cm2] to discuss particle interactions. In this scale, e.g., theionization loss
is almost constant with respect to the length, regardless ofthe medium.
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whereXg
∼= 1030 g/cm2.

In reality the temperature and hence the scale height decrease with increasing altitude until
the tropopause (12-16 km). At sea levelh0

∼= 8.4 km, and forXv <200 g/cm2 the scale height is
h0

∼= 6.4 km.
In general, the relation betweenh and distance up the trajectory (l ) is (for l/R⊕ ≪ 1)

h∼= l cosθ +
1
2

l2

R⊕

sin2θ (3.3)

for zenith angleθ whereR⊕ is the radius of the Earth.
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Figure 3.1: Relation between the height in atmosphere and the atmospheric depth.

3.2 Electromagnetic Cascade

The basic high energy processes making up an electromagnetic cascade are bremsstrahlung and
pair production.

Bremsstrahlung: Bremsstrahlung is the radiation associated with the acceleration of electrons
in the electrostatic fields of ions and the nuclei of atoms. The energy loss per lengthX (in
[g/cm2]) of a charged particle in the relativistic regime due to Bremsstrahlung can be described
by (see e.g., [97])

−
dE
dX

= 4αNA
Z2

A
z2r2

e

(me

m

)2
E ln

(

183
Z1/3

)

(3.4)

whereα is the fine-structure constant,NA is the Avogadro number,ρ, A andZ are the average
density, atomic mass and charge of the medium,me is the electron mass,re is the classical electron
radius andz, mandE are the incoming particle charge, mass and energy, respectively. The energy
loss is inversely proportional tom2. Therefore bremsstrahlung is an important process for light
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Figure 3.2: Simulated air shower induced by a 100 GeVγ-ray with a zenith angle of 0◦.
The shower development is illustrated with particle tracks(e± (blue), µ± (red, pink), hadrons
(e.g.,p,π0,π±) (green)) which contribute to the Cherenkov photon productions.[Left]: Side
view. The first interaction point of the primary particle is also denoted on the top of the panel.
[Top right]: Top view. [Bottom right]: Cherenkov photon distribution at 2200 m a.s.l.. The
scale corresponds to the number of photons in each 25 m2 area.
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Figure 3.3: Simulated air shower induced by a 300 GeV proton with a zenith angle of 0◦.
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charged particles, e.g. electrons and positrons. Here, we can define a radiation lengthX0, over
which the electron loses a fraction (1-1/e) of its initial energy on average by bremsstrahlung.

dE
dX

= −
E
X0

with X−1
0 = 4αNA

Z2

A
z2r2

e ln

(

183
Z1/3

)

(3.5)

The radiation lengthX0 for electrons in air is 36.7 g/cm2, corresponding to≈ 300 m for standard
pressure at sea level [253] .

Pair production: In this process, an electron-positron pair is produced by the interaction of a
high energy photon with a virtual photon (γ∗) emitted in the strong electrostatic field of nuclei
(γ +γ∗ → e+ + e−). The cross section of the pair productionσp with a high energy photon (hν ≫
mc2) can be written [128]

σp ≈
Z2

137
r2

e

(

28
9

log
183
Z1/3

−
2
27

)

[cm2] (3.6)

The mean free path of pair productionXp can be written using the radiation lengthX0 approx-
imately:

Xp =

(

NA

A
·σp

)−1

≈ 9
7

X0 (47.2g/cm2 in air). (3.7)

Since both characteristic lengths of bremsstrahlung and pair production can be expressed by
X0, the shower development can be discussed using the "length"of medium by scale ofX0.

The energy loss by ionization loss over 1 radiation length (1X0) is defined as "critical energy"
for electrons. The critical energy in the atmosphere is 83 MeV. Once an electron reaches the crit-
ical energy, in effect, it stop producing secondary photonsby bremsstrahlung in the atmosphere
for the cascade. It loses its energy by ionization loss.

Primary cosmicγ-rays first interact with nuclei at a height between 15 to 25 kmabove sea
level and induce electron-positron pairs by the pair production process. Subsequently, the elec-
trons and positrons emitγ-rays via bremsstrahlung, and then theseγ-rays again produce electron-
position pairs. Air showers induced byγ-rays continue to develop through these electromagnetic
cascade as long as the secondary particles have energies above the critical energy. Once the par-
ticles fall below the critical energy, ionization, excitation and Compton scattering dominate the
energy loss and, finally, the cascade shower stops.

The shower development is strongly collimated towards the direction of the incidentγ-ray.
The total number of electrons and positrons above the critical energyEc can be approximated
by [214]

Ne(t,E) =
0.31

√

lnE/Ec

exp

[

t

(

1−
3
2

lns

)]

(3.8)

s(t,E) =
3t

t + 2ln(E/Ec)
(3.9)
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whereE is energy of the primaryγ-ray, t is the depth of atmosphere scaled with respect to the
radiation length (t = X/X0, X0 = 36.7g/cm2), ands is called "shower age". The shower age can
be clarified by

dNe(t,E)
ds

= Ne(t,E) · 3ln(E/Ec)(s− 3lns− 1)
(3− s)2

(3.10)

As one can see in this equation, in the range of 0< s < 1, the number of electrons and positrons
(Ne) increases ass increases (dNe/ds> 0), which means the shower is still developing. Ats= 1
(dNe/ds= 0), Ne becomes maximum and, hence, the number of secondary particles reaches a
maximum in the shower development ("shower maximum"). Whens> 1, the shower is fading
out asNe decreases (dNe/ds< 0). The shower maximum depends only weakly on the energy of
the primaryγ-ray (tmax = ln(E/Ec)).

atmospheric depth [g/cm2]
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Figure 3.4: The total number of electrons aboveEc in an electromagnetic cascade as a function
of the atmospheric depth (see Eq. 3.8). Various curves correspond to different primaryγ-ray
energies and numbers in the figure represent the energies of the primaryγ-ray.

Multiple Coulomb scattering is a main process for determining the lateral size in an electro-
magnetic cascade. The average scattering angleθ of multiple Coulomb scattering is described
using depth scaled by radiation lengtht = x/X0 [185]:

〈θ2〉 ≈
(

Es

E

)2

t : Es =

√

4π

α
·mec

2 = 21MeV (3.11)

The characteristic size of the lateral spread in a shower ("Moliére radius":r0) is

r0 =
Es

Ec
X0 ≈ 9.3g/cm2, (3.12)

which is 78 m at sea level.
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The lateral distribution of electrons and positrons can be parameterized by the Nishimura-
Kamata-Greisen (NKG) formula [186, 120], which describes the density of electrons and positron
as a function of the distancer from the shower axis:

ρe(r, t,E) =
Γ(4.5− s)

2πΓ(s)Γ(4.5− 2s)
Ne(t,E)

r2
0

(

r
r0

)s−2(

1+
r
r0

)s−4.5

(3.13)

whereΓ is the Gamma function. This formula is valid strictly only inthe range of 1.0 < s< 1.4.
However, this formula can provide information of the lateral distribution immediately and be
useful for the air shower simulation.

3.3 Hadronic Cascade

A hadronic shower is produced by the interaction of a hadronic cosmic-ray particle with an
atmospheric nucleus governed by the strong interaction. Asthe result of the interaction, pions
(π±,π0) represent about 90 % of the secondary particles, and the rest is accounted for by kaons
(K±) and light baryons (p, p̄, n, n̄).

The Propagation of particle through the atmosphere is described by transport or cascade
equations that depend on the properties of the particles andtheir interactions and on the structure
of the atmosphere. Taking into account all types of hadrons which can be produced when an
energetic hadron of any flavor interacts, a set of coupled transport equations is needed to describe
hadron fluxes in the atmosphere in full detail. In matrix notation one has [104]

dNi(E,X)
dX

= −
(

1
λi

+
1
di

)

Ni(E,X) +
∑

j

∫

Fji (Ei,E j)
Ei

Nj(E j)
λ j

dE j, (3.14)

HereNi(E,X)dE is the flux for particles of typei at depthX in the atmosphere with energies in the
intervalE to E + dE. The probability that a typei particle interacts in traversing an infinitesimal
element of the atmosphere is dX/λi(E), whereλi(E) is an interaction length of typei particles in
air. The interaction lengthλi in air is defined as [104]

λi =
Amp

σair
i

. (3.15)

For the calculation of a hadronic cascade in air we can take the target nucleus to be an average
"air" nucleus withA≈ 14.5 and omit the target designation from the notation. Hadron-nucleus
cross sections have been measured up to several hundred GeV in accelerator experiments and
have been studies by several groups (e.g., [254]). The resulting values of hadron interaction
lengths in air are summarized as follows [104],

• λair
p (100GeV) = 86g/cm2

• λair
π (100GeV) = 116g/cm2

• λair
K (100GeV) = 138g/cm2
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Table 3.1: Main decay channels of pions and kaons.
particle Average lifetime ǫ (GeV) decay channel branch ratio

π± 2.6×10−8s 115 π± → µ± +νµ(ν̄µ) 100%
π0 8.3×10−17s 3.5×1010 π0 → γ +γ 98.8%
K± 1.2×10−8s 850 K± → µ± +νµ(ν̄µ) 63.5%

K± → π± +π0 21.2%

The functionFji (Ei,E j) is the probability density (integrated over transverse momentum) for an
incident particle (typej) of energyE j to collide with an air nucleus and produce an out going
particle (typei) with energyEi. In general, it is defined as [104]

Fac(Ec,Ea) ≡ Ec
dnc(Ec,Ea)

dEc
, (3.16)

where dnc is the number of particles of typec produced on average in the energy bin dEc around
Ec per collision of an incident particle of typea.
Finally di is the decay length (in g/cm2) for particles of typei with energyE and can be written
with h0 evaluated at the appropriate atmospheric depthXv, massmi and average lifetimeτi of
type i particles [104],

1
di

=
mic2h0

EcτiXv
≡ ǫi

EXv
. (3.17)

Here, we callǫi "decay constant",ǫi = mic2h0
cτi

.
Decay or interaction dominates depending on whether 1/λi or 1/di is larger in Eq. 3.14. This

in turn depends on the relative size ofǫ andE for each particle. In Table 3.1, the main decay
channels of pions and kaons are summarized, using the high altitude value ofh0

∼= 6.4 km for ǫ.
For instance, since theπ0 has only a short lifetime (hence, large decay constant), it decays

to γs as soon as it is created by the interaction, and then theseγ-rays induce electromagnetic
cascades. As the probability for the production ofπ± andπ0 is similar, about 30% of the energy
of each interaction can be transferred to electromagnetic cascades viaπ0 decay.

Muons can reach the ground because of their relatively long lifetime (τ ∼ 2.2×10
6
s) and

small cross section to other particles. But if it decays, it can induce an electromagnetic cascade
through the decay channel ofµ → e+ ν̄µνe. Neutrinos which are created by the decay reach the
ground without any interactions.

In a given interaction, a primary particle spends∼ 40% of its energy for the production of
secondary particles and keeps the rest of 60% energy for the next interaction. In this way, a
hadronic cascade is generated.

The lateral spread of hadronic shower is mainly caused by thetransverse momentum which
is given to the secondaries in the hadronic interaction. Themean transverse momentum is almost
independent of the primary particle energy and is about 0.3 GeV/c. Consequently, a hadronic
shower usually shows broader shape than a pure electromagnetic shower.
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3.4 Cherenkov Radiation

A charged particle passing through matter loses energy due to Coulomb interaction with the
electrons of the matter. In general this energy is absorbed in the vicinity of the particle track.
However if the particle velocity is faster than the local group velocity of light, part of the energy
is emitted as radiation and can propagate through the matterin case of materials of high optical
transmissivity. This radiation is called Cherenkov light and was discovered by P.A. Cherenkov
in 1934 [81]. The theoretical explanation was given by Frankand Tamm in 1937 [101]

The minimum velocity required for the emission of Cherenkovlight with a refractive index
n.

v >
c
n

(3.18)

wherev is the velocity of the charged particle,c is the speed of light in vacuum.
The emission of Cherenkov light is described by the superposition of spherical waves using

Huygens’ principle (see Fig. 3.5). Under the assumption that a spherical wave emerges from
each point of the particle track, constructive interference only takes place forv > c/n. The
resulting cone-shaped wave-front is similar to the shock wave produced by an airplane flying at
supersonic speed. The Cherenkov angleθc can be deduced from geometrical considerations only
with β = v/c (see Fig. 3.5-b):

cosθc =
1

β ·n (3.19)

a) b)

Figure 3.5: Propagation of Cherenkov light in a medium with refractive indexn, derived from
Huygens’ principle. Constructive interference of the spherical waves is achieved for particle
velocitiesv > c/n. The resulting cone-shaped wave-front propagates at an angle cosθc = 1/(βn)
relative to the particle track.
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From Eq. 3.18, the Cherenkov light can be only generated by a particle with sufficiently high
energy (E > Eth):

Eth =
m0c2

√

1− 1/n2
(3.20)

wherem0 is the rest mass of the charged particle.

3.4.1 Cherenkov radiation in air shower

As the refractive index depends on the density of the medium,it changes with the atmospheric
altitude. Therefore, the Cherenkov emission angle and the energy threshold for Cherenkov pro-
ductions take different values along the path of the shower.

From Eq. 3.2, the refractive index of the airn(h) be written can as a function of heighth:

n(h) = 1+η = 1+η0 ·exp

(

−
h
h0

)

(3.21)

Smaller variations of refractive index due to other factors, such as the air temperature or the
wavelength of the radiation, can be neglected.
Given the fact thatη ≪ 1, the energy threshold of Eq. 3.20 can be written

Eth ≈
m0c2

√
2η

(3.22)

As an example, at 20 km a.s.l., which is the average height of the first interaction of the primary
particles,Eth for electrons, muons and protons are 67 MeV, 14 GeV and 120 GeV, respectively.
At see level (0 m a.s.l),Eth are 22 MeV, 4.6 GeV and 40 GeV, respectively. As expected, the
threshold energy for Cherenkov light decreases as the particles penetrate further through the
atmosphere. In addition, the intensity of Cherenkov radiation depends upon the development of
the electromagnetic cascade through the atmosphere. For instance, according to Fig. 3.1 and 3.4,
the shower maximum for a 320 GeVγ-ray occurs at an atmospheric depth of about 300 g/cm2,
corresponding to about a height of 10 km a.s.l.

Since the charged particles in an EAS can be treated as ultra-relativistic (β ∼1), the Cherenkov
angle (see Eq. 3.19) can be expressed approximated byη:

θc = cos−1(1/n) ≈
√

2η (3.23)

The Cherenkov angle at 2200m a.s.l. (where the MAGIC telescope is located) is 1.2◦.

3.4.2 Cherenkov photon yield

The loss of energyE per unit path lengthh by a particle of chargee to Cherenkov radiation of
wavelength betweenλ andλ+ dλ is [101]:

dE
dh

= 4π2e2

∫
(

1−
1

β2n2

)

dλ

λ3
(3.24)
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Therefore the energy loss by Cherenkov radiation dE betweenλ1 andλ2 per atmospheric depth
Xv can be written with 1− 1/n2 ≈ 2η and dXv = −ρdh as:

dE
dXv

=
dE
dh

dh
dXv

= 8π2c2η

ρ

∫ λ1

λ2

1
λ3

dλ = 4π2e2η

ρ

(

1
λ2

1

−
1
λ2

2

)

(3.25)

One can see from Eq. 3.25 that most of the Cherenkov light is generated with lower wavelength
due to the 1/λ2 dependence. Then, the number of produced Cherenkov photonsNph per atmo-
spheric depth can be estimated as:

dNph

dXv
=

∫ λ1

λ2

1
h̄ω

d2E
dXvdλ

dλ = 4πα
η

ρ

(

1
λ1

−
1
λ2

)

(3.26)

Here,α = e2/h̄c= 1/137 is the fine structure constant. Sinceη is proportional to the air densityρ,
the amount of energy (the number of photons) per radiation length is constant. In the atmosphere,
the wavelength of the Cherenkov radiation is longer than 180nm because such a wavelength can
not satisfy the condition of Eq. 3.18. In addition, photons with wavelength below 300 nm are
strongly absorbed by the air (see the next section) before they reach the ground. Using the
numbersλ1 = 300 nm andλ2 = 600 nm (sensitivity limit of PMTs, see section 4.3), dNph/dXv =
336(g/cm2)−1. Each electron therefore emits∼ 104 Cherenkov photons between 300 nm and
600 nm per radiation length in the atmosphere (cf.X0 = 36.7g/cm2).

3.4.3 Attenuation of photons in atmosphere

Several processes contribute to the absorption of Cherenkov photons before they reach the ground.

• Rayleigh scattering
This is the process light scattering on polarizable particles with sizes much smaller than
the photon wavelengths. The reduction dI of the photon intensityI per path length dx can
be derived from the Rayleigh scattering equation and is approximately [67]

dI
dx

= −I · 32π3

3Nλ4
(n− 1)2 (3.27)

whereN is density of scattering particle,n is refractive index andλ is the Cherenkov
photon wavelength. The strong dependence of Rayleigh scattering on the photon wave-
length (λ−4) mainly affects the short wavelength range of the Cherenkovphoton spectrum.
For atmospheric heights between 3 and 15 km (with perfect weather conditions), Rayleigh
scattering is the dominant process for Cherenkov light attenuation.

• Mie scattering
This scattering is caused by relatively large particles called "aerosols", e.g., specks of
dust. The relative contribution to the light attenuation above 2000 m height is small, but
poor atmospheric conditions (e.g. increased dust, moisture) can make Mie scattering the
dominant process. The spectral dependence of the cross section isσmie ∝ λ−a with 1< a <
1.5.
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• Ozone absorption (O3 +γ → O2 + O)
Ozone (O3) is a particle widely spread between 10 and 40 km a.s.l. and strongly absorbs
photons with the wavelengths less than 300 nm. Due to this effect, Cherenkov photons in
the UV range (. 300 nm) can be detected at the ground only when they are generated from
particles at short distance to the ground.

Fig. 3.6 show the final spectra of Cherenkov photon at 2200 m a.s.l. reaching the MAGIC
telescope with two different incident zenith angles (0◦ and 60◦).
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Figure 3.6: Cherenkov photon spectra at 2200 m a.s.l. from a shower induced by a 40 GeVγ-ray.
The photon spectrum from aγ-ray incident at zenith angle (ZA) of 0◦ is represented as the green
line, and at 60◦ as the orange.

3.5 Distinction betweenγ- and hadron-induced air showers

The previous sections described the basic properties ofγ- and proton induced air showers.
Fig. 3.2 and 3.3 show aγ- and a proton-induced air shower generated by Monte Carlo simu-
lation. The shower features from charged particles above the energy threshold for Cherenkov
light production are represented by a top view and a side view. The photon distributions ("light-
pool") at 2200 m a.s.l. can also be seen. Due to the different processes involved, the geometry
of both types of air is quite different and it is then possibleto distinguish in an air shower by
Cherenkov photons. In this section, the main differences between the two types of showers are
summarized.

• The interaction length of hadronic particles in air is about2 times longer than that of
photons. Proton showers are therefore more extended thenγ-ray showers.
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• The secondary particles, which are produced in hadronic interactions, have a mean trans-
verse momentum of about 0.3 GeV/c. The lateral distribution of proton showers is there-
fore broader.

• Proton showers are subject to larger fluctuations in the shower development due to the
larger interaction length of the hadronic particles, the larger transverse momentum of the
secondary particles and the variety and number of secondaryparticles.

• Decaying neutral pions might initiate electromagnetic sub-showers at larger transverse
distances and angles from the shower axis. The electromagnetic component of proton-
induced air showers contains only a fraction of the primary energy. The overall amount of
Cherenkov light produced within proton showers is therefore generally smaller compared
to γ-induced air showers of the same energy.

• For point-like sources allγ-rays reaching the earth have the same incident direction. This
property is also inherent in the produced air showers. Charged particles, in contrast, are
isotropically distributed because they are randomly deflected by galactic and intergalactic
magnetic fields while traveling through the universe.

• Pions and kaons can also emit the Cherenkov light. However, these particles usually gen-
erate the Cherenkov light only at high altitude due to their short lifetimes and high-energy
thresholds for the production of Cherenkov light (see Eq. 3.20). Their contribution to the
overall amount of Cherenkov light in the shower is thereforesmall at the ground level. On
the other hand, decay muons can reach the ground without interaction and emit significant
amount of the Cherenkov light which is observable at the ground.

High-energy protons are only one part of the cosmic ray spectrum (∼ 54% above 100 GeV).
The cosmic rays also contain heavier nuclei (mainly He with∼ 23%) up to iron. There is also
a small contribution from electrons (∼ 0.2%). In a simplified picture, air showers produced by
heavy nuclei can be regarded as a superposition of several (according to the number of nucleons
A) proton showers of reduced energyE/A. The dominant part of the hadronic background can
be treated like proton showers.
Electron-induced air showers have indistinguishable shapes fromγ-ray showers. But like the
hadronic part of the cosmic ray, the electrons are isotropically distributed due to the deflection
by galactic and intergalactic magnetic fields while traveling through the universe and only add
to the isotropic background. Due to the very steep electron spectrum (spectral index -3.2 [5]),
electrons become more abundant as the energy decreases. At about 30 GeV, it is estimated to be
about 2% of the flux of hadronic particles.
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3.6 Imaging Atmospheric Cherenkov Telescope

Imaging Atmospheric Cherenkov Telescopes (IACTs) are currently the most efficient ground-
based experiments for the detection of cosmicγ-rays. As any other optical or radio telescopes,
an IACT consists of three basic elements: a mechanical tracking system, which counteracts the
Earth’s rotation to track an astrophysical object in the sky, a collecting surface, which gathers
the incident electromagnetic radiation and focuses it, anda receiver element, which converts the
collected light in a recordable image of the observed field ofview (FOV). A peculiar feature
of Cherenkov telescopes is that they do not detect directly the photon (γ-ray) flux, but instead
detect the Cherenkov light which is produced in the air shower induced by the primary photon.
A mirror surface collects a fraction of the Cherenkov light pool, and at the focal plane a set of
light detectors converts the incident Cherenkov photons into electric pulses which together form
an image of the EAS. The very fast (∼ ns) response of the light detectors chosen for IACTs
is another important characteristic of these telescopes and is the key for efficient background
rejection.

The image formed in the camera of photosensors is a geometrical projection of the air shower
as can be seen schematically in Fig. 3.7. Cherenkov photons emitted at different heights reach
the telescope mirror dish with different angles and will therefore be focused on different posi-
tions in the camera of the telescope. As a consequence, the image contains information of the
longitudinal development of the EAS, i.e., the number of particles emitting Cherenkov light as
a function of the height in the atmosphere. Light coming fromthe upper part of the shower,
where the secondary particles are more energetic, has smaller Cherenkov angles and is mapped
onto a region close to the camera center. Light emitted from the last stages of the showers, from
less energetic secondary charged particles, has a larger Cherenkov angle and is therefore mapped
further away from the camera center.

The Cherenkov technique takes advantage of the shower development information in the im-
age of the telescope camera. It is therefore possible to takea ’picture’ of air showers resolved in
space (and time). This information can then be used to distinguish the origin of the air shower
(hadronic orγ-ray) using the different spatial development ofγ- and hadron-induced air show-
ers. The parameterization of such images is called "ImagingTechnique", which dramatically
improves theγ/hadron separation power (see also section 6.6.1 for the image parameters) and
makes IACTs the most successful instrument for cosmic very high energyγ-ray observations.
For the large showers (i.e., induced by very energetic particles) or for showers with high impact
parameters, due to the directionality of the Cherenkov radiation, Cherenkov photons from parts
of the EAS may not reach the reflector of the telescope and, therefore, may not be fully contained
in the recorded image.

The measurement of the Cherenkov light provides a good indicator of the energy absorbed
in the atmosphere, which is in fact acting as a calorimeter. Therefore, the total amount of light
contained in the image is regarded as one of the main estimators of the energy of the primary
particle. In addition, orientation and shape of the image also provide information on the incoming
direction of the primary particle.

Two main parameters characterize an IACT: its sensitivity,i.e., the minimum detectableγ-ray
flux in a given number of observation hours (traditionally, defined by a 5σ excess for 50 hours
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Figure 3.7: Basic principle of the Imaging Technique (see text). The stated dimensions are
typical for verticalγ-ray showers of 1 TeV primary energy (taken from [198]).
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of observation time), and its energy threshold.
The Cherenkov photons generated in an air shower spread in a large pool on the ground at

the observation level. Fig. 3.8 shows the lateral distribution of Cherenkov photons from a 100
GeV γ-induced air shower. The Cherenkov photons are mainly foundinside an area of∼120
m radius (see also Fig. 3.2). IACTs can detect EAS fromγ-rays over a large range of impact
parameters at least until 120 m. This provides IACTs with huge collection areas (of the order of
105m2). Such huge collection areas of the IACTs turn into high sensitivities in comparison with
γ-ray detectors mounted on satellites, whose dimensions areclearly limited by space-launching
requirements to. 1m2. It should be noted that the Cherenkov photons from hadron-induced
air showers distribute more widely than those fromγ-induced shower as one can see by the
comparison between the bottom-right panels in Fig. 3.2 and 3.3. Therefore, the IACTs can
detect hadron-induced air showers with even larger impact parameters than those ofγ-induced
showers.

The energy thresholdsEth of IACTs can be defined in a variety of ways, for instance, by the
peak theγ-ray energy distribution among the triggered events. As discussed above, the shower
image becomes smaller as in size the primary energy deceases. Fig. 3.9 shows how the photon
density at an observation site at 2 km a.s.l. diminishes as the energy of the EAS precursor particle
drops. going below 10 Cherenkov photons per m2 for γ-rays of less them 100 GeV.

The triggered events are limited by the number of detected Cherenkov photons per image
and require a sufficient signal-to-noise ratio in the instrument. TheEth can be described by (see
e.g., [189]):

Eth ∝
√

BΩt
ǫA

(3.28)

whereB is the night sky background (NSB) photon flux,Ω is the solid angle subtended by a pixel
(photosensor) of the camera,t is the integration time of the signals,A is the collection area of
the mirror(s), andǫ is the light collection efficiency (i.e. the mirror reflectivity and the fraction
of light collected by the photosensors in camera). From Eq. 3.28, it is clear that one can lower
the energy threshold of a Cherenkov telescope by reducing the noise contribution from the NSB
by working at a dark site or by minimizing the field of view of a pixel and the integration time,
or by increasing the amount of Cherenkov signal collected bymaximizing the mirror size or the
photon collection efficiency of the photosensor. Since the Cherenkov light in EAS has a finite
temporal and angular spread, there are limitations to improving the energy threshold by reducing
the field of view of a pixel. The most straightforward way to lower the energy threshold is to use
larger mirrors or photosensors with higher quantum efficiency. The MAGIC telescope tried to
combine both advantages, i.e. large mirror and high quantumefficiency photosensors.
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Figure 3.8: Lateral distribution of Cherenkov photons generated by a 100 GeVγ-induced air
shower.

Figure 3.9: Cherenkov photon density at 2 km height above sealevel for different types of
incident primary particles as a function of their energy. The figure is taken from [189].
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Chapter 4

The MAGIC telescope

To achieve an energy threshold lower than in any other previous IACT for the investigation
of the unexplored energy region between 30 an 300 GeV, the MAGIC telescope was designed
to have 17-m diameter tessellated mirror, making it the currently largest IACT in worldwide.
Following the design study in 1998 [50], the production of the telescope components and civil
works started in 2001. After a commissioning phase, which commenced in mid 2003, regular
scientific observations have been carried out since the fallof 2004.

The MAGIC telescope is located at 28◦.45′ N, 17◦.53′ W and is hosted by the Instituto de
Astrofísica de Canarias (IAC) at the Observatorio del Roquede los Muchachos (ORM) on the
Canary Island of La Palma at 2245 m above sea level. The ORM is considered to be one of the
best observatory sites in the Northern hemisphere [175, 162]. Moreover, due to its relatively
high altitude and the, consequently, lower absorption of Cherenkov light, the ORM is excellently
suited for the detection of shower images from lower energyγ-rays.

The key components of the MAGIC telescope are described in the following section.

4.1 Telescope Mechanics and the drive system

The MAGIC telescope has a 17m-diameter parabolic mirror dish with a focal length of 17 m.
The dish is supported by a lightweight space frame structurewith carbon fiber reinforced plastic
tubes. The total weight of the mechanical structure including mirrors and the PMT camera
could be restricted to only 64 tons. This lightweight telescope design in an Altitude-Azimuth
mount together with powerful servomotors enables the MAGICtelescope to be repositioned to
an arbitrary sky position within about 30 seconds. This fastmovement is a crucial feature for the
observation of GRBs.

The tracking system of the telescope is described in detail in [72]. 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,
small deviations of the actual telescope pointing from the nominal position may occur. These
pointing deviations can be monitored and corrected by usingthe MAGIC starfield monitor [212]:
A video camera is attached to the center of the mirror dish of the MAGIC telescope. It compares
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Figure 4.1: The MAGIC telescope.
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monitor LEDs mounted on the PMT-camera frame and stars with known positions from the
celestial background.

4.2 The reflector mirror system

The 17 m diameter tessellated reflector is composed of 964 mirror element of 49.5× 49.5 cm2

area each. These are grouped in 4-element panels (3-elementpanels at the rim of the dish) and
have a total of 236 m2 reflector area. In order to minimize the time spread of the Cherenkov
flash at the camera plane for short signal integration time, aparabolic shape was adapted for the
overall curvature. The focal length to diameter ratio,f/D, is approximately 1. The curvature of
the individual mirror elements is spherical, and their focal length increases gradually from 17 m
to 18 m when moving from the center of the dish to the rim. Each mirror panel is equipped with
an internal heating system to prevent dew and ice formation.A thin layer of quartz protects the
mirror surface from aging. The mirror surface reflectivity is∼ 85 % in the wavelength range of
350 - 650 nm.

The camera allows the optical system to be focused to infinity, and to a height of 10 km, at
which the shower maximum of a typical extended air shower is expected. The initial calibration
of the telescope focusing is achieved by using an artificial source situated at a distance of 920 m.
During normal operation, the mirror is focused to a distanceof 10 km.

In order to compensate for the small deformations of the mirror dish under gravitational
load when varying the elevation angle during tracking, the individual mirror panels can be au-
tomatically adjusted with a technique called "Active Mirror Control" so as to guarantee optimal
focusing of the mirror system. The position of panels is set such that the light emitted by the
lasers situated in the center of each four-mirror panel is correctly focused in the camera plane.

4.3 Camera

4.3.1 The camera layout

The layout of the camera is schematically shown in Fig. 4.2. Due to the optimization of telescope
performance and cost, the hexagonal detecting area was divided into two regions: an inner part,
segmented in 396 finer hexagonal pixels of 0.1◦ angular diameter (∼ 30 mm diameter at the
camera plane), which covers the field of view (FOV) of up to 2.1◦ (2.3◦) diameter for the short
(long) hexagonal camera axis, and an outer part with 180 larger hexagonal pixels of 0.2◦ angular
diameter (∼60 mm diameter at the camera plane), to cover the FOV of up to 3.5◦ (3.8◦) diameter
for the short (long) hexagonal camera axis.

The MAGIC camera configuration with the finer inner pixels allows a good sampling of the
small images that are produced by low energyγ-rays. Although the tails of the high energy
shower images will be mapped into the outer region equipped with large pixels, the quality of
the image of the higher energy showers is not substantially deteriorated, as the geometrical size
of the shower image is also larger.
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Another crucial element forming the layout of the MAGIC telescope camera is a plate of
light guides of "Winston Cone" shape in front of the photodetector pixel matrix. Basically, a
Winston Cone is composed of parabolic curves which provide important benefits: a nearly 100
% effective camera area by minimizing the dead space betweenphotosensors, and the rejection of
a large fraction of the background light coming from outsidethe mirror area with large incident
angles. The Winston Cones are made of plastic material covered with aluminized Mylar foils
with ∼ 90 % reflectivity.

All these elements are installed in the "camera housing" as shown in Fig. 4.3. A Plexiglas
window on the front side of the camera protects the elements from adverse weather condition.

4.3.2 The camera photosensors

The main requirements for the photosensors used for the camera of the MAGIC telescope are
summarized in this section.

• Diameter of the photosensor smaller than 30/60 mm to achievea FOV of 0.1◦/0.2◦ with
one sensor (for the inner/outer parts).

• Sufficient gain to amplify the faint Cherenkov light, but nottoo high in order to avoid an
instability of the gain due to the large current from the starlight and the light of the night
sky. An optimal value for the gain is around 2×104.

• Fast response with a pulse of a few ns FWHM is important to reduce the contamination of
the light of the night sky by means of a short integration time. It also allows an efficient
coincidence trigger design for the detection ofγ-ray signals.

• Wide dynamic range from a few photoelectrons (p.e.) up to 5× 103 p.e. to detect the
largest expected signals (∼ 5×103 p.e. per pixel for a∼ 10 TeVγ-induced shower).

• Sufficient quantum efficiency (QE) in the range of the wavelength of the Cherenkov light
spectrum at the ground (mainly between 300 to 600 nm) to also access low energyγ-ray
events (. 100 GeV).

Photomultiplier tubes (PMTs) as widely used also in other IACTs satisfy these requirements
and were therefore selected as photosensors for the MAGIC camera. It should be noted that for
the sake of high QE (∼ 50 %), the MAGIC collaboration also has considered and developed a
new type of photosensor, namely the "Hybrid Photo detector (HPD)" (see details in Chapter 5).

Two types of PMTs are used for the MAGIC camera. They were constructed by the En-
glish company Electron Tubes: ET9916A with 25 mm diameter inphotocathode for the inner
pixels, and ET9917A with 38 mm diameter for the outer pixels.These PMTs have two char-
acteristic features recommending them for application in the camera of the MAGIC telescope:
a hemispherical-shaped photocathode and an only 6-stage dynode system in a circular-focused
configuration. The hemispherical photocathode can reduce time jitter as the produced photoelec-
trons travel roughly the same distance between the photocathode and the first dynode. A 6-stage
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Figure 4.2: Schematic drawing of the MAGIC
camera geometry

Figure 4.3: Photograph of the MAGIC cam-
era. The silver colored element is a plate of
Winston Cones. The PMTs are equipped be-
hind the plate.

Figure 4.4: Photograph of PMTs for the in-
ner pixels (ET-9116A). The left one is a bared
tube and the right one is a tube with additional
milky lacquer (see text).

Figure 4.5: Scattered photon trajectories by
the coating in a hemispherical window PMT
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Figure 4.6: Quantum efficiency of a PMT for the inner part of camera with different coatings.

dynode structure was chosen to obtain the relatively low gain (2×104) but still keep an equiv-
alent collection efficiency and amplification at the first dynode compared to other typical PMTs
with 10 or 12-stage dynode structure.

As one can see in Fig. 4.4, the photocathode glass of all PMTs is covered with a special
"milky" coating which contains a wavelength shifter (WLS).Fig. 4.6 shows the QE of this type
of PMT (ET9916A) in three different conditions: bare tube (red), transparent coating with WLS
(green) and the milky coating with WLS (blue). One can see theenhancement of the QE only be-
low 300 nm with the transparent WLS coating, while the QE is also enhanced in all wavelengths
using the milky coating. The peak of QE reaches about 30% withthe milky coating. The en-
hancement below 300 nm is due to the wavelength shifter (1.4 p-Terphenyl) while enhancement
in other wavelength is supposed to be caused by scattering photon back towards the photocath-
ode due to the "opaque" milky lacquer: As shown in Fig. 4.5, the photons may be scattered such
that their paths inside the photocathode are extended and some of them can be trapped between
the coating and the photocathode. A longer path of the photoninside the photocathode enhances
the probability of being captured and emitting a photoelectron. In addition, taking advantage
of the hemispherical shape of the photocathode, some photons can be deflected such that their
trajectories cross the photocathode twice, thus having a second chance of being converted in case
they did not interact at first instance. With this special milky coating, we were able to improve
the photo collection efficiency relatively by about 20 % compared to that of uncoated PMTs.



4.4 The readout chain 71

VCSEL driver
(convert voltage
        into current)

PMT

VICSEL
trigger

receiver board
low gain

high gain
delay

switch

FADC
board

FADC

300 MHz
digitization

ring
buffer

FIFO

Central
Control

DAQ
 PC

PCI
20 MB/s

tape

photo-
diodeoptical

fiber
(162m)

Camera
(at the Telescope)

Data Acquisition system
(at the Counting house)

30 samples
/event

Figure 4.7: MAGIC hardware readout chain. The PMT signals are reconverted into optical
pulses, transferred to the counting house, and fed into the trigger and DAQ systems.

4.4 The readout chain

In this section, the readout chain of the MAGIC telescope system is described. The readout chain
is illustrated schematically in Fig. 4.7. The chain can be divided into the following three parts:
(1) an analog optical transmission system, which is used to transfer the signal detected by the
PMTs to the "counting house", where the components of data acquisition hardware are installed,
(2) a trigger system, which has logics to detect interestingevents, (3) an FADC system, which
is used to digitize and record the data of the Cherenkov photon signals. These three parts are
described in more detailed in following sections.

4.4.1 Analog optical transmission system

Since the analog output pulses of the PMTs should be transmitted with little distortion over
a distance of∼150 m, to where readout electronics are installed ("counting house"), optical
fibers were selected as signal transmitters instead of conventional coaxial cables. This system
has several advantages, e.g., dispersion and attenuation of the signal are negligible, there is no
crosstalk and no noise pick-up, and they have a very limited weight.

After amplification, the electrical PMT signal enters a transmitter board, still on the camera,
where it is transformed into an optical signal pulse by meansof a Vertical Cavity Surface Emit-
ting Laser (VCSEL). The output of the VCSEL is coupled to an optical fiber, which runs from
the camera to the counting house with a length of 162 m. After transforming the light back into
an electrical signal, the signal has a FWHM of about 2.2 ns, a rise time of about 1 ns and a fall
time of about 1 ns.
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4.4.2 Trigger system

Only the signals from the innermost 325 pixels of the camera are used for the trigger. As shown
in Fig. 4.8, the trigger pixels are grouped in 19 overlappingmacro cells of 36 pixels each. The
decisions of the trigger system are segmented in several levels. The MAGIC trigger system
currently consists of two levels:

Level 0: It consists of fast discriminators, which are adjustable and mainly reject signals from
the light of the night sky fluctuations. The analog signal of acamera pixel is discriminated
by a comparator that gives a logic output signal of approximately 6 ns duration as soon as
the amplitude of the input signal exceeds a defined threshold. The effective trigger window
is 5 ns. The discriminator thresholds are set to individual pixels by an 8-bit DAC which
is controlled by a PC. The trigger rates of individual pixelsare monitored by 100 MHz
scalars and are used to dynamically adjust the discriminator thresholds pixel by pixel if the
rate of the pixel exceeds a certain level. With this "individual pixel rate control" system,
bright stars (typically, brighter than 4 magnitude) in the trigger area are effectively taken
out of the trigger. The digital signals have individual computer-adjustable time delays to
match the intrinsic time-offsets between the different readout channels from the camera.

Level 1 This level applies a simple N-next-neighbor logic during a few ns in one of the 19 hexag-
onal macro cells of 36 pixels (see Fig. 4.8). The multiplicity requirement of the cluster of
next neighbors can be set by a PC during telescope operation.In standard operations, a
4-fold coincidence is required.

The thresholds are adjusted such that data are generally taken at a rate of 250 Hz.

Figure 4.8: Schematics of the trigger: There are 19 overlapping trigger cells of 36 pixels each,
corresponding to a total of 325 pixels in the trigger. The location of these 325 trigger channels
is indicated (only the inner part of the camera pixels in which the trigger system is equipped is
described).
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4.4.3 The FADC system

Upon arrival of a trigger (level-1), the continuously digitizing FADC system writes out 30 time
slices to a FIFO (first in, first out) buffer. Since the digitization speed is limited to 300 MSam-
ples/s, the analog signals must be stretched in the receiverboard to> 6 ns FWHM, so that at
least 4 points can be measured for each pulse in order to reconstruct the pulse shape. To provide
a dynamic range of> 103 with an 8-bit digitization system, a two-gain charge extraction is im-
plemented to yield a "high-gain" and "low-gain" signals (cf. Fig. 4.7). In the high-gain readout
circuit, the signal is amplified by a factor of 10. In the low-gain readout circuit, the signal is not
amplified but delayed by 50 ns (15 FADC-time slices). If the high-gain signal exceeds 250 FADC
counts, a switch for the low-gain readout is actuated and thelow-gain signal is also recorded 15
FADC-time slices after the high-gain signal due to the delaycircuit. Since a typical width of
each digitized signal of 4-6 samples, the high- and low-gainsignals do not interfere with each
other.

4.5 Calibration system

In order to obtain calibration constants for converting an FADC charge to the physical quantity
of photoelectrons, and an FADC timing into an absolute signal timing, an optical calibration
system providing independent calibration methods has beeninstalled. It consists of differently
colored ultra-fast LEDs (370 nm, 460 nm and 520 nm). A box of the calibration system including
these LEDs is mounted in the middle of the mirror dish and the LEDs illuminate the camera
homogeneously. The light intensity is variable in the rangeof 4 to 700 photoelectrons per inner
pixel. This enables to check the linearity of the readout chain and to calibrate the whole dynamic
range. By triggering the MAGIC data acquisition system, calibration events are recorded in
dedicated calibration runs as well as interleaved calibration events during regular data taking so
as to trace PMT and VCSEL gain variations over time.

4.6 Monte Carlo simulation

The IACT method does not experimentally offer the possibility to evaluate theγ/hadron separa-
tion cut efficiency and the energy estimation by means of testbeams of VHEγ-rays of known
energy. Therefore, the operation of IACTs requires a detailed Monte Carlo (MC) simulation of
γ-ray and hadron-induced air showers, as well as of the detector response. In the air shower sim-
ulation, the tracks and interactions of each particle are simulated to describe the development of
electromagnetic and hadronic showers in the atmosphere. Inthe detector simulation, responses
for the Cherenkov photons which are generated in the shower simulation are simulated in each
hardware component of the telescope system. In this section, the details of the MC simulation
for the MAGIC experiment are presented.
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4.6.1 Air shower simulation

The development ofγ- and hadron-initiated air showers is simulated with CORSIKA 6.019
(COsmic Ray SImulations for KAscade, [126]) with some custom options for the MAGIC tele-
scope. CORSIKA simulates air showers based on interactionsand decay processes of hadrons,
muons, electrons and photons. Each particle in the showers is characterized by its energy, posi-
tion, moving direction and arrival time. CORSIKA is dividedinto four sections for the simula-
tion.

• Tracking of each particle: It takes into account the effect of ionization loss, multiple-
scattering, geomagnetic effect, and decay processes for each particle.

• Hadronic interactions based on the model of "VENUS" [207] for particles with> 80 GeV

• Hadronic interactions based on the model of "GHEISHA" [98] for particles with< 80 GeV

• Interaction processes of electrons, positrons and photons(electromagnetic interactions)
with EGS4 [73]

Several models are available for the simulation of the particle interactions in CORSIKA. In the
MC simulation for the MAGIC experiment, above-mentioned models are used. The routines
treating the Cherenkov radiation in CORSIKA have been supplied by the HEGRA Collabora-
tion [172] (see also [126]).
In addition, the following custom options are implemented for the MAGIC experiment:

• Wavelength information of the Cherenkov photons: This is important for wavelength de-
pendent detector response (see section 4.3).

• Information of the parent particle of the Cherenkov photon:With this information we can
distinguish the original particle of each Cherenkov photon.

A brief summary of the parameters for the generation of MC samples can be seen in Table 4.1.

Table 4.1: Parameters for the generation of the MC samples.
Primary particle γ-ray proton

Energy range 10 GeV - 30 TeV 30 GeV - 30 TeV
Spectrum slop E−2.6 E−2.75

Impact parameter range 0 - 300m 0 - 400m
Zenith angle 0◦ − 45◦ 0◦ − 30◦

Azimuth angle 0◦ and 90◦

Due to historical reasons, attenuation effects of the Cherenkov photons in the atmosphere
in the CORSIKA program are applied in a separate step after the air shower generation. Using
the US standard atmosphere [149], Rayleigh scattering, Miescattering and absorption by Ozone
are taken into account to calculate the attenuation of lightin the atmosphere (cf. section 3.4.3).
The effects due to Mie scattering and the absorption by Ozoneare estimated by means of the
Elterman model [92].
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4.6.2 Detector simulation

The detector simulation is subdivided into two steps:

Ray tracing

The rays of the Cherenkov photons are traced throughout the atmosphere until they reach the
camera plane. To obtain their locations and arrival times inthe camera plane, the real mirror
dish structure of 956 tiles is simulated using the curvatureradius and the center position for each
mirror. In addition, the photon is smeared in position by thePoint Spread Function (PSF) with a
2-D Gaussian shape (σ = 5mm∼ 0.017◦).

Camera and electronics

In the second step, the program simulates the behaviour of the MAGIC camera in a detailed way,
taking care of the following specific effects:

• pixelization according to the camera geometry.

• adding the light of the night sky in Poisson distribution with a mean value of 0.13 photo-
electrons per one inner pixel per ns.

• efficiencies for photon (photoelectron) detection in the various components in the camera

– transmittance of the Plexiglas: 92%

– photon collection efficiency of the light guide (Winston Cone): 94% max. (with
photon incident angle dependence)

– QE of the PMT: 30% max. (with wavelength dependence, see Fig.4.6)

– collection efficiency at the first dynode of the PMT: 90%

• generation of the analog pulse, including realistic pulse shape information and a single
photoelectron response of the PMTs.

• trigger logic: Level 0 (discriminator), Level 1 (4-Next-neighbor logic). See details in
section 4.4.2.

• electronic noise: Gaussian shape noise is generated both inthe trigger logic and in the
FADC based on measurement results for the readout circuits.

• digitization with a 300 MHz FADC using the actual signal shape for the single photoelec-
tron response.

Furthermore, the overall light collection efficiency and PSF of the telescope has been tuned at
the camera simulation level, using data from a comparison ofthe intensities of observed and sim-
ulated ring images of single muon events at low impact parameters [115] (see also section 6.3).
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4.7 Observation mode and types of data runs

4.7.1 Observation mode

Two distinct observation modes have been used for the data taking with the MAGIC telescope.
The advantages and disadvantages of each observation mode are briefly discussed.

ON/OFF observation mode

The telescope tracks a target source at the camera center during "ON" observation. This mode
requires additional, so-called "OFF" observations, for estimating the background. During OFF
observations the telescope should take data pointing to a region in which noγ-ray source candi-
dates are expected. The OFF position ideally should have thesame conditions as the ON position
regarding the background light, the atmospheric conditions and the zenith angle range.

Wobble observation mode

This mode allows for simultaneous recording of ON and OFF data at different places in the
camera [99]: The source position is displaced at a fixed distance off (0.4◦ for the MAGIC ob-
servations) the camera center. In total, 3 OFF regions are available: One position opposite to
the source position (so-called "anti-source position") and two positions displaced by±90◦ from
the source position. To avoid systematic errors due to the selected source position in the cam-
era, source and background positions are regularly swapped(normally two positions; hence the
name "wobble mode") every 20 min in our observations. In general, wobble observations guar-
antee a good match of ON and OFF data. An additional benefit of this mode is the best possible
coverage in time for observations because dedicated OFF data do not need to be taken. A dis-
advantage of the wobble mode is that the off-center observations of the source have a somewhat
lower efficiency than the normal "ON" observations, in whichthe source is located at the camera
center. In addition, if strong inhomogeneities exist in thepixel responses of the camera, large
systematic errors can occur due to the mismatch between datafor the source position and data
for background positions.

The data in this thesis were taken with the ON/OFF mode duringthe observations in 2005.
The data in 2006 were taken with the wobble observation mode.The selected mode is specified
for each observation in Chapter 7-10, where the details of the observation are reported.

4.7.2 Types of data runs

During normal data taking with MAGIC telescope, three different kinds of runs are performed.

• Data runs: The telescope tracks a position in the sky and an event is generated when a
trigger occurs. Additional calibration events (see section 4.5) are interleaved (50 Hz) with
the cosmic events.
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• Calibration runs: The calibration box emits light pulses and an event is recorded after
a synchronized trigger signal is sent to the DAQ. At least onededicated calibration run
using UV light has to be taken before the observation of each of the scheduled sources
every night.

• Pedestal runs: Information of the light of the night sky background and other sources
of noise is taken during a so-called pedestal run. The trigger is activated randomly, 1000
events are recorded with a trigger rate of 500 Hz. These data allow determining the baseline
of the signal and its fluctuations for observations. At leastone pedestal run is taken right
before a group of calibration runs.

4.8 MAGIC-II

The MAGIC project is currently being upgraded to "MAGIC-II"by the construction of a twin
telescope with advanced photosensors and readout electronics. MAGIC-II, the two-telescope
system, is designed to achieve an improved sensitivity in the stereoscopic/coincidence operation
mode and to simultaneously lower the energy threshold compared to the current MAGIC. In
stereo observation mode, i.e. simultaneously observing air showers with both telescopes, the
shower reconstruction and background rejection power are significantly improved. This results
in a better angular and energy resolution and a reduced analysis energy threshold. The overall
sensitivity is expected to increase by a factor of 2 to 3 (see Fig. 4.11). Following the results of a
dedicated MC study showing moderate dependence of the sensitivity on the distance of the two
telescopes, the second MAGIC telescope has been installed at a distance of 85 m from the first
telescope.

In order to minimize the time and the resources required for design and production, the
second MAGIC telescope is in most fundamental parameters a clone of the first telescope. Nev-
ertheless, several improvements have been introduced in the second telescope.

• Larger mirror elements have been developed (1m2) to reduce cost and installation efforts.

• Newly developed readout system features, i.e. the new 2GSamples/s digitization and ac-
quisition system based on a low power analog sampler (DominoRing Sampler) [206].

• A new modular design was adapted for the camera with a uniformpixel size in a round
configuration. In the first phase, the camera will be equippedwith PMTs of increased QE,
while the modular camera design allows upgrades with high QEhybrid photo detectors
(HPDs).

This thesis contributed to the development of the new designfor the MAGIC-II camera; here
we focus on a more detailed discussion on about the camera design.
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Figure 4.9: The 3-D drawing of one cluster
of the MAGIC-II camera.
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Figure 4.10: Schematics of the MAGIC-II
camera. Only the colored pixels in a round
configuration will be equipped with PMTs.
The hexagonal shapes indicate the trigger
region.

The camera for the second telescope

A cluster modular design has been chosen for the camera of thesecond telescope. Seven pixels
grouped in a hexagonal configuration form one cluster, whichcan easily be removed and replaced
(see Fig. 4.9). More important, it allows partial or full upgrade with improved photosensors.
The new camera will be uniformly equipped with 1039 identical 0.1◦ FOV pixels in a round
configuration. The schematics of the camera can be seen in Fig. 4.10. As indicated in the figure,
the trigger area will be increased by 72% (compared to the first telescope camera), corresponding
to the area of 2.5◦ diameter FOV.

In the first phase PMTs with increased QE will be used. The Hamamatsu R10408 6-stage
PMTs with a hemispherical photocathode typically reach a peak QE of 34%. The PMTs have
been tested for a low afterpulsing rate (typically 0.3% at a 4-photoelectron level), fast signal
response (∼ 1ns FWHM) and acceptable aging properties (Gain drops by 50%after∼ 50000
hours of operation in the MAGIC camera) [138].

In the second phase, it is planned to replace the inner cameraregion with HPDs [125, 215]
produced by the company Hamamatsu Photonics. These advanced photosensors feature peak QE
values of 50% and will thus significantly increase the sensitivity for low energy showers. The
flexible cluster design allows field tests of this new technology within the MAGIC-II camera
without major interference with the rest of the camera. Oncetests are successfully completed the
whole central region of the camera will be equipped with HPDs. The details of the development
of the HPDs are described in the next Chapter.
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80 4. The MAGIC telescope

Figure 4.12: In the foreground the second MAGIC telescope. The structure is already fully
installed. In the background the first MAGIC telescope whichhas been in scientific operation
since summer 2004.



Chapter 5

High Quantum Efficiency Hybrid Photo
Detectors

5.1 Introduction

Currently, photomultipliers (PMTs) are widely used as photosensors for IACTs because their
performances make them well suited for this purpose (cf. section 4.3). For example, briefly,
Cherenkov light flashes fromγ-ray air showers have time spreads of 2-3 ns. Fast signal response
is required for a short signal integration time to reduce light of the night sky (LONS) contribution.
In addition, the total gain needs to amount to at least several tens of thousands to make detection
of the faint Cherenkov light possible. On the other hand, in the photocathode of conventional
PMTs the conversion efficiency from a photon (Cherenkov light) to a photoelectron - the so-
called "quantum efficiency (QE)"- is only 20 to 30%. Therefore, an increase in the QE of a
photosensor can provide effects equivalent to an increase of the mirror diameter of the telescope.
It allows us to access a lower energy threshold in observations with IACTs.

In order to improve the observation performance, the MAGIC project will be upgraded to
"MAGIC-II" by building a second 17-m diameter telescope at 85 m distance from the first tele-
scope. One of the key tasks in the MAGIC-II project was the development of high QE Hybrid
PhotoDetectors (HPDs) with a GaAsP photocathode [177, 164,70] as an alternative type of
photosensors to PMTs. For a high QE photocathode, Negative Electron Affinity (NEA) photo-
cathodes are regarded as the preferred candidates. Especially, a NEA GaAsP type photocathode
is a prime candidate to be used for photosensors in IACT because of its high blue sensitivity.

In conventional HPDs, the size of the GaAsP photocathode wastoo small (<8 mm) to be
used as a pixel element in the MAGIC telescope camera (the necessary pixel size being 30 mm).
Recently, together with Hamamatsu Photonics, we succeededin producing HPDs with a GaAsP
photocathode with a 18-mm diameter. By using non-imaging light concentrators like, for exam-
ple, Winston cones, one can efficiently compress the light flux from the required 30-mm pixel
input size to the 18-mm size of the above-mentioned HPDs.

In this chapter, the development of these HPDs is reported indetail. I was responsible for
this task and performed the measurements and simulation studies specified below.



82 5. High Quantum Efficiency Hybrid Photo Detectors

5.2 Working principle

An HPD consists of a photocathode and of an Avalanche Diode (AD) serving as an anode. When
applying a tension of several kV to the photocathode, the photoelectrons are accelerated in a high
electric field and impinge onto the AD producing around 1000 electron hole pairs. This is the
so-called electron bombardment amplification. The electrons subsequently induce avalanches in
the active volume of the AD and provide an additional gain of∼30-50 when a bias voltage of a
few hundred volts is applied.

1500

50

(at -8 kV)

(at 400 V)

Figure 5.1: Schematic drawing of the HPD.

5.3 18-mm GaAsP photocathode HPD; R9792U-40

We developed a new type of HPD with an 18-mm diameter GaAsP photocathode for the MAGIC-
II project together with Hamamatsu Photonics. This type of HPD was named "R9792U-40". A
3-mm diameter AD is equipped as an anode. Fig. 5.2 shows a dimensional outline of R9792U-
40. A photo image with 7 tubes can be seen in Fig. 5.3. There aretwo cables for a high voltage
to the photocathode and for a ground line. The bias voltage isapplied via pins at the backside of
the tube. Fig. 5.4 shows the internal divider circuit for thehigh voltage. An additional resistor
with 50GΩ is installed to prevent possible accidental strong light. When such strong light hits
the photocathode, a large number of photoelectrons are produced and lead to a high current. At
the same time, a voltage drop occurs at the 50GΩ resistor and the photocathode ceases to receive
a sufficiently high voltage for inducing photoelectrons toward the AD.
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Figure 5.2: R9792U-40 Dimensional Outline.

Figure 5.3: Photo image with 7 HPDs of R9792U-40.



84 5. High Quantum Efficiency Hybrid Photo Detectors

5.4 Measurement set-up

A configuration of the measurement set-up can be found in Fig.5.6. HPD measurements were
performed under darkness inside a light-shielded box. The voltages for the photocathode and the
AD were supplied separately using two high-voltage modulesfrom outside during the measure-
ments.

The gain measurements (section 5.5) were carried out with DClight. A red-LED was used
(peak wavelength∼ 640 nm) as a light source. The current was measured with an electrometer
(6517A, Keitley).

In the measurements from section 5.6 to 5.9, pulsed light wasused as a light source and the
laser diode (PDL 800B, PicoQuant GmbH) as a pulse generator.Its wavelength was 393 nm
and the time width was several tens of ps (FWHM). A 2GHz high-speed amplifier with 40 dB
(HSA-Y-2-40, FEMTO) was used to amplify HPD output signals.The signal was acquired by a
1.5-GHz bandwidth digital oscilloscope (LC684DXL, LeCroy) with 8 GSamples/s.

In these measurements, the circuit of "High Speed Light Detection Mode" as shown in Fig. 5.5
was composed for the signal readout.
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Figure 5.4: Schematics of internal divider cir-
cuit for high voltage.
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Figure 5.5: Circuit diagram for pulsed signal
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Figure 5.6: Diagram of a measurement set-up and its photo image.
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5.5 Gain

Electron bombardment gains and avalanche gains of ADs were measured for the latest three
tubes (serial# ZJ2051, ZJ2052 and ZJ2055). Results of the measurements are shown in Fig. 5.7.
In the range of a few kV the bombardment gain was rising slowlydue to the energy loss in the
passive layer at the AD entrance window. Above 4 kV, the gain showed a linear relation with the
photocathode voltage. The gain slope should follow a∼ 3.6V/gain, which corresponds to the
energy necessary for creating an electron-hole pair in silicon. The gain reached about 600 at -5.0
kV and about 1500 at -8.0 kV. All three tubes showed almost identical gain characteristics with
the function of the photocathode voltage.

Up to 100 V of the AD bias voltage, the output current remainedconstant; hence there was
no avalanche gain (gain=1) in this range. It increased sharply, however, at several 100 V. An
avalanche gain of 50 could be obtained around 350 to 450 V of the bias voltage. Unlike the
bombardment gain, individual tubes showed different characteristic curves for the avalanche
gain with respect to the applied AD bias voltage. Therefore,it is necessary to tune the applied
bias voltage according to the gain characteristic of each tube for achieving equivalent avalanche
gains from different tubes. Breakdowns of ADs occur around 400 to 500 V.

Finally, the overall gain could be achieved e.g., in tube ZJ2052 about 75000 at -8.0 kV of the
photocathode at 450 V for the AD bias voltage.
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Figure 5.7: Gain measurements for three HPD tubes (serial# ZJ2051, ZJ2052 and ZJ2055).
[Left] Bombardment Gain.[Right] Avalanche Gain.

5.6 Temperature dependence of an AD and the compensation
circuit

Generally, an AD shows strong temperature dependence in their performance. The temperature
dependence of the avalanche gain and the leakage current areshown in Fig. 5.8 with four different
AD bias voltages. In every voltage, we can see about -2%/◦C dependence in the gain. This gain
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Figure 5.8: Results of the measurements of AD performances of a HPD (serial# MHP0080)
with different temperatures (0 to 40◦C) with several fixed voltages.[Left] AD avalanche gain.
[Right] AD leakage current. [The data were provided by Hamamatsu Photonics]

dependence is one order of magnitude larger than that of PMTs. Our telescope is operated in the
field. Although a cooling system is installed in the camera tocontrol the temperature, such strong
gain dependence can cause instability of the telescope system and needs to be compensated. The
leakage current increases by a factor of 2 with every 8◦C increase of temperature. This suggests
the main component of the leakage current caused by thermal noises. The high leakage current
at a high bias voltage and a low temperature could be due to thetunneling effect. However, we
have an additional constant DC current of a fewµA due to the light of night sky (LONS) during
the operation in the MAGIC camera. The leakage current is twoorders of magnitude smaller
than the contribution of the LONS and, therefore, can be neglected.

In order to reduce the temperature dependence we have considered installing a "temperature
compensation circuit" to our HPD system in the MAGIC camera.Fig. 5.9 shows an example of
the circuit, which consists of a "thermistor" (103AT-2, Ishizuka Electronic Corporation), three
resistors and a DC/DC converter (APD 5P501201, Systems Development & Solutions) for the
AD bias voltage. "Thermistor" is the generic name given to thermally sensitive resistors. The
resistance value can be described with a function of temperature as follows:

R= R25 ·exp

(

B

(

1
T

−
1

273+ 25

))

(5.1)

(R: resistance of the thermistor.R25: resistance of the thermistor at 25◦C. T: Temperature [K].
B: "B value [K]", which is a constant and depends on the material of the thermistor.) "103AT-2,
Ishizuka Electronic Corporation", which was selected for our circuit, hasR25 of 10kΩ and B
value of 3976 K with a high accuracy: the tolerance ofR25 andB is±0.5%.

We checked the performance of this circuit with a HPD (serial# ZJ2052) in a temperature
regulated chamber. To make sure that the temperature in the chamber was well stabilized and
there was no hysteresis, we measured it twice, i.e. first the temperature was raised from 20◦C to
40◦C and then lowered to 20◦C. The high voltage of the photocathode was fixed at -8 kV in order
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to provide a consistently high value of Bombardment gain1. The avalanche gain at each point
was calculated from the pulse area corresponding to the peakposition of a single photoelectron
(see Fig. 5.11).

Fig. 5.10 shows the results of the measurements. With this circuit, the temperature depen-
dence was suppressed at the level of∼0.3% / 1◦C from 25◦C to 35◦C, which is the same level
as that of PMTs. It should be noted that we selected a combination of resistors which leads to
a local peak of the gain around 30◦C in our measurements. That position can be easily shifted
by changing the resistors of the circuit. In addition, together with a dynamical adjustment of the
AD bias voltage by software, we can expect a more stable gain control system.
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DC-DC
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Figure 5.9: Schematic drawing of the temperature compensation circuit.
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Figure 5.10: Results of the measurements of the AD avalanchegain with the temperature com-
pensation circuit (HPD serial# ZJ2052). Points denote the avalanche gain at each temperature;
without a compensation circuit (blue), with the compensation circuit(red), simulation results of
temperature compensation with this circuit (green). Two lines in blue and red represent measure-
ments in the phases of increasing and lowering temperature.

1It has been confirmed that the Bombardment gain has no temperature dependence.
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5.7 Time response

Fig. 5.11 shows the output signal with -8.0 kV (gain∼1500) for the photocathode and an AD bias
voltage of 450 V (gain∼ 50). The intensity of input light corresponded to a single photoelectron
(p.e.). The output signal was recorded with 2.1 ns of FWHM, 0.8 ns of Rise time and 2.5 ns of
Fall time.

5.8 Amplitude resolution

As one can see in Fig. 5.11, multi-photoelectron peaks were well resolved at low light intensity.
These peaks correspond to pedestal, 1 p.e., 2 p.e., 3 p.e. and4 p.e. (from left to right). The HPDs
show a much better signal resolution than that of PMTs, in which only the single p.e. peak can be
resolved. The signal resolution is attributed to gain of thefirst stage. The HPDs have it at∼1500
by the electron bombardment while normal PMTs have only about 10 at their 1st dynode.
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Figure 5.11: Signal measurements of HPD (serial# ZJ2052) at8 kV for photocathode and 450 V
for the APD bias voltage.[Left] Output signal shape.[Right] Signal amplitude resolution

5.9 Dynamic range

The dynamic range was measured by output-signal areas in therange of input pulse signals of
up to∼10000 p.e. as shown in Fig. 5.12. The amplifier was not used to avoid a saturation effect.
For the small signal range (up to 4 p.e.), the signal linearity was estimated from a measurement
result of the signal amplitude resolution (see section 5.8 and Fig. 5.11).

In the small signal range, multi-photoelectron peaks appear at regular intervals within a 1%
error. The output signal area keeps a linear relation to the input pulse signal up to∼5000 p.e. and
begins to deviate by 5% at∼7000 p.e..
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Figure 5.12: Dynamic range measured by comparing output signal areas with input pulse signals
of up to 10 000 p.e..[Left] Small signal region.[Right] Entire region.

5.10 Uniformity of the GaAsP photocathode

The uniformity of the GaAsP photocathode was measured with alight of 0.1-mm spot size by
0.1-mm scan pitch on the photocathode at Hamamatsu Photonics. The scans were done with
respect to X-axis and Y-axis. The output current was measured at the anode (AD). During the
measurement, -8kV for photocathode and 300 V for bias voltage for the AD were applied.

Fig. 5.13 shows the relative output current as a result of theuniformity measurement. The
relative output current was defined with respect to the maximum current recorded during each
scan. The result showed that the photocathode had a high sensitivity over 18mm in a diameter
in both axes. An 18-mm effective area in the diameter of a photocathode was confirmed. The
fluctuation of the photocathode sensitivity was no more than15% at peak to peak value in both
scans.
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Figure 5.13: Results of the measurements for GaAsP photocathode uniformity (serial#
MHP0034). The plot displays the relative output current during the measurements in each axis
of the scan.
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5.11 Quantum efficiency

We measured the QE in a range from 290 to 750 nm at 10 nm intervals using a spectrometer.
Two light sources were installed in the spectrometer. One was a deuterium lamp for up to 400
nm and the other was a halogen lamp for above 400 nm.

The output current of the HPD was measured with a picoammeterKeitley-485 by shorting
the AD anode with the cathode, and by applying -800 V to the photocathode. A calibrated pin-
photodiode (S6337-01, Hamamatsu Photonics, calibration accuracy 2%) was used to obtain the
absolute value of light intensity.

Fig. 5.14 shows a representative result of the measured QE ofa HPD photocathode (serial#
MHP0125) as well as the QE of the PMT used in the telescope of MAGIC-I [196] as a function
of wavelength. The peak value reached 54% at around 500 nm.

In Fig. 5.15 one can see the distribution of the QE at 500 nm among recent 80 HPDs. Over
50 % of QE were obtained on average.

5.11.1 Wavelength Shifter application

Application of the Wavelength Shifting (WLS) technique canprovide an increase in sensitivity
in the UV region [70], where Cherenkov photons from air showers are more abundant. Tests
of the WLS technique for our HPDs were carried out with a mixture of 0.03 g POPOP, 0.03 g
Butyl-PBD and 1.5 g Paraloid B72 dissolved in 20 ml of Toluene. This solution was dripped onto
the entrance window of the HPD, thus a thin and transparent layer was obtained. In Fig. 5.14 the
resulting QE spectra with and without application of the WLSare also shown. The enhancement
became obvious below 360 nm. However, a small drop in sensitivity occurred at around 380 nm
because of the absorption by the shifter film.

5.11.2 Quality Improvements

Photon collection efficiency

In order to quantify the anticipated improvement when usingHPDs for the MAGIC telescope,
overall Cherenkov photon conversion efficiency was estimated by folding the QE and the Cherenkov
photon spectrum fromγ-ray showers simulated byCORSIKA6.023. Table 5.1 shows the im-
provement of efficiency by using HPDs for four Cherenkov spectral types based on different
zenith angles of the shower incident angle. The peak position of the Cherenkov spectrum shifts
towards longer wavelengths at higher zenith angles becausethe shorter wavelengths are absorbed
and scattered stronger by the atmosphere. The obtained values are normalized ones with respect
to that of the currently used PMTs. This calculation includes differences (1) in the collection
efficiency of light guides due to the difference in size (94% for PMT, 87% for HPD) and (2) in
the first anode (dynode) collection efficiency (90% for PMT, 100% for HPD). The results show
that the total photon conversion efficiency can be improved by about a factor of 2 compared to
the PMTs. At higher zenith angles, the improvement can be even higher due to the red-extended
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Table 5.1: Improvement of overall Cherenkov photon conversion efficiency when using a GaAsP
HPD compared relative to PMT (PMT = 1).

Zenith Angle for spectral type 0◦ 25◦ 45◦ 60◦

Non-coated 1.90 1.92 2.00 2.14
with WLS 1.99 2.00 2.07 2.17

sensitivity of the HPD. Depending on the observation zenithangle the WLS can provide an ad-
ditional improvement of 3-9%.

Signal to Noise Ratio

Since the telescope is operated in the field, LONS should be taken into account for background
light as "Night Sky Background (NSB)". Here, we used a measured LONS spectrum (see
Fig. 5.21 [56]) to estimate the NSB rate with HPD based on the current measured value in the
MAGIC telescope with PMT (0.13 p.e./pixels/ns).

• Cherenkov spectral type (two types):

– primary energy ofγ-ray: 40 GeV

– shower inclination angle (zenith angle [ZA]): (a) 0◦, (b) 60◦

• the signal intensity: in the case of 10 p.e. for PMT

• QE curve: PMT (currently used in MAGIC), HPD (with WLS, in Fig. 5.14)

• Integration time: (a) 20 ns, (b) 5ns.

10 p.e. is one of the minimum requirements to be recognized as"signal" after background
subtraction (see section 6.4 for "Image cleaning"). Since we are interested in lower energy events
(hence, lower intense shower image), such a "low signal" condition was selected. Two integration
time conditions were also considered: 20 ns and 5 ns, corresponding to the integration times for
FADCs with 300MSample/s, and 2GSample/s2, respectively. Here, we defined the Signal to
Noise ratio asS/

√
(S+ N), in whichSwas the signal intensity andN was the estimated intensity

of the NSB with a defined integration time.
The results can be seen in Table 5.2 and Fig. 5.16

22GSample/s FADCs have been used in the current MAGIC system since February 2007 and will be used for the
second telescope as well.
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Table 5.2: Comparison of the Signal to Noise ratio.
Integration time detector Sp. type Signal [p.e.] Noise [p.e.] Significance

20ns (300 MSample/s) PMT 10 2.60 2.82
HPD ZA= 0◦ 21.1 9.02 3.84
HPD ZA= 60◦ 23.3 9.02 4.10

5ns (2 GSample/s) PMT 10 0.65 3.06
HPD ZA= 0◦ 21.1 2.25 4.37
HPD ZA= 60◦ 23.3 2.25 4.61
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Figure 5.16: Signal to Noise ratios in different conditions. The condition of each point (the
type of detectors and sampling frequency of the FADCs) is denoted in the plot. The green lines
represent contours of the Signal to Noise ratio between 1 to 5in the NSB-signal space.
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5.12 Lifetime of the HPD with a GaAsP photocathode

Since photosensors of IACTs are constantly exposed to LONS during operation, their photocath-
odes are required to maintain their sensitivity over several years of operation. However, the type
of photosensors with a GaAsP photocathode has never been used under such conditions before.
Measurements were carried out in order to understand the aging properties of the HPD. Here
we define the lifetime as the period after which the sensitivity degrades by 20 % from the initial
value.

5.12.1 Measurements

The photocathode aging tests were performed with 5 tubes in total. 4 tubes [tube serial# MHP51,
55, 67, 133] were measured at Hamamatsu Photonics and 1 tube [MHP100] at MPI. High volt-
age for the photocathode and bias voltage of AD were constantly being applied throughout the
measurements. The high voltage value was set to be -8 kV for all tubes, while the bias voltages
were adjusted for total gain to be∼50000 at Hamamatsu, and∼45000 at MPI for each tube. A
halogen lamp (IWASAKI) without any filters was used as a lightsource and its intensity was
monitored by a pin-photodiode during the measurements to ensure stability of the light source.
The measurements were conducted under two different conditions of light intensity at Hama-
matsu. For one tube [MHP51], the intensity was adjusted for an initial output current of the AD
at 10µA (with gain of 50000), which corresponds to an intensity about 3 times higher than that
of typical NSB conditions at La Palma (∼72pA at photocathode. The calculation was based on
the measured LONS spectrum Fig. 5.21 [56]). An initial output current of 50µA (with gain
of 50000), corresponding to about 14 NSB level, was set for another 3 tubes [MHP55,67,133].
In the MPI measurement for one tube [MHP100], the initial output current was 100µA (with
gain of 45000), corresponding to about 31 NSB. The output current of the AD was recorded
for several thousand hours while the photocathode was constantly exposed to light. The total
exposure times were 5000h [MHP51], 2000h [MHP55], 2000h [MHP63], 4500h [MHP133] and
350h [MHP100] (This difference is due to the measurement setupĄfs availability at individual
times.). In addition, gains (both of bombardment and avalanche), AD leakage current and QE
were measured each 600h, 1000h and 2000h of the exposure timefor MHP55, and, in addition,
the photocathode uniformity after an exposure of 4500h for MHP133 was also measured.

5.12.2 Results

The results of the AD output currents for each tube during theaging measurement are shown in
Fig. 5.17 and summarized in Table 5.3. For comparison, all results are plotted in one figure with
a scaled exposure time by the same NSB intensity in Fig. 5.18.All but one tube [MHP51, 55, 67,
133] reached 80% in their output current after more than 10000 hours of the scaled exposure time.
Given the fact that the estimation of the total operation time of IACTs is about 1000 hours in 1
year, we expect the HPDs to have lifetimes of more than 10 years of operation with the MAGIC
telescope under the nominal NSB conditions at La Palma. The total charge on the photocathode
during a lifetime is estimated to be about 3.85 mC on an average of 4 tubes. It corresponds to
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about 190 C in AD output with a gain of 50000. The remaining onetube [MHP100] did not
degrade enough for us to derive a lifetime value, but we can see a similar tendency as in the other
tubes in the output current curve in Fig. 5.18.

Fig. 5.19 shows results of gains, AD leakage current and QE ateach intermediate step (at 0,
600, 1000 and 2000 hours of exposure) of the measurements forMHP55. Degradation could be
seen in the bombardment gain and the QE, while the avalanche gain kept the same amplification
as the initial value. From our results, one can realize that the drop of the AD output current after
long exposure to light is caused by not only the degradation of the QE (photocathode) but also
of the bombardment gain. The decrease of the bombardment gain can be compensated by (1) an
increase in the voltage applied to the photocathode or (2) anincrease in the avalanche gain. With
option (2), the signal amplitude resolution will become worse due to the lower amplification at
the first stage. This is, however, not a serious effect for photosensors of IACTs because they are
not used in photon-counting mode, and a slightly worse resolution will not impair the telescope
performance.

The QE finally reached a level of about 80 % of the initial valueafter 2000 hours of exposure
time (Fig. 5.19-d), while the output current dropped to as low as 68 % of the initial value. There-
fore, we can expect a longer lifetime if we estimate the lifetime only from QE degradation (=
lifetime of the photocathode). For the MHP55 tube, for example, lifetime estimated by QE only,
corresponds to 30000 hours of the scaled exposure time to 1 NSB level, while lifetime estimated
by the overall output current corresponds to 11000 hours. This issue shall be investigated more
profoundly. In this thesis, conservatively, we regard the "lifetime estimated by the overall output
current" as "lifetime" of the HPD tubes.

The photocathode uniformity at the end of the measurement for MHP133 is also shown in
Fig. 5.19-e. Interestingly, the degradation of the QE showed a dependence on the position on the
photocathode. A huge drop could be seen at the central part ofphotocathode. One can assume
that the degradation of the QE is related to the "Ion feed backeffect". The "Ion feed back effect"
causes molecules on the surface of the AD to be ionized by the impingement of photoelectrons
with a certain probability. Due to the mechanical structureand the electric field inside the tube,
one can expect that such ions would likely hit the central area of the photocathode and damage
it.

AD leakage current was also measured as one can see in Fig. 5.19-(b). It was increasing
as the exposure time became longer. However, the absolute value (∼ 10 nA) is still negligible
compared to the estimated NSB contribution (∼a fewµA).
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d) MHP133, 50uA (~15NSB) at Hamamatsu
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c) MHP67,  50uA (~15NSB) at Hamamatsu
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e) MHP100,  100uA (~31NSB) at MPI
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Figure 5.17: Measured AD output current relative to the initial values of 5 tubes during the aging
measurements. On top of each plot, serial number of the tube,initial AD output current and the
corresponding NSB intensity, measurement place (Hamamatsu or MPI) are denoted. The curves
describe the variations in relative value of the AD output current of each tube as a function of
exposure time (X-axis) to the light. The scale of the X-axis differs plot to plot. The horizontal
pink lines denote the "lifetime" of our definition. The Y-axis is described in log scale and the
minimum value is 50% in each plot.
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Figure 5.18: Comparison of the aging measurements for 5 tubes. The exposure time (X-axis)
is scaled by the light intensity of the NSB contribution at LaPalma with the MAGIC telescope.
The horizontal pink lines denote the "lifetime" of our definition. The Y-axis is described in log
scale and the minimum value is 50%.

Table 5.3: Summary of the results of the aging measurements.First four tubes were measured at
Hamamatsu. The last one was measured at MPI. Description of columns: (1) Serial number of
the HPD. (2) Initial value of the output current of anode signal. (3) Total gain applied during the
measurement. (4) Total exposure time to the light. (5) Finaloutput current relative to the initial
value. (6) Corresponding NSB level of the input light intensity used for the measurement (1 NSB
= 72 pA at photocathode). (7) Estimated lifetime from the measurement result with respect to
the background light intesisty of the 1 NSB level. (8) Estimated total charge at the photocathode
during the lifetime.

(1) (2) (3) (4) (5) (6) (7) (8)
HPD initial gain total final NSB lifetime total PhC charge
serial# output exposure outputlevel (with 1 NSB) during the lifetime

MHP51 10µA 50000 5000 h 78.8% 2.8 11500 h 3.0 mC
MHP55 50µA 50000 2000 h 68.1% 13.9 11000 h 2.9 mC
MHP67 50µA 50000 2000 h 78.0% 13.9 23000 h 6.0 mC
MHP133 50µA 50000 4500 h 52.0% 13.9 13500 h 3.5 mC
MHP100 100µA 45000 350 h 92.0% 30.9 n/a n/a
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Figure 5.19: Variation of the HPD performance [MHP55. MHP133 only for (e)] during the
aging measurements. (a): Bombardment gain (initial, 600h,1000h, 2000h). (b): Avalanche gain
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Ratio of QE between before measurement and after 2000h. (e) Photocathode uniformity.
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5.12.3 Simulation with starlight for realistic conditions

In order to confirm the durability of HPDs with a GaAsP photocathode under the realistic condi-
tions of background light, a simulation with starlight and LONS was performed with an imaging
camera composed of about 500 HPD tubes. Stars were selected using the "Hipparcos Catalogue"
in sky fields around 10 typical observation targets as listedin Table 5.4. Only stars brighter
than 11 magnitudes were used because stars with less intensity than that magnitude contribute
less to the background light than diffuse NSB. As mentioned before, we assumed 1000 hours
of observation time per year; thus, 100-hour observations could be allocated for each source in
this simulation. The telescope motion for tracking the object was also considered. Since the
telescope was installed with Alt-Az mount a star position onthe camera is following a rotation
curve as described in Fig. 5.20. We also assumed that the telescope tracked each source up to
each maximum zenith angle defined in the Table 5.4. Intensities of starlight were simulated with
the following parameters.

• Black-body type spectral shape

• Spectral type (e.g., O5, B4 ...) was used for specifying the temperature of the black-body
radiation spectrum.

• Apparent visible magnitude and wavelength. The absolute flux from a star of apparent
visual magnitudemV = 0.00 at 550 nm : 3.64×10−9 [J ·s−1m−2nm−1] [188].

• Absorption in atmosphere by Rayleigh, Mie scattering and absorption by Ozone. They are
estimated usingCORSIKAcode (cf. section 4.6.1)

• Efficiency of the detector responses: mirror reflectivity, transmittance of Plexiglas, photo
collection efficiency of light guides and QE of HPD are included.

An example of the simulated starlight can be seen in Fig. 5.20-(b). This is the result of a star "ζ-
Tauri", whose spectral type is "B4"; apparent visible magnitude is "3.02" and location is 1.13◦ off
the Crab Nebula. In the figure, the starlight of (1) the original spectrum (black-body with given
spectral type and apparent visible magnitude), (2) the spectrum at 2200 a.s.l. (after attenuations
by the atmosphere) and (3) the final spectrum (including until QE of HPD) with the star location
at the zenith angle of 15◦ in the sky are drawn. The final intensity corresponds to 176 p.e. ns−1

with 239m2 mirror.
Fig. 5.22∼5.24 shows full simulation results using 10 nominal targetsin Table 5.4. The

distribution of the total charge of pixels, relative sensitivity and the charge distribution on the
camera plane are described. The relative sensitivity is calculated on the basis of the result of
our aging measurements (3.85 mC in the photocathode for 20% degradation). In the plot of the
camera plane, (c), one-bin size corresponds to 0.1 deg× 0.1 deg area, which is almost equivalent
to the area size for one pixel of the camera. After one-year ofoperation (Fig. 5.22) none of the
tubes reaches its lifetime. Two peaks are evident in the charge distribution on the camera plane.
They are caused by the light ofζ-Tauri, which is the brightest star in the simulation. After5
years of operation (Fig. 5.23) , a few pixels will be dead. We can easily exchange a few dead
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Figure 5.20: An example of starlight simulation withζ-Tauri. (a) Star position on the camera
during tracking the object (until ZA = 45◦). Dots are plotted with a 4-min interval. (b): starlight
spectrum: original starlight with black-body radiation (Spectral Type B4∼ 17500 K) (blue),
after attenuation by the atmosphere (green), final spectrum at the camera (red).

pixels for new ones. Even after 10 years of operation (Fig. 5.24) , only a small number of tubes
lose their sensitivity. Many may still possess more than 80%of their initial sensitivity.

As a result, only bright stars likeζ-Tauri will damage the HPDs in addition to LONS. In fact,
the expected number of such stars (brighter than 3.5 magnitude) in the field of view of the HPD
camera (∼5 deg2) is only 0.034. The results of this simulation indicate thatthe HPD camera
can keep its quality over 10 years with only a small number of replacements of the dead tubes
damaged by intense light from bright stars.

Table 5.4: Objects selected in the star simulation.
Object name Num. of star< 11 mag Brightest star [mag] Max.ZA [deg]
Crab 22 3.02 45
3C66A 21 6.74 30
Mkn421 24 7.01 30
1H1426 17 6.38 30
Mkn501 16 7.26 30
1ES1959 18 5.23 45
BL Lacertae 24 7.01 30
1ES2344 34 6.41 30
Galactic Center 25 4.84 70
Cas A 27 4.90 40
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Figure 5.21: Spectrum of light of the night sky. The scale is converted to per pixel size of the
MAGIC telescope camera with 239 m2 mirror
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Figure 5.22: Results of the starlight and NSB simulation after 1 year of operation. (a) histogram
of relative sensitivity of each pixel. (b) histogram of the total charge of each pixel. The red line
indicates the corresponding total charge at lifetime. (c) charge distribution on the camera plane.
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Figure 5.23: Results of the starlight and NSB simulation after 5years of operation.
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Figure 5.24: Results of the starlight and NSB simulation after 10 years of operation.
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5.13 Test operation

A test operation of HPDs has been planned in the second MAGIC telescope camera. At the first
stage, PMTs will be used as photosensors in the camera of the second telescope. To facilitate
an upgrade to HPDs, the camera is designed with cluster modules in order to have compatibility
between PMTs and HPDs. Each cluster consists of 7 pixels. Thecluster modules allow us to
exchange the photosensors easily. We are considering threesteps for installing the HPDs in
the MAGIC camera as shown in Fig. 5.25. In the first step, (a) 6 clusters (42 HPDs in total)
will be installed outside the effective camera area of PMTs.(There are some free spaces at
the edge of the camera due to its geometry). During this stage, we will try to define and solve
all problems that might possibly occur in when using HPDs as photosensors in the MAGIC
camera. In the second step, (b) we plan to arrange 19 clusters(133 pixels) for both HPDs and
PMTs symmetrically with respect to the camera center. Observations will be conducted with
this configuration to detect cosmicγ-ray events (e.g., from the Crab Nebula) for comparing HPD
and PMT performance. Finally, (c) upon successfully completing these tests, the whole central
region of the camera with 61 clusters (427 pixels) will be equipped with HPDs instead of PMTs.
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Figure 5.25: Planned HPD arrangements in each step (left to right) for the field test in the camera
of the second MAGIC telescope. A black hexagon represents one HPD cluster. The brown
colored area represents the effective camera area.

5.14 Summary

In order to obtain lower energy threshold in the MAGIC project, we developed a new type of
HPD with an 18-mm diameter GaAsP photocathode together withHamamatsu Photonics as one
of the key tasks within the MAGIC-II project.

A total gain of several tens of thousands could be achieved innominal operation voltages.
The avalanche gain showed a strong temperature dependence (∼2% / 1◦C). However, installing
a "temperature compensation circuit" based on a "thermistor" to the HPD system, we could
reduce the dependence to∼0.3% / 1◦C.
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The tube showed a fast response to light. An output signal wasrecorded with 2.1 ns of
FWHM. Clear peaks up to 4 p.e. could be resolved in the signal amplitude resolution. The
output signal area kept its linearity up to∼ 5000 p.e. of the input light intensity.

An 18-mm effective area in the diameter of the photocathode was confirmed with a 15%
fluctuation at peak to peak. The peak of the QE spectrum reached 54% around 500 nm and the
tests of the WLS technique demonstrated an increase of sensitivity in the UV region and provided
an additional improvement of 3-9% for total Cherenkov light. Compared to the currently used
PMTs in MAGIC-I, the overall Cherenkov photon conversion efficiency would be improved by
a factor of 2. This can be seen as equivalent to increasing themirror diameter from 17 m to 24
m.

Aging test measurements showed that the GaAsP photocathodecan be expected to have a
lifetime of more than 10000 hours for the MAGIC telescope operation. Realistic simulation
studies of background light including starlight based on real starfields showed that only bright
stars would damage HPD pixels. The expected number of such bright stars (brighter than 3.5
magnitude) in the field of view of the HPD camera (∼5 deg2) is only 0.034. Therefore, the
results of our simulation indicate that the HPD camera can maintain its quality over 10 years
with only a small number of replacements of dead tubes damaged by intense light from bright
stars.

The new type of HPD with an 18 mm GaAsP photocathode is ready tobe used in IACTs with
low threshold settings. After some field tests planed in 2008, we intend to upgrade the camera of
the second MAGIC telescope from PMTs to HPDs.



Chapter 6

Analysis methods for the MAGIC telescope
observation

In this chapter, the standard chain of the MAGIC data analysis is described. The software pack-
age is called the standard MAGIC Analysis and Reconstruction Software (named "MARS").

6.1 Charge and arrival time reconstruction

6.1.1 Signal extraction

The MAGIC telescope uses a 300 MHz FADC system to sample air shower signals. Charge and
time information of the signal is extracted with the aim of minimizing the effect of the night sky
background (NSB). For that purpose, a "digital filter" signal extractor, defined as the standard
signal extractor in MARS, is applied. In thedigital filter, the signal is calculated as the weighted
sum ofn consecutive FADC slices, i.e. the number of slices to be summed up into a tuneable
parameter of the extractor. Since the pulse shape is dominated by the electronic pulse shaper, a
numerical fit is possible. The weights are determined by taking into account the expected pulse
shape known from the pulse shaper and from MCγ simulations. A more detailed description of
the extraction method is given in [42].

6.1.2 Pedestal evaluation and subtraction

Shower signals always comprise the contamination by NSB andsome accidental light (e.g. ar-
tificial light from a bypassing car, stray light). Since the output pulse signal of the PMT is
AC-coupled, the NSB does not change the pedestal level of theFADC. Instead, the NSB inten-
sity can be estimated by fluctuation of the pedestal because the fluctuation is proportional to the
square root of the NSB photoelectron rate. It should be notedthat noise from readout systems
can also contaminate the FADC signal. In our system, however, the NSB is usually a dominant
component for the pedestal fluctuation.
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Figure 6.1: FADC signals. The signal in the high gain readoutchannel is drawn as a black line.
The low gain readout signal is in blue.[Left](a); The signal in the high gain readout channel was
saturated. The signal of the low gain readout channel was used. [Right](b); No signal was seen
in the low gain readout channel, so the FADC slices in this channel are used for the evaluation of
the pedestal and the pedestal fluctuation.

The pedestal and the pedestal fluctuation in the MAGIC data analysis are evaluated in two
different ways: (1) By estimating from a dedicated pedestalrun in which no cosmic signals
are expected to be caught by the random trigger. (2) By using the region of the last 15 slices.
This region is allocated to the low gain readout channel. However, if no saturation occurs in the
high gain channel (as happens for most of the events), the low-gain pulse cannot be seen there.
Consequently, in that case there is no signal contribution in this region (see Fig. 6.1). During
observations, the average mean pedestal for each pixel was dynamically evaluated from 2000
measurements each.

6.2 Calibration

The integrated charge of the extracted signal is given in units of FADC counts. In addition to
the relative calibration of the pixels for obtaining a uniform response for a given input light,
an absolute calibration is needed to compute the conversionfactors from FADC counts into the
number of photoelectrons (p.e.) arriving at the first dynodeof the PMTs. Dedicated calibration
runs are used and the conversion factor is calculated with the "F-Factor" method. In this method,
assuming a Poissonian variance of the number of photoelectron arriving at the first dynode of the
PMTs, a uniform photoelectron detection efficiency, and a constant excess noise introduced by
the gain fluctuations, the mean number of p.e.〈n〉p.e. reaching the first dynode is given by [178]

〈n〉p.e. = F2 (〈Q〉− 〈P〉)2

σ2
Q −σ2

P

(6.1)

with the mean charge of the distribution〈Q〉, its standard deviationσ2
Q, the pedestal〈P〉 and the

errorσ2
P introduced by NSB fluctuation, electronic noise and extractor uncertainties (all in FADC
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units). The excess noise factorF is defined as

F =

√

1+
σ2

G

〈G〉2
(6.2)

This factor originates in the statistical fluctuations in the amplification of the electrons in the
PMT dynode system.〈G〉2 andσ2

G can be measured in the laboratory by using the single photo-
electron response of the PMTs. Based on the measurements of PMTs of the MAGIC telescope,
this value is adapted at 1.15 [105].

Then, the conversion factor from FADC counts to p.e. for eachpixel is directly obtained from:

ConvFADC→p.e. =
〈n〉p.e.

〈Q〉− 〈P〉 = F2 (〈Q〉− 〈P〉)
σ2

Q −σ2
P

(6.3)

Bad pixel treatment: Typically about 4% of the pixels cannot be correctly calibrated because
of hardware problems or contamination by the strong light from bright stars. These pixels are
tagged as "bad" pixels and have to be specially treated for the analysis because their information
is wrong and can distort the images. The criteria for the identification of bad pixels are: (a)
pixels with no PMT existing (a central pixel, blind pixels),(b) pixels showing large fluctuations
in the extracted signal or too low values of the fluctuations,(c) pixels with a large deviation of the
pedestal RMS with respect to the mean value for the entire camera, or (d) pixels illuminated by
very bright stars, which results in an increase of both the pedestal fluctuation and the DC values.
Instead of excluding those bad pixels from analysis, their signals are replaced by an average
value of the signal in the closest pixels.

6.3 Muon ring analysis

The optical point spread function (PSF) and relative overall light collection efficiency of the
MAGIC telescope can be monitored using isolated muons hitting the reflector [115]. The geom-
etry and the energy of the muons are reconstructed from the measured ring images and compared
with Monte Carlo (MC) predictions. The amount of Cherenkov light produced by muons can
be modeled with small systematic uncertainties. Muon ring images are recorded during normal
observations with a rate of about 1 Hz. A continuous calibration can therefore be performed
with no need for dedicated calibration runs. These monitoring results are available in every ob-
servation. The PSF calculated from Muon rings agrees well with the one measured from star
images. So far, the PSF showed some small changes caused by degradations (possible damage
due to heavy snow or simple aging effects) or by improvements(intensive works for adjustment
of the mirror alignment or upgrading of the active mirror control system). The parameters of the
MC simulation samples are adjusted based on these results. In the MAGIC data center, several
types of MC samples which were generated with different values of PSF are available. The best
matched type of MC samples among them can be selected according to the telescope conditions
in each observation period.
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Figure 6.2: Measured shower images on the MAGIC camera. [Left]: calibrated images (before
image cleaning). [Right]: cleaned images (after image cleaning). The color bars are defined by
a relative scale in each event.(from Top to Bottom)γ-like, hadron-like,µ-like shower images.
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6.4 Image cleaning

In obtained camera images, many pixels contain only fluctuations of the light of the night sky
(LONS). Those pixels have to be rejected for the reconstruction of an air shower image. It is
essential for parameterizations of the image to employ onlythe signal content of the pixels. This
procedure is calledimage cleaning. It is achieved by applying a two-stage tail cut procedure.
The first iteration keeps those pixels with a charge amplitude larger than the first tail cut. These
pixels are calledcore pixels. In the second iteration, neighbors of core pixels are rescued if
they pass the second tail cut. These pixels remain asboundary pixels. As an example, Fig. 6.2
demonstrates the calibrated images (before image cleaning) and cleaned images (after image
cleaning) of air showers byγ-ray, hadron and muon candidates.

The tail cut levels are defined in the absolute p.e. scale. As astandard value, 7 p.e. for the
core pixels and 5 p.e. for the boundary pixels are defined. These values were used in most of
the analyses in this thesis. The combination of 10/5 p.e. (for core/boundary) is also used as a
conventional standard value.

Another, advanced, method uses arrival time information ofthe light in the pixels in addition
to the amplitude information. The method is based on the ideathat a shower image of Cherenkov
photons fromγ-ray should spread within a few ns while the NSB can reach the camera randomly.
This method with an extra coincidence requirement allows usto lower the tail cut levels of the
signal amplitude. It results in retrieving some faint images, which originate from low-energy
primary particles. Detailed information on the algorithm of this method can be found in [190, 43].
In this advanced method, 6 p.e. for the core and 4 p.e. for boundary, and the coincidence of arrival
time within 1 FADC slice (= 3.3 nsec) are required. This option was used in the analysis for the
2006 data of Mkn501 observations in Chapter 8.

6.5 Data Quality Checks

To be suitable for analysis, data runs have to pass a quality check. The event rate is the most
useful indicator for weather conditions and possible problems in the hardware or the software.
Ideally, it needs to be stable over the whole observation time within statistical fluctuations (apart
from a small dependence on the zenith angle). Bad atmospheric conditions can be detected
by low rates. Technical problems normally result in unstable rates. Extraordinarily high rates
indicate software instabilities or some accidental stronglight, like a car flash.

6.6 Gamma/hadron separation

In measurements with IACTs, the number of hadron (background) events in the recorded data
is typically about 1000 times or more higher than that ofγ-ray events. Efficient methods for
separating "γ-ray like" events from the dominant "hadron-like" events are therefore urgently
needed. As described in detail in section 3.5,γ-ray induced showers and hadron-induced shower
have a number of different features. One of the most efficientmethods to characterize these
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is the parameterization of the image on the camera. By means of these image parameters, the
"Random Forest method" is adapted for theγ/hadron separation as a standard method in the
MAGIC analysis program. In this section, the details of image parameters and the "Random
Forest method" are described.

6.6.1 Shower Image parameters

After image cleaning, the shower image on the camera is represented as the number of photo-
electrons for each pixel. For further analysis (γ/hadron separation and energy reconstruction) it
is useful to characterize the image by simple parameters. A possible set of parameters are the
2nd and 3rd moments of the shower image, which were first proposed by Hillas [130].

Fig. 6.3 shows the definitions of the image parameters. Thereare two kinds of parameters:
one is the so-called "image shape parameters" and the other is "source dependent parameters".

Image shape parameters: These parameters describe the shape of the shower image on the
camera, They can therefore be defined independently from thereference position of the shower
image.

SIZE: Total number of photoelectrons in the shower image.

LENGTH: The RMS spread of light along the major axis of the shower images, which is a
measure of the longitudinal development of the air shower.

WIDTH: The RMS spread of light along the minor axis of the shower images, which is a mea-
sure of the lateral spread of the air shower.

M3LONG: The third moment along the ellipse major axis, which indicates the shower direction.

CONC(N): Fraction of photoelectrons contained in theN brightest pixels, which represents the
compactness of the shower image.

LEAKAGE: Fraction of photoelectrons contained in the outermost ringof pixels of the camera.

Source dependent parameters: These parameters depend on a reference point in the camera,
which is normally theγ-ray source position. The parameters are calculated with respect to the
defined reference points of the events.

DIST: Distance from the center of gravity of the shower image to a reference point.

ALPHA ( α): Angle between the shower image major axis and the line connecting the image
center of gravity with the camera center.

DELTA ( δ): Angle between the shower axis and the x-axis of the camera.



6.6 Gamma/hadron separation 113

Fig. 6.4 and 6.5 compares distributions of shower image parameters of MCγ samples and
OFF data (= hadrons) samples. Fig. 6.4 represents the low SIZE range (150 p.e.< SIZE < 250
p.e.), corresponding to a peakγ-ray energy of about 120 GeV with a spectral photon index of
-2.6 (see Fig. 6.6). Fig. 6.4 shows the higher SIZE range (SIZE > 350 p.e.), corresponding to a
peakγ-ray energy of about 250 GeV.

While in the high SIZE events the differences in the distributions of the parameters are sig-
nificant (see Fig. 6.5), they shrink in the low SIZE region (see Fig. 6.4) when approaching the
threshold because the image parameters are influenced by thefluctuations of the shower devel-
opment and Cherenkov photon statistics. In addition, in thelow SIZE region, the following con-
tributions become larger than in the high SIZE events. (1): Muons with large impact parameters
produce image shapes similar toγ-ray shower images in that SIZE range. (2): Shower branches
produced byπ0 (electromagnetic components) in a hadron-induced shower become more dom-
inant. The distinction between hadron-induced showers andγ-induced showers becomes less
significant. (3): Fraction of electrons in cosmic-rays becomes larger because cosmic-ray elec-
trons have softer spectrum index (-3.2 [5]) than that of the cosmic-ray protons. An air shower
induced by an electron shows features (only electromagnetic cascade) identical to that of aγ-
induced shower, so that it is impossible to distinguishes between them by means of the shower
image shape on the camera.

Figure 6.3: Definition of the shower image parameters. (x,y) are coordinates in the original
camera system. (x0,y0) is a reference point, for example the source position or thecenter of the
camera.
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Figure 6.4: Distributions of the shower image parameters inMC γ (blue) and OFF data(red).
The SIZE range is between 150 and 250 p.e.. The area of each distribution is normalized to 1
with respect to the total number of events.
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Figure 6.5: Distributions of the shower image parameters inMC γ (blue) and OFF data(red).
The SIZE range is above 350 p.e.. The area of each distribution is normalized to 1 with respect
to the total number of events.
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Figure 6.6: Energy distribution of MCgamma-rays with a spectral photon index of -2.6, using
events with 150 p.e.< SIZE< 250 p.e. (green), using events with SIZE> 350 p.e. (orange).

6.6.2 Random Forest Method

In order to reject most hadronic background events while still conserving the majority of the
γ-candidates, a multi-tree classification method called "Random Forest (RF)" method [71, 66]
was used for theγ/hadron separation.

The Random Forest method is based on a collection of decisiontrees, built up with some
elements of random choices. Like many other classification and regression methods, a Random
Forest is constructed on the basis of training samples suitable for the application.

As training samples, we use MC simulatedγ-ray samples forγ events, while real data are
used for the hadron samples. On the other hand, it is usually advisable not to use MC hadrons,
since hadronic showers are difficult to simulate very precisely (unlike γ showers, which have
a pure electromagnetic cascade). OFF data, which do not contain anyγ candidate events, are
used for hadron samples, if available. It is also possible touse observational data with a small
contamination ofγ-rays (< 1%) for the hadron training sample, because this level of theγ-ray
contamination does not affect the results. Usually, observational data contains much less than 1
% of gamma-ray events. (e.g. even in the data taken for the Crab Nebula, which is one of the
brightest TeV sources, the fraction ofγ-ray events in the observational data are less than 1%).
Therefore, in most cases we do not need to take additional OFFdata for the hadron training
samples.

Each event is characterized by image parameters, which are used as input parameters for the
RF method. From the training samples, a binary decision treecan be constructed, subdividing
the parameter space first in two parts depending on one of the parameters, and subsequently
repeating the process again and again for each part.

To understand the classification process, a completely grown tree may serve as a starting point



116 6. Analysis methods for the MAGIC telescope observation

v
vlength < lengthcut

vwidth < widthcut

vdist < distcut

vγ h

hγ γ

Figure 6.7: Sketch of a tree structure for the classificationof an eventv with the components
vlength, vwidth, vdist. One can follow the decision path through the tree as it leadsto classification
of the events as hadrons.

(see Fig. 6.7). The task is to classify an event characterized by a vectorv in the image parameter
space.v is fed into the decision tree; at the first (highest level) node there is a split in a certain
image parameter (e.g. ’length’). Depending on the component (image parameter) ’length’ inv,
the eventv proceeds to the left node (vlength<length cut) or to the right node (vlength>length cut)
at the next lower level. This node again splits in some other (or by chance the same) component,
and the process continues. The result is thatv follows a track through the tree determined by the
numerical values of its components and the split values of the tree nodes, until it will end up in a
terminal node. This terminal node assigns a class labell to v, which can now be denoted asl i(v),
wherei is the tree number. The vectorv will be classified by all trees. Due to the randomization
involved, different trees will often give different results, hence the name ’Random Forest’.
From these results, a mean classification is calculated:

h(v) =
Σ

ntree
i=1 l i(v)
ntree

(6.4)

This mean classification is called "HADRONNESS", and is usedas the only test statistic (split-
parameter) in theγ/hadron separation.

The splitting process is somewhat randomized by a feature called random split selection.
The parameter candidates for a split are chosen randomly from the total number of available
parameters. Among the candidates, the parameter and corresponding cut value to be used for
splitting are chosen by the minimal Gini index. In the case oftwo classes, the Gini indexQGini

can be referred to as a binomial variance of the sample scaledto the interval [0, 1]. The Gini index
can be expressed in terms of the node class populationsNγ, Nh and the total node populationN:

QGini =
4
N

σbinomial = 4
Nγ

N
Nh

N
= 4

Nγ(N − Nγ)
N2

∈ [0,1] (6.5)
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Figure 6.8: Importance of RF input parameters measured by the mean decrease in Gini-
index. "Density" is defined as log(SIZE/(WIDTH×LENGTH)), "Asym" is M3LONG×(sign
of DELTA). The most important parameters are related to WIDTH and LENGTH.

Choosing the smallestQGini corresponds to minimizing the variance of the population ofγs and
hadrons, and naturally purifies the sample. Minimization ofthe Gini index provides both the
choice of the image parameter and the split value to be used. The RF method for the MAGIC
experiments is discussed in more detail in [44].

The relative discrimination power of the individual parameters can be characterized by the
decrease of the Gini index (Fig. 6.8). As expected from the properties of electromagnetic and
hadronic air showers, WIDTH and LENGTH are the key parameters for discrimination ("Den-
sity" is a combination of WIDTH and LENGTH). Prior to the training, the SIZE distributions of
the two training data samples are adjusted to be equal, such that the SIZE parameter does not
contribute to theγ/hadron separation but is only used for scaling the other parameters. It should
be noted that the combination of input parameters in Fig. 6.8is used for the "ALPHA analysis
(cf. section 6.7.1)". In the "DISP analysis (cf. section 6.7.2)", the source dependent parame-
ters (DIST and ASYM in Fig. 6.8) should not be used as RF input parameters so thatγ/hadron
separations can be applied independently from the arrival direction of theγ-ray events.

Fig. 6.9 shows the distribution of the HADRONNESS as a function of the SIZE parameter
for two test samples of MCγs and OFF data [hadrons]. HADRONNESS assigns to each event
a number between 0 and 1, which specifies the event to be moreγ-ray like (close to "0") or
more hadron-like (close to "1"). One can see thatγs and hadrons are well distinguishable with
respect to the HADRONNESS parameter. However, in small SIZEvalues (log(SIZE). 2.5),
the separation of the HADRONNESS distribution is less clear. This is due to the differences
of image parameter distributions betweenγ and hadron becoming less significant in low SIZE
events, as discussed in section 6.6.1 (see also Fig. 6.4 and 6.5). Therefore, the power ofγ/hadron
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separation is relatively poor for events with such a low SIZE.
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Figure 6.9: Distribution of HADRONNESS as a function of the SIZE parameter in a MCγ
sample [left panel] and in an OFF data (hadron) sample [right panel]. In each bin, a horizontal
black line denotes the average value of the HADRONNESS and a vertical line represents the
RMS of the HADRONNESS distribution.

6.7 Gamma-ray signal extraction

After γ/hadron separation, the data contain the events ofγ-ray candidatesNON as well as a num-
ber of remaining background events withγ like image parametersNOFF. The number of these
background events is estimated by using independent OFF samples and applying the same cuts as
for γ/hadron separation in HADRONNESS. The OFF samples should beobtained from observa-
tions of a region in the sky that presumably contains noγ-ray source under the same observational
conditions (same LONS, zenith angle range and telescope conditions) as ON observations. The
number of realγ-ray from the sourceNγ is given as the excess of the ON samples over the scaled
number of background:

Nγ = NON −αNOFF (6.6)

whereα is the normalization factor between the ON samples and the OFF samples. This method
relies on the assumption that the systematic differences ofthe ON and OFF samples are small
compared to the statistical fluctuation of the samples.

The significance of the excess of the realγ-ray signal from the source is given in equation
(17) of Li and Ma [161]:

S=
√

2

(

NON ln

[

1+Γ

Γ

(

NON

NON + Neff
OFF

)]

+ Neff
OFFln

[

(1+Γ)

(

Neff
OFF

NON + Neff
OFF

)])1/2

(6.7)

whereΓ andNeff
OFF are effectives values proposed by [195] aiming at taking theerror of number
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of the background events (∆NOFF) into account. They are derived as follows:

Γ ·Neff
OFF = α ·NOFF (6.8)

Γ ·
√

Neff
OFF = α ·∆NOFF (6.9)

Therefore, the variablesNeff
OFF andΓ are given by the following expressions:

Neff
OFF =

(

NOFF

∆NOFF

)2

and Γ = α
(∆NOFF)2

NOFF
(6.10)

Note that in the case of estimating∆NOFF by a Poisson distribution, thus,∆NOFF =
√

NOFF, then
Neff

OFF = NOFF andΓ = α.
In the following, two analysis methods are developed for evaluating theγ-ray signal: the

ALPHA analysis and the DISP (θ2) analysis. In this thesis, the ALPHA analysis was used for
the data taken by the ON/OFF observation mode while the DISP analysis was used for the data
taken by the Wobble observation mode.

6.7.1 ALPHA analysis

One way to determine the normalization constant between ON and OFF samples is by means of
the distribution of the image orientation angle "ALPHA". Asshown in the bottom right panel of
Fig. 6.4 and 6.5, anyγ-ray signal should appear as an excess at small ALPHA values,whereas
for background showers the ALPHA parameter is distributed uniformly in first order between 0◦

and 90◦. In our analysis, the following cuts based on the DIST parameter are applied before the
final signal evaluation

• DIST> 0.3◦, DIST< 1.05+ 0.4(log10(SIZE) − 3), DIST> 1.2◦

Events with large DIST values are affected by selection biases due to the limited trigger area (the
radius∼ 1◦) in the camera (the radius∼ 1.75◦), which may lead to some deviations from the flat
shape in the ALPHA distribution for the background events. Studies with MCγ samples indicate
that most triggeredγ-ray events are mostly triggered "ring" area inside the camera. These cuts,
therefore, eliminate only a small amount ofγ-ray events. Most of the eliminated events have
large impact parameters (& 120 m1), which contribute less to theγ-ray signal excess because of
their small and faint images.

Fig. 6.10 shows an example of the ALPHA distribution of ON andOFF data taken for the
Crab Nebula with ON-OFF observation mode at a zenith angle of< 30◦. In this plot, a lower
SIZE cut of 350 p.e. was applied. Effective observation timeof ON data is 0.77 hours and
additional dedicated OFF observation samples were used forthe background estimation. Based
on MC γ-samples, one can expect that there is only a negligible number of γ-ray events with
ALPHA values above 20◦ for the images above 350 p.e.. The ON and OFF distributions have
been normalized in the region 20◦ <ALPHA < 80◦. In order to estimate the error of the number

1i.e. outside the main area of the Cherenkov light pool generated by aγ-ray induced shower.
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of background events, a fit to the OFF data distribution from 0◦ <ALPHA < 80◦ by a second
order polynomial without linear terms is used instead of thenumber of background events. It is
an advantage to improve the statistical precision of the background events. For this procedure,
one needs to assume that background events have the same characteristics over the ALPHA
range. Since background events are isotropically distributed in ALPHA, it is true the ALPHA
parameter is independent from the characteristics of the hadronic (background) air showers. This
method is valid as far as the ALPHA distribution of background events can be fitted well by this
function.

Cut optimizations

In order to maximize the significance of the signal excess fordemonstrations, optimal values of
cuts in SIZE, ALPHA and HADRONNESS are checked using other data samples ("reference
data") than analyzed data ("main data"). The reference datashould containγ-ray signals, thus
Crab Nebula data samples which were taken under similar conditions to the main data are nor-
mally used for this purpose. The optimum values of the parameters are determined with the
following strategies.

SIZE: As shown in Fig. 6.9,γ/hadron separation power becomes poor for low SIZE events
(SIZE . 300 p.e.). Hence, the significance of the excess decreases ifwe include such
low SIZE events. At the same time, due to the negative photon index of the spectrum, the
number ofγ-ray events increases as the energy goes down. Consequently, the selection
of events with the lower SIZE cut of 350 p.e. can maximize the significance of the signal
excess.

ALPHA: The width of the ALPHA distribution forγ-ray depends on the SIZE parameter. A
fit to the ALPHA distribution with a Gaussian centered at zerodegree yields a sigma in
the range from∼ 2◦ (for SIZE > 1000 p.e.) to larger than 10◦ (for SIZE > 100 p.e.).
Usually, to achieve the highest significance, the cut in ALPHA could be adjusted to be a
factor of about 1.8 larger than the sigma of theγ-ray ALPHA distribution. In 3◦ binning,
9◦ is applied as the final ALPHA cut for SIZE> 350 p.e..

HADRONNESS: In each source analysis the optimal value can change becausedifferent train
samples are used in the RF method both for theγ sample (according to the observed zenith
angle range and the PSF of that observation period) and for the hadron sample (As dis-
cussed in the RF section, a part of observational data themselves are used.). Exactly the
same procedures as employed in the RF method (using the same train samples) are applied
to assign HADRONNESS for both reference and main data. The optimal HADRONEESS
value is then found in the reference data with 0.01 binning. Usually, the optimum value
can be seen at between 0.05 and 0.15 for SIZE>350 p.e..

Finally, the selection condition of ALPHA< 9◦ for events with SIZE> 350 p.e. yields
an excess of 222.1± 17.7 γ-ray candidate events of the ON data over 68.9± 4.6 normalized
background events, corresponding to a significance of 16.0σ as shown in Fig. 6.10.
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Figure 6.10: ALPHA plot of Crab Nebula observations taken with On-Off mode in October
2005. The filled circles represent the ON-data. The light crosses correspond to the normalized
OFF-data. In each data point, a horizontal bar denotes a bin size and a vertical bar denotes 1σ

uncertainty. A dotted curve describes a second order polynomial fit to the distribution of the
OFF-data. The vertical line indicates the ALPHA selection condition (< 9◦), which yielded a
total excess of 222 events at a significance level of 16.0σ.
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6.7.2 DISP Analysis

The "DISP" method reconstructs the arrival direction of theprimaryγ-rays on an event-by-event
basis using the information of the shower image shape. The source position is assumed to be on
the major axis of the shower image in the camera, at a certain distance (DISP) from the image
center of gravity (COG). As the basic idea the "ellipticity"of the shower images (defined as the
ratio WIDTH/LENGTH) is used to infer the position of the source of individual showers [99].
The idea behind this is that shower images which are closer tothe source position in the camera
are more roundish, whereas showers which are further away from the source position are more
elliptical. In the analysis of data taken by the MAGIC telescope, the following parameterization
is used to describe the "DISP" parameter:

DISP= A(SIZE)+ B(SIZE)· WIDTH
LENGTH+η(SIZE)×LEAKAGE2

(6.11)

This parameterization includes a second order polynomial dependence of theA, B andη pa-
rameters on the logarithm of the total image SIZE. LEAKAGE2 is a parameter which represents
the ratio between the charge content in the TWO outermost camera pixel rings. Optimal values
for the DISP parameter function (A, B, η) can be determined from MCγ events. A detailed
discussion of this parameterization can be found in [90].

The DISP calculation of Eq. 6.11 can provide two possible source positions along the shower
major axis. As the image in the camera can also record the information of the shower develop-
ment in the atmosphere, photons from the upper part of the shower create a narrower section of
the image with a high photon density (head), while photons from the lower part of the shower
normally generate a much more widely spread image end (tail). Therefore, information of the
asymmetries in the charge distribution of the image can indicate that "head"-"tail" direction. In
the analysis of this thesis, the "M3LONG" parameter is used for this purpose.

Using the DISP parameters, one can define the parameter whichdescribes the angular dis-
tance between the source position in the sky and the reconstructed arrival position of the air
shower as "θ". Fig. 6.11 shows an example of theθ2 distribution of ON and OFF taken for the
Crab Nebula in wobble mode for 3.3 hours at a zenith angle of< 30◦. In order to maximize the
significance of the excess, only the events with SIZE> 350 p.e. are used for this figure. For the
data with wobble observation mode, the normalization factor is set to be 1/3, because 3 OFF
regions are extracted for the OFF data samples.

The width of theθ2 distribution represents the PSF of the telescope and corresponds toσ2
PSF∼

(0.1◦)2. As mentioned in the previous section, the optimized value for extracting the signal can be
a factor of 1.8 larger than the sigma. We therefore select thevalue of 0.03[deg2] (∼ (0.1×1.8)2)
in θ2 for the final cut.

The selection condition ofθ2 < 0.03 deg2 yields an excess of 896± 36.3 γ-ray candidate
events of the ON data over 316±10.3 normalized background events, corresponding to a signif-
icance 30.7σ as shown in Fig. 6.11.

Finally, it should be noted that, in the flux calculation (section 6.9), looser cuts are applied to
keep low energyγ-ray events and a sufficiently highγ-cut efficiency. The lower value of the SIZE
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Figure 6.11:θ2 distribution of Crab Nebula observations in September 2006taken with Wob-
ble mode. The filled circles represent ON-data. The light crosses correspond to normalized
OFF-data. In each data point, a horizontal bar denotes a bin size and a vertical bar denotes
1σ uncertainty. The vertical blue line indicates theθ2 selection condition (<0.03 deg2), which
yielded a total excess of 869 events at a significance level of30.7σ.

cut is selected to be between 100 and 200 p.e.. The values of ALPHA/θ2 and HADRONNESS
cuts are determined byγ-cut efficiencies for each energy bin. The cut efficiencies are estimated
using MCγ-ray samples.

6.8 Energy reconstruction

The energy of theγ-ray events was also reconstructed by means of the RF method with MC γ-
samples. The RF method can also be used to construct an algorithm for estimating a continuous
quantity. A MCγ-ray data set with a known simulated energy of primaryγ events is filled in
fine bins of a logarithmic energyEi. For each of those bins, respectively, a classifier is trained
to discern events that belong into that particular energy bin. The parameters given to the RF for
training are:

• log(SIZE), DIST, WIDTH, LENGTH, log(SIZE/(LENGTH×WIDTH)), CONC, LEAK-
AGE, and the zenith angle.
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Figure 6.12:(a): Relation betweenγ-ray energy estimated by the RF method (EEST) and MC
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After training, each classifieri should recognize a specific energy range for each parameter
and yield a parameterNi.

Eest−
Σ

n−1
i=0 EiNi

Σ
n−1
i=0 Ni

(6.12)

In this application of the RF each tree returns an estimated energy and the overall mean is calcu-
lated as the final estimated energy.

Fig. 6.12-(a) displays the distribution of the MC simulatedenergies (ETRUE) vs. RF recon-
structed energies (EEST). There is a sizable bias towards higher estimated energiesfor a low
energy range (. 100 GeV). This is a consequence of the trigger which, close above threshold,
selects only images with fluctuations towards a higher SIZE.Fig. 6.12-(b) shows the energy reso-
lution ((EEST− ETRUE)/ETRUE) for each energy bin (0.2 in log(ETRUE)). The value indicated in the
figure is the RMS of the resolution. Apart from the lowest energy bin (<100 GeV), this results
shows an energy resolution with about 30% RMS.

6.9 Flux calculation

The differential energy spectrum dF/dE of a source is defined as:

dNγ

dE ·dAeff ·dt

(

≡ dN
dE

)

(6.13)
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As this formula shows, in addition to the number ofγ-ray events (Nγ), (1) "Aeff", i.e. the effec-
tive collection area, (2) "t", i.e. the effective observation time, have to be derived for the flux
calculation.

6.9.1 Effective Collection Area

The effective collection area is the area in which the MAGIC telescope can detectγ-ray shower
events. The area can be described using the detection efficiency ǫ of the γ-ray shower with
parameters of the primary energy ofγ-ray E, the shower impact parameterb, the azimuth angle
φ, and the zenith angleθ as follows:

Aeff(E,θ) =
∫ 2π

0

∫ inf

0
ǫ(E,θ,φ,b)bdbdφ (6.14)

In our analysis, the effective collection area for MAGIC observations can be computed using
MC γ samples:

Aeff(E,θ) =
Nsurvived

γ (E,φ,θ)

Nsimulated
γ (E,φ,θ)

×Asimulated, (6.15)

whereNsurvived
γ is the number of survivingγ-ray samples after all cuts andNsimulated

γ is the number
of γ-ray samples simulated by MC. Our MCγ samples were generated up to 300 m for the impact
parameter, which is a large enough range to apply Eq. 6.15. Fig. 6.13 shows the calculated
effective collection area by MC samples in the zenith angle range of 8◦ to 30◦. One can see
points in two colors, blue and red. The blue points representthe collection area just after image
cleaning. The red points show the area after applying all cuts to evaluateγ-ray signals. These
cuts comprise: (1) leakage cut2 (< 0.2), (2) SIZE cut (> 100 p.e.), (3) HADRONNESS cut (85
% for γ cut efficiency) and (4)θ2 cut (70% forγ cut efficiency). At low energies, the effective
area shows a sharp drop as the energy decreases. For these lowest energies the effective area is
limited by hardware trigger during the observations and theSIZE cut during the analysis. 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.

6.9.2 Effective Observation time

Since dead time in the hardware system is inevitable, the effective observation time is not iden-
tical to the total observation time and has to be calculated.

The distribution of cosmic ray events in time follows a Poisson distribution. Thus, in the
ideal case of a detector with vanishing dead time, the distribution of time differencest between

2 This cut is applied for excluding events with shower images only partly recorded on the camera ("leaked"
images). Due to their incomplete image shape, image parameters can not be derived for them precisely. This usually
happens if the shower image is too big with respect to the camera size. Thus, this cut mostly affects high energy
events.
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Figure 6.13: Effective collection area ofγ-ray events in small zenith angles (8◦ to 30◦. mean∼
19◦). Blue points represent the collection areas after image cleaning (no SIZE cut). Red points
are the collection areas after applying all cuts for the spectrum calculation.

successive events can be described as:

dN
dt

= N0 ·λexp(−λt) (6.16)

whereλ is the ideal events rate.
In the experiment the distribution dN/dt of time differencest between successive events can

be measured. The ideal event rate can be determined by fittingthe experimental distribution with
the expression [B ·λ ·exp(−λt)], in the regiont > dmax. dmax is the maximum value of the dead
time in hardware and can be understood as the time differenceabove which dN/dt behaves like
an exponential.B andλ are free parameters to be determined in the fit. Using the total real
number of recorded shower events (Nrecorded), the effective observation timeteff is given by:

teff =
Nrecorded

λ
(6.17)

Fig. 6.14 shows a typical distribution of time differencet along with a fit between 0.003 and 0.07
[s]. The effective observation time was determined to beteff = 1819.2±4.8 s.

The estimated energyEest is not exactly identical to the true energyEtrue of the γ-ray and
shows some distortions (see Fig. 6.12) because of biases in measurements and the finite reso-
lution of the detector. We therefore apply the"Unfolding" procedure in order to convert the
distribution of excess events in the estimated energy into adistribution of excess events in the
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Figure 6.14: Determination of the effective observation time by a fit to the distribution of the
event time difference. The resulting inverse event rate (1/λ), when multiplied with the number
of events, yields the effective observation time.

true energy for final results of theγ-ray spectrum. The unfolding can be understood as a reshuf-
fling of events from the bins ofEest and into the bins ofEtrue. The effective collection areas in
the new bins ofEtrue are computed again under the same conditions as the experimental distribu-
tion. A detailed discussion of the unfolding procedures forthe MAGIC experiment can be found
in [45]. Three methods are available for the unfolding procedure in MARS. In the analyses of
this thesis, the scheme proposed by Bertero (1988) [58] was used.

Fig. 6.15 shows the final result (after unfolding) of the differential energy spectrum of the
Crab Nebula observations in September 2006 (The data samples are the same as those for theθ2

plot of Fig. 6.11). The result was fitted with (1) a simple power law and (2) a variable power law
with a variable photon index.

(1) simple power law:

dNγ

dEdAdt
= (5.3±0.2)×10−10

(

E
0.3 TeV

)−2.42±0.05
γ

TeV cm2 s
(6.18)

χ2/N.D.F = 8.1/7.

(2) variable power law with variable photon index:

dNγ

dEdAdt
= (5.4±0.3)×10−10

(

E
0.3 TeV

)(−2.35±0.11)−(0.11±0.16)×log10( E
0.3 TeV) γ

TeV cm2 s
(6.19)

χ2/N.D.F = 7.6/6.

These results agree well with previous measurements taken by HEGRA [27] (indicated by a
dashed line in the figure) and MAGIC observation results in 2005 [43].
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Figure 6.15: Measured differential energy spectrum of the Crab Nebula. The data were taken in
September 2006 by the MAGIC telescope at a zenith angle rangeof < 30◦. Black points denote
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(pink, Eq. 6.19) are shown. The spectral model fit to the previous measurement by the HEGRA
collaboration [27] is also shown by a gray dotted line.
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6.9.3 Zenith Angle dependence

Under the observation condition of larger zenith angles, aγ-ray shower passes through a longer
distance in the atmosphere, hence the intensity of the Cherenkov light from the shower at the
ground is reduced more due to the absorption and scattering in the atmosphere. As a result,
energy thresholds can increase with larger zenith angle observations. On the other hand, the
telescope can gain a larger acceptance at a larger zenith angle due to the geometry of the atmo-
sphere. This effect can lead to increasing the sensitivity of observations. Our MCγ samples were
generated continuously in wide zenith angle ranges so that we could select appropriate samples
according to the zenith angle range in each observation. In Fig. 6.16, the effective collection ar-
eas after all cuts in two different zenith angle ranges are described. One can see that with a large
zenith angle condition the effective collection area at high energies is bigger, while it becomes
significantly smaller as the energy decreases.

Here, we demonstrate analysis results of the Crab Nebula data taken for 0.87 hours in Septem-
ber 2006 with a zenith angle range from 36 to 43.5. Fig. 6.17 shows the results of a differential
energy spectrum from these Crab Nebula observations. It canbe fitted by a simple power law:

dNγ

dEdAdt
= (4.9±0.6)×10−10

(

E
0.3 TeV

)−2.44±0.14
γ

TeV cm2 s
(6.20)

χ2/N.D.F = 2.6/4.
The result is consistent with the previous measurement taken by HEGRA (a dotted line in the
figure) and the result of small zenith angle observations.

This zenith angle range is equivalent to the range of 1ES1959+650 observations in chapter 9.
Some parts of the observations in chapter 10 for Mkn421 are also carried out with a larger zenith
angle.

6.10 Light curve

A light curve (LC) represents a variation of an integratedγ-ray flux with a specific energy range
with a specific time binning. Numbers of the excessγ-ray events, the effective collection area
with a proper zenith angle range, and the effective observation time are computed in each time
bin.

The γ-ray flux from the Crab Nebula should be stable (cf. Chapter 1). Therefore, the LC
of the Crab Nebula is well suited to show the stability of the telescope and the data analysis
performance. Fig. 6.18 shows the LC ofγ-ray above 200 GeV with a 15-min binning for 3 days
(21st, 24th and 25th of September, 2006). A fit to the data witha constant value gave a result
with χ2/N.D.F = 7.6/13 as follows:

F(E > 200GeV) = (2.21±0.11)×10−10[cm−2s−1] (6.21)

This value is also consistent with the results from the MAGICobservation in 2005 [43].
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6.11 Systematic errors

In addition to statistical errors, the reconstructedγ-ray flux is also affected with systematic un-
certainties, most of which are difficult to assess. The systematic effects influence both the energy
reconstruction and flux calculation. In this section, the main sources of systematic effects are
described. Discussion of the systematic errors of the MAGICtelescope is also found in [43].

The main sources for errors in the energy reconstruction are:

Atmospheric conditions for Cherenkov light: 15%
The MC simulation does not take into account the microclimate conditions. The pro-
duction rate of Cherenkov light in the atmosphere can vary because of density fluctua-
tions on hourly/daily/seasonal basis. In addition, the atmospheric transmittance (e.g., Mie-
scattering) is also changed depending on the weather condition (e.g., dust, moisture and
cloud). These can affect the reconstructedγ-ray energy by about 15% [57].

Light losses in the telescope optical system:10%
The telescope optical system consists of mirrors, the camera entrance window and the
Winston cone light guide. Degradation of their reflectivities may cause additional losses
of the Cherenkov light. The overall light loss in the opticalsystem is adjusted in the
MC simulations to dedicated measurements and monitored by the muon calibrations (see
section 6.3). However, there may be errors in the simulated light distribution on the camera
(e.g. the size of the PSF and halos of the focused spot on the camera) and in improper
simulation for the light guide. The systematic errors on thereconstruction energy may be
10%.

Performances of PMT: 13%
Because of the calibration error of reference photo-diode for the QE measurement, un-
certainty in the quantum efficiency is 2%. Degradation of thecoating enhancing the UV-
sensitivity may cause the uncertainly of 3%. The PMT has a uncertainty in the photoelec-
tron collection efficiency of 10%. Uncertainties of F-factors used to calibrate the recorded
signal is estimated to be 8% [105]. In total, the systematic errors of PMT performances
lead to 13%.

The overall systematic uncertainty in the energy scale is estimated to be 22%, by assuming
Gaussian error propagation. The energy is likely underestimated as most of the effects result in
a loss of Cherenkov photons.

A continuous monitoring of the atmosphere with complementary instruments and methods
like LIDARs, Bolometer and absolute measurements of the extinction coefficient, would reduce
the uncertainties caused by atmospheric conditions to a fewpercent. A proper simulation/ray
tracing of the light guide and PMT cathode would reduce the corresponding uncertainties to the
level of one percent on the expense of a larger computationaleffort. The uncertainty of the F-
factor method can be avoided using a different calibration methods, e.g. the blind pixel method
or calibrating with a PIN-diode [105]
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The second type of systematic errors is uncertainties of fluxcalculation caused by the deter-
mination of effective collection area.

Camera acceptance:5%
In the MC simulations a camera with homogeneous acceptance is simulated. Defect PMTs
and trigger inefficiencies may introduce a systematic errorof 5% of the flux level.

Estimation of efficiencies forγ-ray events: 10%
The trigger efficiency and the cut efficiency in the analysis chain forγ-ray events are esti-
mated by MC simulatedγ-ray samples. Differences between the real and simulated images
of γ-ray showers (partly due to difference of the real and simulated optical PSF of the tele-
scope and the earth’s magnetic filed) may introduce systematic errors. Overall uncertainty
can be estimated by applying different cut values in e.g., SIZE and HADRONNESS for
the data in the analysis chain. The overall efficiency is estimated to be uncertain by about
∼ 10%. In addition, different analysis parameters (e.g., different signal extraction methods
(ALPHA or DISP), image cleaning parameters) may introduce systematic errors, although
they showed only minimal changes in the results by 2%.

Those effects introduce a systematic uncertainty in the fluxscale by 11%. The effects could
increase in low energies (. 150 GeV). Camera inhomogeneities could show up on the level of
up to 20% in low energies because of low SIZE values for the shower images. The effective
area degreases rapidly in the low energies while it changes rather slowly in higher energies (see
Fig. 6.13). Hence, the effective areas in the low energies are sensitive to differences between the
real and simulated images ofγ-ray showers. The uncertainty may increase up to 30% for the
lower energies. Consequently, the systematic uncertaintyin the flux scale below 150 GeV may
increase up to 36%.

Finally, there are also effects which result in a distortionof the energy scale. They are caused
by non-linearities in the PMT gain, the amplifiers, the optical transmission (transmitter/receiver)
and the FADCs. The overall non-linearity is about 10% estimated from the characteristics of the
VCSELs that are used in the optical transmission and contribute most to the non-linearities [190].

Based on experience with previous Cherenkov telescopes, the systematic error on the slope
of the measuredγ-ray spectrum is 0.2 [29].
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Chapter 7

Discovery of VHE γ-ray emission from BL
Lacertae

7.1 Introduction

BL Lacertae (1ES2200+420, R.A. 22h02m43.3s, decl.+42◦16′40′′ [J2000.0],z = 0.069 [176])
is the historical prototype of a class of powerfulγ-ray emitters so-called ”BL Lac objects”.
The mass of the supermassive black hole in the center of BL Lacertae is estimated to be∼
108M⊙ [251].

BL Lacertae is classified as an low-frequency peaked BL Lac (LBL) object (see Chapter 2)
with a synchrotron peak frequency of 2.2×1014 Hz [216], and is one of the best-studied objects
in the various energy bands. No VHEγ-ray emission from any LBLs was ever confirmed before
this work.

Figure 7.1: Images of BL Lacertae.[Left] optical sky image around BL Lacertae. Vertical
lines indicate BL Lacertae.[Right] VLBA image of BL Lacertae, observed in 1997 with 22
GHz [211].
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Figure 7.2: Gamma-ray (E>100MeV) light curves of BL Lacertae during the EGRET observa-
tion. (a): Complete time history of EGRETγ-ray observations. Until January 1995, this source
had not been detected. The arrows represent 95% confidence upper limits.(b): Optical (top) and
γ-ray (bottom) light curves for the 1997 July flare. Both plots show that there was a peak on July
19. The dashed vertical line crossing both plots shows the end of theγ-ray flare, for comparison
with the optical flare. Detailed information can been found in [64]

Villata et al. (2004) [243] have presented long-term light curves in optical and radio emission
over 30 years and reported cross-correlation between the optical light curve and hardness ratio
with some delay in radio emission. They have claimed evidence of a∼ 8 year periodicity in
radio but less evidence in optical. Several authors (e.g., [122, 225]) have also reported periodic
and quasi-periodic variations in the optical and radio light curves.

Gamma-ray observations by EGRET (see section 1.3) resultedonly in an upper limit of 1.4
× 10−7 cm−2 s−1 until 1995. In 1995, EGRET observedγ-rays above 100 MeV at a flux level
of (4.0±1.2)×10−7 cm−2 s−1 with 4.4 σ significance [75]. During an optical outburst in 1997,
a γ-ray flare was measured with 10σ significance by EGRET at a flux level of (1.72±0.42)
× 10−6 cm−2 s−1, 12 times higher than the previous upper limit [64]. The External inverse-
Compton model has been suggested for the interpretation of theγ-ray emission in the 1997 flare
(e.g., [167, 208]). The Light curves of EGRET measurements both complete period and 1997
flare period are shown in Fig. 7.2.

In the VHEγ-ray range, the Crimean Observatory has claimed a detectionwith 7.2 σ sig-
nificance [182], while HEGRA, observing during the same period, obtained only a significantly
lower upper limit [152] (see Fig. 7.3 and section 7.4.1). Other past observations of this target
resulted in upper limits only [75, 152, 12, 136].

In this Chapter I report about the discovery of VHEγ-ray emission from BL Lacertae in
2005. Simultaneous observations in the optical band in 2005and 2006 permitted a search for
correlations between optical and VHEγ-ray activities.
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Figure 7.3: Comparison of the BL Lacertae light curve of VHEγ-ray emission (& 1 TeV) in
July-August 1998 as measured by the Crimean Astrophysical Observatory (left, in counts per
minute) and HEGRA CT1 (right). (the figure taken from [152])

7.2 Observations and Data Analysis

BL Lacertae was observed with the MAGIC telescope in 2005 and2006 to search for VHEγ-ray
emission from this target.

Optical R-band (640 nm) observations were provided by the Tuorla Observatory Blazar Mon-
itoring Program1 with the 1.03 m telescope at the Tuorla Observatory, Finland, and the 35 cm
KVA telescope on La Palma, Canary Islands. Radio observations were also performed in 2005
with UMRAO2 at 4.8 GHz, 8.0 GHz and 14.5 GHz, and at 37 GHz with the Metsähovi Radio
Observatory.

7.2.1 The 2005 observations

The source was observed for 21.3 hours from August until December 2005. Previous BL Lacer-
tae observations had indicated a correlation between enhanced optical activity and high energy
γ-ray emission (see Fig 7.2). Therefore, a part of VHEγ-ray observations were triggered as a
Target of Opportunity (ToO) after enhanced optical activity in addition to the scheduled obser-
vation in 2005. The observations were carried out in ON/OFF observation mode. The telescope
was pointing directly onto the object, recording so-calledON-data. The background was esti-
mated from observations of regions where noγ-rays are expected, so-called OFF-data, which
were taken with similar sky conditions to ON-data.

The standard analysis chain with MARS packages (details described in Chapter 6) was used
for the data analysis.

1more information at http://users.utu.fi/kani/1m/
2http://www.astro.lsa.umich.edu/obs/radiotel/index.php
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Data runs with anomalous trigger rates due to bad observation conditions and a short sample
taken at large zenith angle (> 30◦) were rejected from the further analysis. The observation log
in 2005 is summarized in Table 7.1.

The remaining ON-data corresponded to 17.8 hours, while theOFF-data corresponded to
57.2 hours, both between 13◦ and 30◦ zenith angle. Shower image parameters of the raw data
were calculated and compared for the ON and OFF data in order to check their consistency; ex-
cellent agreement was found in both the lower SIZE events (150 < SIZE< 250 photoelectrons)
as shown in Fig. 7.4 and the higher SIZE events (> 350 photoelectrons) in Fig. 7.5. They show
Hillas shower image parameters of LENGTH, WIDTH, DIST and SIZE separately. In addition,
CONC2, log(SIZE/LENGTH×WIDTH), and the event distribution on the camera inφ (an-
gle between camera X-axis and line joining camera center with Image Center of Gravity), and
HADRONNESS are represented in the Figures. The selected data samples beforeγ/hadron sep-
aration are completely dominated by hadron events and the expected admixture ofγ-ray events
are below the statistical fluctuations of the data. Afterγ/hadron separation by the Random Forest
(RF) method, ALPHA analysis method was applied for the final signal evaluation.

7.2.2 The 2006 observations

Follow-up observations were carried out from July to September 2006 for 26.0 hours, using the
wobble observation mode, where the object was observed at an0.4◦ offset from the center of the
camera. The data were analyzed using MARS package. 25.0 hours of the data passed quality
selection criteria for the analysis. The observation log in2006 is summarized in Table 7.2.

The RF method was used for theγ/hadron separation. The source dependent image param-
eters (DIST, M3LONG) were not used as input parameters because the DISP method was used
for the final signal evaluation.

7.3 Results

7.3.1 The 2005 results

In Fig. 7.6-(a), the ALPHA distribution is shown. The OFF data are normalized to the ON data in
the range between 20◦ and 80◦. The number of background events was determined by a second
order polynomial fit (without linear term) to the ALPHA distribution of the normalized OFF-
data. An excess of 216 events over 1275.6 normalized background events yields a significance
of 5.1 σ for data with SIZE above 350 photoelectrons. The corresponding peak in the energy
distribution is about 200 GeVγ-ray energy (see Fig. 7.6-(b)).

Fig. 7.7 shows the local sky map for the 2005γ-ray candidates. The map was produced from
the excess events distribution smoothed with a 2-D Gaussianof 0.1◦. The black cross marks the
nominal position of BL Lacertae. The small offset and the extension of the image are comparable
to the telescope point spread function (PSF, 0.1◦) and the telescope pointing error (2

′

).
The 2005 VHEγ-ray above 200 GeV as well as hard X-ray (by SWIFT-BAT3), X-ray (by

3http://swift.gsfc.nasa.gov/docs/swift/results/transients/
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Figure 7.4: Comparison of the shower image parameters between ON and OFF data using events
with the event 150< SIZE < 250 photoelectrons before theγ/hadron separation. The area of
each distribution is normalized to 1 with respect to the total number of events. Red lines indicate
the distributions in ON-data, while blue histograms represent the OFF-data. The Red lines in-
clude the errors, which can not be recognized due to small values. The parameters are LENGTH,
WIDTH, DIST, SIZE, CONC2, log(SIZE/LENGTH×WIDTH), and the event distribution on
the camera inφ (angle between camera X-axis and line joining camera centerwith Image Center
of Gravity), and HADRONNESS

.
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Figure 7.5: Comparison of the Hillas parameters between ON and OFF data with the event SIZE
> 350 photoelectrons before theγ/hadron separation. The area of each distribution is normalized
to 1 with respect to the total number of events.
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Table 7.1: Summary of the MAGIC observations for BL Lacertaein 2005. Description of columns: (1) Start time of the MAGIC
observation in UTC. (2) Zenith angle range during the observation. (3) Mean value of the zenith angle. (4) Total number ofevents
in the data. (5) Observation time. (6) Data taking rate. (7) Data rate after the SIZE cut above 100 photoelectrons. (8) Effective
observation time of the data used for the analysis. (9) Availability of optical data from Tuorla. The "(+/-1day)" indicates that
optical data taken next/before day of the MAGIC observation(quasi-simultaneous optical data) are available.

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Observation ZA mean # Eve. Obs. Rate [Hz] Rate [Hz] Teff [h] availability of
start time (UTC) range [deg] ZA [deg] [106] T [h] (before) (SIZE>100) (used) optical data

02.08.2005 02:05:45 13.5–18.0 14.7 1.02 1.29 220.0 131.0 1.28 Yes (+1day)
04.08.2005 01:47:09 13.5–18.4 14.9 1.28 1.59 223.9 130.7 1.58 Yes
08.08.2005 01:28:45 13.5–16.0 14.3 0.87 1.15 210.2 119.6 1.15 Yes
10.08.2005 01:15:00 13.5–16.3 14.4 1.01 1.28 220.5 130.0 1.28 Yes
03.09.2005 00:09:39 13.5–18.6 15.4 0.38 0.92 113.6 63.5 0 (low rate) –
04.09.2005 23:46:17 13.5–18.5 15.3 0.55 0.93 164.6 92.6 0 (low rate) –
10.09.2005 23:37:03 13.5–14.5 13.8 0.37 0.67 153.2 86.1 0 (low rate) –
25.09.2005 23:36:45 15.9–25.9 20.9 0.76 1.08 196.0 130.3 1.07 Yes
28.09.2005 22:35:39 13.4–27.2 17.6 1.03 1.73 164.3 118.5 1.73 Yes
05.10.2005 23:07:03 17.1–25.0 20.8 0.49 0.89 155.1 114.0 0.89 Yes
25.10.2005 21:43:30 16.5–24.1 20.0 0.66 0.87 213.4 143.1 0.87 Yes
28.10.2005 00:15:14 43.6–54.4 48.8 0.62 0.91 188.6 113.9 0 (high ZA) –
28.10.2005 19:49:11 13.5–24.8 17.5 1.08 1.38 218.0 141.6 1.37 Yes
29.10.2005 21:05:37 14.3–22.9 18.9 0.45 0.64 196.3 127.6 0.60 No
31.10.2005 20:48:34 13.6–24.6 18.0 1.04 1.34 216.2 143.1 1.34 Yes
19.11.2005 19:40:02 14.2–18.8 16.2 0.58 0.71 228.0 148.3 0.71 No
20.11.2005 20:36:11 19.7–28.9 25.0 0.57 0.72 219.4 141.6 0.72 Yes
24.11.2005 19:40:39 15.9–28.9 22.2 0.55 1.26 122.2 97.9 1.26 No
26.11.2005 19:43:24 17.2–28.4 22.7 0.65 1.10 163.5 111.4 1.10 No
02.12.2005 19:38:20 19.7–28.8 24.1 0.61 0.88 190.6 125.2 0.89 Yes (+1day)
Total 14.58 21.34 17.85
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Table 7.2: Summary of the MAGIC observations for BL Lacertaein 2006.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Observation ZA mean # Eve. Obs. Rate [Hz] Rate [Hz] Teff [h] availability of
start time (UTC) range [deg] ZA [deg] [106] T [h] (before) (SIZE>100) (used) optical data

20.07.2006 01:07:37 22.6–31.0 26.4 0.55 0.77 199.6 126.2 0.59 Yes
25.07.2006 03:32:13 14.3–19.4 17.0 0.24 0.45 151.8 88.6 0.30 Yes
26.07.2006 03:23:35 14.2–27.3 20.1 0.86 1.51 159.9 94.3 1.51 Yes
28.07.2006 04:19:11 21.9–32.0 26.8 0.54 0.78 192.2 119.7 0.52 Yes
01.08.2006 04:32:41 26.9–35.2 31.1 0.27 0.38 197.3 126.2 0.14 Yes
03.08.2006 03:18:46 16.2–29.6 23.1 0.61 0.91 186.8 113.0 0.85 Yes
04.08.2006 03:07:16 15.8–29.5 22.2 0.83 1.40 165.2 97.7 1.35 Yes
05.08.2006 03:03:43 15.9 –29.5 22.3 1.01 1.38 202.2 123.7 1.33 Yes
06.08.2006 03:02:10 16.1–20.4 17.6 0.22 0.34 186.1 117.7 0.34 Yes
20.08.2006 01:54:12 14.3–28.8 21.5 0.74 1.02 201.1 125.5 1.02 No
21.08.2006 01:44:35 14.3–30.3 20.7 0.85 1.20 197.3 124.1 1.07 No
22.08.2006 01:34:15 14.3–29.5 20.9 1.23 1.77 193.8 122.4 1.73 Yes
23.08.2006 01:00:27 13.5–29.5 19.6 1.42 2.09 189.3 121.3 2.00 Yes
24.08.2006 01:24:27 13.5–30.2 20.6 1.10 1.59 192.2 121.9 1.48 Yes
25.08.2006 00:52:22 13.5–27.1 18.2 1.24 2.03 171.9 108.9 2.03 No
27.08.2006 00:51:51 13.5–28.5 20.2 0.98 1.58 172.2 110.9 1.58 Yes (+1day)
16.09.2006 00:21:57 16.3–24.6 20.4 0.53 0.92 163.3 103.1 0.92 Yes (-1day)
16.09.2006 23:51:34 14.3–29.7 20.9 1.06 1.76 166.6 105.5 1.70 No
18.09.2006 00:06:40 15.9–27.9 20.3 0.27 0.52 142.4 89.9 0.52 No
19.09.2006 00:14:58 16.8–28.3 22.1 0.68 1.12 170.6 106.8 1.12 No
20.09.2006 00:08:33 16.1–29.6 22.4 0.79 1.35 162.0 102.8 1.30 Yes
21.09.2006 00:23:33 19.0–27.3 23.2 0.45 0.82 151.4 96.5 0.82 No
23.09.2006 00:19:57 20.2–28.0 23.6 0.49 0.75 184.3 120.0 0.75 Yes
Total 16.96 26.41 24.98
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RXTE-ASM4), optical and radio light curves are shown in Fig. 7.8. No significant evidence
of flux variability in VHE γ-rays was found in the 2005 data. A fit for a constant flux yields
a χ2/N.D.F = 16.3/15. The small excess around MJD 53669-53675, also coinciding with a
significant optical excess, is below 3 sigma. The derived average integral flux is (0.6±0.2)×
10−11 cm−2 s−1 , which corresponds to about 3 % of the Crab Nebula flux as measured by the
MAGIC telescope [245]. In the optical light curve, the contribution from the host galaxy (1.38
mJy [184]) was subtracted. The optical light curve shows a flare around the end of October 2005
(around 53670 in MJD). Also, radio light curves at 37 GHz [159] and 14.5 GHz show enhanced
activity starting November 2005. No significant excess could be found in both X-ray bands.

The reconstructed differential energy spectrum (Fig. 7.9)is well described by a simple power
law:

dNγ

dEdAdt
= (1.9±0.5)×10−11

(

E
0.3 TeV

)−3.6±0.5
γ

TeV cm2 s
(7.1)

7.3.2 The 2006 results

Fig. 7.10 shows theθ2 plot for 2006 data using events with SIZE above 350 photoelectrons. With
the final selection ofθ2 < 0.03 deg2, only 17 excess events were obtained, which corresponds
to a 0.32σ excess significance. In Fig. 7.8-(b), the light curve of VHEγ-ray above 200 GeV
is compared with light curves in X-rays and optical. The diurnal VHE γ-ray data are in good
agreement with statistical fluctuations around Zero. A constant fit to the data resulted in (0.07±
0.2)×10−11 cm−2 s−1. No significant excess in VHEγ-ray emission could be found in the 2006
data. The optical light curve also shows a lower intensity than in 2005.

An upper limit of the integrated VHEγ-ray flux above 200 GeV in 2006 was derived using
the Rolke approach [213]. The upper limit in the number of excess, calculated with the Rolke
approach, was converted into flux units using the effective collection area and the effective ob-
servation time. We obtained the upper limit of 125.9 events in the number of excess with a 95%
confidence level, which corresponds to 0.46×10−11 cm−2 s−1 for the flux upper limit.

The observation results in 2005 and 2006 are summarized in Table 7.3.

Table 7.3: Summary of the BL Lacertae observation results in2005 and 2006
year On. Teff Obs. mode
2005 17.8 On-Off
2006 25.0 Wobble

year Excess Off event excess VHE flux (>200 GeV) optical
events (Normalized) significance [cm−2 s−1] flux [mJy]

2005 216±43 1275.6±19.7 5.1σ (0.6±0.2)×10−11 9.2
2006 17±55 1825.6±34.1 0.32σ < 0.46×10−11 (95 % C.L.)∗ 4.2

(*) the average value derived by a fit to the light curve is (0.07±0.2)×10−11

4http://xte.mit.edu/ASM_lc.html
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MAGIC using events with SIZE above 350 photoelectrons. The filled circles represent ON-
data. The light crosses correspond to normalized OFF-data.In each data point, a horizontal bar
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350 photoelectrons (after applying the same cuts as for the ALPHA-distribution of (a)). The
corresponding peak is about 200 GeVγ-ray energy.
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Figure 7.8: Light curves of BL Lacertae in the various energybands in 2005 and 2006. [from
Upper to Lower panels]: (1) VHEγ-ray (> 200 GeV) flux as measured with the MAGIC tele-
scope. Dotted horizontal lines represent the average flux ineach year. (2) Hard X-ray of 15-50
keV in one-day average flux by SWIFT BAT detector. (3) X-ray of2-10 keV in one-day average
flux by RXTE-ASM detector. (4) Optical (R-band) flux as measured with the 1.03 m Tuorla and
the 35 cm KVA telescope. In the optical light curve, the filledpoints represent the optical flux
at times when simultaneous MAGIC observations were carriedout. The measured average flux
of those points is 9.2 mJy for 2005 and 4.2 mJy for 2006. (5) Radio flux with 4.8 GHz (green),
8.0 GHz (light blue) and 14.5 GHz (red) measured with UMRAO. [Left panels (a)]: the 2005
data. [Right panels (b)]: the 2006 data.
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7.4 Discussions

7.4.1 Comparison to previously measured results of the VHEγ-ray bands

The Whipple 10 m telescope observed BL Lacertae for 39.1 hours in 1995 and derived a flux
upper limit (99.9% C.L.) above 350 GeV at 3.8% of the Crab flux,corresponding toF(E >
350GeV)< 0.4×10−11 [cm−2 s−1] [136]. The HEGRA stereoscopic CT system derived an upper
limit (99% C.L.) above 1.1 TeV at 28% of the Crab flux, corresponding toF(E > 1.1TeV) <
0.41×10−11 [cm−2 s−1], with 26.7 hours observation [12]. These upper limits are consistent with
our results. On the other hand, Nespher et al. (2001) [182] claim VHEγ-ray detection using the
GT 48 telescopes of the Crimean Astrophysical Observatory from their observations in the sum-
mer of 1998. The reported integralγ-ray flux isF(E > 1 TeV) = (2.1±0.4)×10−11 [cm−2 s−1],
which is two orders of magnitude higher than the extrapolated value from our MAGIC result.
During the same period, July to August 1998, no significant signal was found by HEGRA-CT1,
and their reported flux upper limit in the same energy band is 7times lower than the Crimean
result [152] (see also Fig. 7.3). Given the locations of bothtelescopes, the VHEγ-ray detection
reported in [182], cannot be explained without a remarkablyhuge and a very rapid flux variation
offset by a few hours in consecutive nights from the HEGRA-CT1 observation. In case of a
leptonic origin of theγ-ray emission, such a flare would possibly coincide with highactivity in
optical as in the outburst of July 1997, when the increase in flux was observed both in the optical
and X-ray toγ-ray bands [64, 233]. However, no increased optical activity was detected dur-
ing the Crimean observation period (optical magnitude: 13.5− 14.6, while 13.0− 14.6 in 2005).
Throughout the EGRET observations for BL Lacertae, such a notably huge and rapid flare fea-
ture was never reported in high energyγ-ray emission, which may be considered to have the
same origin as the VHEγ-ray emission.

7.4.2 Correlation between VHEγ-ray and optical fluxes

In Fig. 7.8, filled circles in the optical light curve represent simultaneous observations with the
MAGIC telescope, accepting a±1 day offset with respect to the MAGIC observations. In 2005,
there were 12 out of 16 nights with simultaneous observations (average flux: 9.2 mJy), while 16
out of 23 nights in 2006 (average flux: 4.2 mJy) have coinciding observations.

The correlations of our observed VHEγ-ray data with optical data are shown in Fig. 7.11.
We fit the data of the diurnal flux with a constant and with a linear function. The results of both
fits show the nearly equal and reasonable probabilities fromχ2 tests. The fit results are shown
in Fig. 7.11. From the statistical tests, no significant correlation between VHEγ-ray and optical
flux could be found. It should be noted that the measurement uncertainties of VHEγ-ray fluxes
are relatively large, which makes it difficult to apply the correlation studies.

On the other hand, in the yearly scale, the optical flux in 2005is 9.2 mJy on average over
the 12 days which coincide the MAGIC observations. The optical average flux in 2005 shows
a significantly higher value than that of 2006, which corresponds to 4.2 mJy. The absence of a
significant excess of VHEγ-rays in the 2006 data indicates that the average flux of VHEγ-ray
flux in 2006 was significantly lower than the average flux in 2005 (see Table 7.3).
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In summary, although there is no significant correlation from the statistical point of view, our
results show similar tendencies both in the optical and the VHE γ-ray flux variations. Similarly,
the γ-ray activity seen by the EGRET observations in 1997 showed astrong correlation with
optical activity (see Fig. 7.2). Such a correlation is favorable to leptonic origin scenarios [64].

7.4.3 Spectral energy distributions

As our measurement shows results favorable to leptonic origin scenarios, we discuss here the
spectral energy distribution (SED) with the leptonic modelfrom previous studies. Fig. 7.12
shows the SED of BL Lacertae with data in 2005 and some historical data together with model
calculations by Ravasio et al. (2002) [208]. The VHEγ-ray points are corrected for the extra-
galactic background light (EBL) absorption using the "low-IR" EBL model of Kneiske et al.
(2004) [148]. Our optical and VHEγ-ray points agree well with the solid line, which was
derived using a one-zone synchrotron self-Compton (SSC) model on the 1995 data, whereas
some deviations can be seen from the dotted line, which describes the 1997 flare data and involves
SSC as well as external Compton (EC) components [208]. In general, it is necessary to introduce
the EC component to explainγ-ray emission from LBL objects [109]. However, to describe our
result such an additional EC component is not necessarily required.
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Figure 7.12: SED of BL Lacertae in 2005 and some historical data. The black filled circles
represent data taken by KVA and MAGIC as well as radio data by UMRAO and Metsähovi from
the year 2005. Gray points describe previous data (taken from ASDC [The ASI Science Data
Center: http://www.asdc.asi.it/], see also in the inlay).The lines are taken from [208]. The solid
line represents the one-zone SSC model for the 1995 data, thedotted line is produced with SSC
and EC components for the 1997 flare data.
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7.5 Summary

We observed BL Lacertae for 22.2 hours from August to December 2005 and for 26 hours from
July to September 2006. The source is the historical prototype and eponym of a class of LBL
objects.

A VHE γ-ray signal was discovered with a 5.1σ excess in the 2005 data. Above 200 GeV, an
integral flux of (0.6±0.2)×10−11 cm−2 s−1 was measured, corresponding to approximately 3% of
the Crab flux in this energy range. The differential spectrumbetween 150 and 900 GeV is rather
steep with a photon index of−3.6±0.5. The light curve shows no significant variability during
the observations in 2005. For the first time a clear detectionof VHE γ-ray emission from an LBL
object was obtained with a signal below previous upper limits. The VHEγ-ray emission obtained
by our observations can be described with a one-zone SSC model as described for previous
studies of theγ-ray emission observed by EGRET in 1995. An additional EC component, which
has to be used to explain theγ-ray flare observed by EGRET in 1997, is not necessarily required
for the VHEγ-ray emission in our case. On the other hand, the 2006 data show no significant
excess. This drop in flux follows the observed trend in optical activity.

The results of this thesis suggest that VHEγ-ray observations during times of higher optical
states can be more efficient for this source. Future long termmonitoring of VHEγ-ray emission
could provide detailed information of a possible periodicity, predicted by e.g., [225], and correla-
tions with other wavelengths. Due to the observed steep spectrum, lowering the energy threshold
of IACTs (e.g., with the upcoming MAGIC-II project), would significantly increase the detection
prospects for this new class of sources.



Chapter 8

Multiwavelength observations of
Markarian 501

Mkn501 (R.A. 16h53m52.2s, decl.+39◦45′37.0′′ [J2000.0]) first appeared in a catalog of 1515
strong UV sources. In 1972, a radio counterpart could be identified [83], which shortly after-
wards was classified as a BL Lac object and measured to have a redshift toz= 0.034 [239].

Mkn501 is the second established TeV blazar [205] after Mkn421. Fig. 8.1 shows the overall
light curve of Mkn501 in the VHEγ-ray band since the year of discovery of the TeVγ-ray
emission, 1996. In 1997, this source went into a state of surprisingly high activity, and became
close to 10 times brighter than the Crab Nebula in the TeV range [7]. In 1998-1999, the mean
flux dropped by an order of magnitude [8]. In 2005, rapid flux variability with a few minutes
time scale in its flare activities was reported by the MAGIC collaboration [41]. Although several
multiwavelength studies for this object [144, 154, 235, 107] have been reported, data taken
simultaneously both in X-ray and VHEγ-ray in its low state of activity were not yet available.

8.1 Long term light curves in 2005 and 2006

Fig. 8.2 and 8.3 show diurnal light curves of the VHEγ-ray emission above 200 GeV, X-ray
between 2 keV and 10 keV and optical R-band in 2005 and 2006, respectively. The VHEγ-ray
data were obtained with the MAGIC telescope. Detailed results and discussions for the 2005 data
including the flare activities can be found in [41]. Parts of the 2006 observations were carried out
within the TeV blazar "monitoring" program [116] of the MAGIC telescope. These observations
have been regularly performed for short observation times (typically 20∼ 60 min) every several
days by the MAGIC telescope as long as the source was visible.Such observations can alert us
to a high activity state of the source, whose occurrence cannot be predicted. This information is
extremely useful for launching planned target of opportunity (ToO) multiwavelength campaigns
for such a high state. In addition, these unbiased samples allow us to investigate the general
features of source activities.

The X-ray data were taken by RXTE/ASM, which is the X-ray satellite for all sky monitoring
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Figure 8.1: Overall light curve of Mkn501 in the VHEγ-ray emission between April 11, 1996,
and September 20, 2006. 1996 data taken from [151], 1997-2004 data taken from [113], 2005
data taken from [41], and 2006 data from this work. The 2005 and 2006 data in red points were
measured with the MAGIC telescope. Note that the data have different energy thresholds and
are, therefore, presented in Crab Nebula units at the thresholds of each data.

observations. The data are available in the web page1 immediately after the observations. Optical
R-band observations were provided by the Tuorla Observatory Blazar Monitoring Program2 with
the 1.03 m telescope at the Tuorla Observatory, Finland, andthe 35 cm KVA telescope at La
Palma, Canary Islands. The magnitudes were then converted to linear fluxes using the formula
F[Jy] = 3080.0×10−(mag/2.5) in R-band (640 nm).

In 2005, two huge flare activities (June 30th and July 9th) were observed in the VHEγ-ray
band with the MAGIC telescope (Fig. 8.2). Details about these flares are also discussed in [41].
On the other hand, no corresponding huge flare could be seen inthe X-ray band. However, this
does not indicate that no counter X-ray flare took place during these TeV flare activities, because
of (1): A relatively poor sensitivity of the instrument for the X-ray monitoring (RXTE/ASM).
The instrument does not have sufficient sensitivity for detecting significant signals during a low
state of activity. The distinction of the flux levels betweenlow and high states is not so clear.
(2): Poor time coverage. Although the RXTE/ASM satellite ismonitoring all sky, it observes
each source once in every orbit (∼ 90 min) for only a short time of exposure. On the other hand,
the observed 2005 flares were recorded only for about one hourfor each flare activity. Only
a few samples of data were available as simultaneous observation results. Due to these facts,
it is necessary to organize multiwavelength (MWL) observations with other dedicated X-ray
satellites.

In 2006, the source generally showed a quiet and low state of activity. No flare activity
was detected with the MAGIC telescope as shown in Fig. 8.3. Nostrong variability was found,
neither in X-ray nor in optical. The flux in the optical band onaverage also showed a slightly
lower value than that of 2005.

1http://xte.mit.edu/ASM_lc.html
2more information at http://users.utu.fi/kani/1m/
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We organized a MWL campaign in July 2006 for this source with the Japanese X-ray Satellite
"Suzaku", which has a high sensitivity in the widest energy range among current working X-ray
satellites. In the VHEγ-ray light curve of 2006 the data points during this MWL campaign
correspond to the first three points. This campaign was held in one of the lowest states of this
source during these 2 years in the VHEγ-ray band, as one can see in the figures (Fig. 8.2 and
8.3). It provided us with simultaneous data samples in X-rayand VHEγ-ray during a low state of
activity that previous MWL campaigns had not been able to supply due to the limited sensitivity
of γ-ray telescopes.

In this Chapter, I present observations and results of this extensive MWL campaign and
discuss the relevant multi-energy bands data.
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Figure 8.2: Diurnal multifrequency light curves during theMAGIC observations of Mkn501
in May-July, 2005. [Top] : VHE γ-ray above 200 GeV as measured by MAGIC (taken from
[41]). A horizontal dotted line represents one flux level of the Crab Nebula in this energy range.
[Middle] : X-ray by RXTE/ASM.[Bottom] : optical R-band by KVA.
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Figure 8.3: Diurnal multifrequency light curves during theMAGIC observations of Mkn501 in
July-September, 2006.[Top] : VHE γ-ray above 200 GeV was measured by MAGIC within the
scope of this thesis. Red points indicate the MWL campaign observation. Dark red points show
the data taken during "monitoring observation" [116]. A horizontal dotted line represents one
flux level of the Crab Nebula in this energy range.[Middle] : X-ray by RXTE/ASM.[Bottom] :
optical R-band by KVA.

Table 8.1: Summary of the MAGIC observations for the MWL campaign in July 2006.
Observation (UTC) ZA range Obs. Rate [Hz]1 Eff. Obs. T.2

day (start) start - end time [deg] (mean) T [h] (after cut) [h](used)

18.07.2006 21:35:35–01:05:08 11.0–36.0 (19.2) 3.49 130.3 3.18
19.07.2006 21:30:53–01:02:17 11.0–35.5 (19.1) 3.49 134.2 3.18
20.07.2006 21:30:13–01:00:42 11.0–35.9 (17.2) 3.50 117.0 2.79
Total 10.5 9.1

(1) after applying the SIZE cut of>100 p.e.
(2) effective observation time of the analyzed data
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8.2 Multiwavelength campaign in July 2006

8.2.1 VHEγ-ray with the MAGIC telescope

Observations

Observations for the multiwavelength campaign were conducted in the nights of July 18th, 19th
and 20th, 2006, for 10.5 hours, in wobble mode, where the object was observed at an 0.4◦ offset
from the camera center. Detailed information on the observations is summarized in Table 8.1.

After rejecting the data with low trigger rates due to bad observation conditions and a high
zenith angle range (> 35◦), the remaining data of 9.1 hours were processed for analysis. The
analysis was basically performed with the standard analysis software "MARS" as described in
Chapter 6. In order to improve the analysis performance for the data, the arrival time information
of the Cherenkov light was used for the image cleaning process as an advanced option. This
option allowed us to use lower tail cut levels: 6 p.e. insteadof 7 p.e. for core pixels and 4
p.e. instead of 5 p.e. for boundary pixels. Based on the DISP method, theθ parameter was used
for the final cut to evaluate theγ-ray signals.

Results

The observed excess signal of 522 events over 939 normalizedbackground events belowθ2 <
0.03deg2 corresponding to 13.4σ excess was observed in the total campaign data of 9.1 hours
observation as shown in Fig. 8.4. Events were selected only from the data with SIZE above 350
p.e..

The upper panel in Fig. 8.6 shows the light curve with a 1-hourbinning during this campaign.
The average integrated flux above 200 GeV is (4.6±0.4)×10−11 cm−2 s−1 (χ2/N.D.F = 10.1/10),
which corresponds to about 23% of the Crab Nebula flux as measured with the MAGIC tele-
scope [43]. No significant variability was found. However, due to the low source flux level, we
could only have seen variability of a factor of 2-3.

The spectrum in the VHEγ-ray band is well described by a simple power law from 85 GeV
to 2 TeV with

dNγ

dEdAdt
= (1.24±0.11)×10−10

(

E/0.3 TeV
)−2.85±0.14 γ

TeV cm2 s
. (8.1)

The flux level and the photon index of this measured spectrum are compatible with those in the
lowest state among 2005 MAGIC observation results, which were derived by the night-by-night
basis analysis (dNγ/(dEdAdt) = (1.36±0.21)×10−10

(

E/0.3 TeV
)−2.73±0.29

[41] ) for this object.

8.2.2 X-ray observations with the Suzaku satellite

X-ray observations by Suzaku were carried out between July 18th, 2006, 18:33:00 UTC and July
19th, 2006, 17:27:00 UTC (sequence number 071027010). The net exposure time after screening
was 35 ksec in both XIS and HXD detectors. HXD/GSO data were not used in the following
analysis, since the performance and background of the GSO are still under study.
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The light curve of Mkn501 recorded with the XIS detectors (E<10 keV) is shown in the
middle panel of Fig. 8.6. The flux level was gradually growingduring the observation and an
increase of about 50 % can be seen between the beginning and the end of the observation.

A joint XIS and HXD/PIN (0.5-50 keV energy band) fit was performed using a model with a
broken power law and a fixed column density (NH = 1.5×1020cm−2) for the galactic absorption
(using the command"wabs*bknpower" on the analysis program of"XSPEC"3). Best fit
parameters with associated errors are:Γ1 = 2.17±0.01,Γ2 = 2.33±0.01,Ebreak= 1.43+0.02

−0.04.
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Figure 8.6: Light curves of Mkn501 in different energy bandsduring this MWL campaign in
July 2006. [Top]: VHE γ-ray measured with the MAGIC telescope. A dotted horizontalline
represents the average flux.[Middle]: X-ray net data with Suzaku XIS detectors.[Bottom]:
Optical R-band flux measured by KVA.

8.3 Spectral energy distributions

8.3.1 Comparisons with previous measurements

Fig. 8.7 shows measured spectral energy distributions (SEDs) of Mkn501 in the VHEγ-ray band
obtained during this MWL campaign as well as the spectra measured by MAGIC in 2005 [41]
and by CAT on April 16th, 1997 [89]. The CAT data were taken in aprevious MWL campaign
with the BeppoSAX X-ray satellite when the source showed a high flux. Spectra in the MAGIC

3http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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2005 observations were derived from the low-, medium- and high-flux data sets based on the
flux levels and the flare data of June 30th. The correlation between the power law spectral index
and integrated intensity above 150 GeV is shown in Fig. 8.8. In this figure, results of MAGIC
2005 observations were obtained on a night-by-night basis analysis. Two days of the flare data
(June 30th and July 9th) were split into two samples for each stable and variable parts (detailed
information can be found in Albert et al. (2007) [41]). Including the new result of 2006 obtained
in the work of this thesis, Fig. 8.8 consists of 27 points. This figure indicates that the spectral
slope is getting harder as the flux is increasing. The 2006 data for this MWL campaign represents
one of the steepest photon indices and the lowest fluxes levels compared to the published data of
Mkn501 in the VHEγ-ray band so far.

The spectra of Mkn501 in the VHEγ-ray band show a strong variability, but the variability
shows different features depending on the energy bands. In Fig. 8.7, the difference in flux at∼
1 TeV is almost two orders of magnitude, while close to 100 GeVonly a difference of a factor
2-3 in flux can be seen. These features are associated with thetrend of anti-correlation between
the spectral index and the intensity. The spectral peak, which may correspond to the inverse-
Compton peak, can be seen only in the highest flux states (April 16th, 1997, by CAT and June
30th, 2005, by MAGIC) in this energy range (> 100 GeV).

The spectrum obtained by Suzaku on July 19th, 2006, during our MWL campaign is de-
scribed in Fig. 8.9 together with historical X-ray data by the BeppoSAX satellite (taken from
ASDC4). X-ray data also show a strong variability. The differencein flux is no more than one
order of magnitude in the soft X-ray band (< 1 keV). On the other hand, the flux variability
becomes stronger in the hard X-ray range (> 10 keV). In addition, the spectral peak by the
synchrotron emission evolves towards higher energies as the flux increases. In particular, in
the highest flux ever recorded (the data of April 16th, 1997),the synchrotron peak reached an
extraordinarily high energy around 100 keV.

As one can see in the comparison of these X-ray spectra (Fig. 8.9), the Suzaku data represents
a spectrum in a low X-ray state of this source as well as the MAGIC data taken for the 2006
MWL campaign represents the spectrum in a low state of the VHEγ-ray band. Finally, it is
worth mentioning once more that the CAT data in Fig. 8.7 and the highest flux of the BeppoSAX
data in Fig. 8.9 (data on 16th of April 1997) were taken simultaneously.

8.3.2 SSC model

Fig. 8.10 shows an overall SED of Mkn501 together with data obtained during this MWL cam-
paign and some historical data [41, 235]. The "de-absorbed"data in blue points at the VHEγ-ray
band were corrected for the extra-galactic background light (EBL) absorption using the "low-
IR" model of Kneiske et al. (2004) [148]. In optical, the hostgalaxy contributions (12.0±0.3)
[mJy] [184] have already been subtracted.

Assuming a uniform injection of the electrons throughout a homogeneous emission region,
we applied a one-zone SSC model for our campaign data to estimate physical parameters of the
emitting region using the code developed by Tavecchio et al.[234, 235]. The details of the SSC

4http://www.asdc.asi.it/
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model are described in section 2.3.1. Briefly, a spherical shape (blob) is adopted for the emission
region with a radiusR, filled with a tangled magnetic field with an intensityB. An electron
distribution is described by a smoothed broken power-law energy distribution with slopesn1

from γmin to the break energyγb andn2 up to a limit ofγmax and with a normalization factorK.
The relativistic effect is taken into account by the Dopplerbeaming factorδ.

R is selected to be 1×1015 cm, which had been adopted in [41] for the SED during the rapid
flare observed by MAGIC in 2005. Since no cut-off in high energy ranges of spectra can be seen
both in the X-ray and VHEγ-ray bands,γmin andγmax are fixed at 1 and 107, respectively. First,
we applied the SSC model for the low state SED which was obtained during our MWL campaign
in 2006. The one-zone SSC model can reproduce well the obtained X-ray and VHEγ-ray spectra
in this low state of activity of the source. However, it is apparent that the model underestimates
the optical flux. This can be explained by the assumption thatthe emission from radio to UV has
a different origin than the high-energy emission. This interpretation has already been applied to
previous SEDs of Mkn501 by [145]. We also tried to reproduce the SED obtained during the
flare on June 30th, 2005, using this SSC model. Unfortunately, there was no simultaneous X-ray
data other than RXTE/ASM available at that time. However, the RXTE/ASM flux point (black
triangle in Fig. 8.10) shows a compatible level in the X-ray spectrum taken by BeppoSAX (cyan
dots in Fig. 8.10) on April 16th, 1997. In addition, the VHEγ-ray spectrum taken by MAGIC on
June 30th, 2005, was almost equivalent to the spectrum measured by CAT on April 16th, 1997,
as they are shown in Fig. 8.7. Therefore, we used these BeppoSAX spectrum as a guide for the
X-ray spectrum during the VHEγ-ray flare on June 30th, 2005. Finally, we could reproduce this
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SED in a high state only by changing the Lorentz factor of the electron at break energy in the
electron spectrum,γb. These SSC models for the low and high states of Mkn501 are represented
by dotted lines in Fig. 8.10. The derived parameters for these SSC models are listed in Table 8.2.

In Table 8.3 we compared some results of previous SED studiesbased on SSC model for
Mkn501. All of them were derived from applying one-zone SSC models for real observational
data. Not all studies used the simultaneous X-ray and VHEγ-ray data. In fact, the data simul-
taneously taken were available only for high flux states, especially during the huge outbursts in
1997. Nevertheless, SSC model parameters ofδ andB derived from our 2006 MWL campaign
show values similar to those of previous works with different flux states, except for models of
Tavecchio et al. (1998) [234] (lowerδ and higherB) and Konopelko et al. (2003) [150] (higherδ

and lowerB) (Both of them are the models for the 1997 high states.) Note again that only our
work used simultaneous X-ray and VHEγ-ray data for a low flux state.

Tavecchio et al. (2001) [235] could model different emission states of Mkn501 in 1997 and
1999 by mainly changing the break energy of electrons, slightly modifying its spectral slopes
and number density, and by keeping other parameter unchanged. Pian et al. (1998) [199] also
could reproduce different flux states by just changing the electron distribution with same values
for others. In these frameworks, the electron spectrum was the key component representing the
different activity states of Mkn501; especially,γbreakcould play a main role there.

Table 8.2: SSC model parameters of Mkn501.
data R δ γmin γbr γmax B K n1 n2

cm Gauss particle/cm3

2006 (low) 1.03×1015 20 1 6.7×104 1×107 0.27 1×105 2 4
2005 (flare) 1.03×1015 20 1 1×106 1×107 0.27 1×105 2 4

Table 8.3: Comparison of the SSC model parameters,δ, B andR to previous studies for Mkn501.
δ B [G] R [cm] flux state1 reference
15 0.8 5×1015 H,M(1997) and typical L Pian et al. (1998) [199]

8-20 0.1-0.5 7− 9×1015 typical L Tavecchio et al. (1998) [234]
7 1 2.5×1015 H (1997) Tavecchio et al. (1998) [234]
15 0.2 4.5×1015 L (1996) Kataoka et al. (1999) [144]

12-36 0.07-0.6 N/A2 H (1997) Bednarek & Protheroe (1999) [54]
14 0.15 2.9×1015 H (1997) Katarzynski et al. (2001) [145]
14 0.15 4.2×1015 M (1997) Katarzynski et al. (2001) [145]
10 0.32 1.9×1015 H, M (1997) and L (1999) Tavecchio et al. (2001) [235]
11 0.2 10×1015 typical low state Kino et al. (2002) [147]
50 0.04 3.5×1015 H (1997) Knopelko et al. (2003) [150]
20 0.27 1.03×1015 H (2005) L (2006) this work

(1) H: High state, M: Medium state, L: Low state (among histical data)
(2) R was not specified, but they modeled with variability time scale of 2min to 2.5h
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Figure 8.10: Overall SED of Mkn501 as measured in July 2006 and some historical data. Red
points are measured data from this campaign with the data points by KVA (optical), Suzaku
(X-ray) and MAGIC (VHEγ-ray). Blue points are corrected VHEγ-ray fluxes by the "low-IR"
EBL model of Kneiske et al. (2004) [148]. Green points are data taken on 30th of July 2005 by
KVA (optical), RXTE/ASM (X-ray) and MAGIC (VHEγ-ray). Cyan points denote the X-ray
spectrum taken by BeppoSAX on 16th of April 1997. Grey pointsare historical data taken from
NASA Extragalactic database (radio-optical) and from [144](γ-ray data observed by EGRET).
The lines describe the SSC model developed by [234, 235] for the data. Details of the model can
be seen in the text and in Table 8.2.
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8.4 Summary

I present first results of an MWL campaign for TeV blazar Mkn501 during its low state of activity
by MAGIC, Suzaku in July 2006. VHEγ-ray signals were clearly detected with a 6.3σ level
from 9.1 hours of data samples during the MWL campaign.

The average integrated flux above 200 GeV was (4.6± 0.4)× 10−11 cm−2 s−1, which cor-
responds to about 23% of the Crab Nebula flux as measured with the MAGIC telescope. No
significant variability was found. The spectrum in the VHEγ-ray band was well described by
a simple power law from 85 GeV to 2 TeV with a photon index of−2.85±0.14. The flux level
and the photon index of this measured spectrum were compatible with those found in the lowest
state 2005 MAGIC observation results, which were derived bythe night-by-night basis analysis.

The X-ray spectrum with the Suzaku Satellite was derived from sub-keV to several tens of
keV in this campaign. The flux level in X-ray showed a low stateof activity as well as the VHE
γ-ray flux showed a low state. The small increase in flux could beseen in the X-ray band during
the observation.

Compared to previous measured spectra, both energy bands showed a historically strong
variability. The variability contained different features depending on the energy bands. In the
VHE γ-ray band there was an almost two orders of magnitude difference in flux at∼ 1 TeV,
while close to 100 GeV a difference of only a factor 2-3 in flux could be seen. Similar features
could be found in the X-ray bands. The difference in flux was less than one order of magnitude
in the soft X-ray (∼ 1 keV) band, but it became more significant at higher energiesand reached
about two orders of magnitude around 100 GeV. These results indicate a trend of anti-correlation
between the spectral index and the intensity both in X-ray and VHE γ-ray bands. The spectral
slope is getting harder as the flux is increasing.

The overall SED in the low state taken during our MWL campaignwas well represented
by a homogeneous one-zone SSC model. Based on the parametersfor this low state, the high
state SED in 2005 could be reproduced only by changing the Lorentz factor of the electron at
break energy in the electron spectrum. Others showed similar values to the ones derived in
previous studies. This might suggest that the electron energy at the spectral break could be the
key parameter to represent the different activity states ofMkn501.
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Chapter 9

Observations of 1ES1959+650

9.1 1ES1959+650

1ES1959+650 (R.A. 19h59m59.95s, decl.+65◦08′54′′ [J2000.0],z= 0.047) was discovered in the
radio band as a part of a 4.85 GHz survey performed with the 91 mNRAO Green Bank tele-
scope [119, 51]. In the optical band it is highly variable andshows a complex structure com-
posed by an elliptical galaxy plus a disc and an absorption dust lane [127]. The mass of the
central black hole has been estimated to be in the range of 1.3− 4.4×108M⊙ as derived either
from stellar velocity dispersion or from bulge luminosity [95]. The first X-ray measurement was
performed byEinstein-IPC during Slew Survey [93]. Subsequently, the source was observed by
ROSAT, BeppoSAX. RXTE, XMM-Newton. In the two BeppoSAX pointings, for instance, the
synchrotron spectra peaked in the range of 0.1-0.7 keV were observed up to 45 keV. The peak
was moving to higher energy as with the flux increases [229].

9.2 Previous observations in the VHEγ-ray band

The first VHEγ-ray signal from 1ES1959+650 was reported in 1998 by the Seven-Telescopes
Array in Utah, with a 3.9σ significance [187]. Observing the source in 2000, 2001 and early
2002, the HEGRA collaboration reported only a marginal signal [137]. In May 2002, the X-ray
flux of the source had significantly increased. Both the Whipple [134] and HEGRA [10] collab-
orations subsequently confirmed a higher VHEγ-ray flux as well. Further highγ-ray activity
periods were found in the same year, with some flares exceeding the Crab Nebula flux by a factor
of 2-3. An interesting aspect of the source activity in 2002 was the discovery of a so-called "or-
phan" flare (viz., a flare of VHEγ-rays not accompanied by correlated increased activity at other
wavelengths), recorded on July 4th by Whipple [156]. This orphan flare, observed in the absence
of high activity in X-rays, is not expected from conventional one-zone SSC models. On the other
hand, SEDs of other HBLs including the X-ray band and the VHEγ-ray band can successfully
be explained using models based on the SSC mechanism. Further observations of 1ES1959+650
are, therefore of special importance.

In September and October 2004, the MAGIC telescope observedVHE γ-rays from this
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source with a∼ 8σ significance of the excess in a relatively short observationtime (6.5 hours)
even during a state of low activity (∼ 20% of Crab Nebula flux). The details of the results
have been reported in the paper of Albert et al. (2006) [36]. We continued observations for
1ES1959+650 in the 2005 and 2006 seasons as well. Especially, at the end of May 2006, we
organized simultaneous multiwavelength (MWL) observations together with the X-ray satellite
Suzaku in order to observe both the broad band X-ray continuum and wide range VHEγ-ray
emission with the aim of simultaneously obtaining the synchrotron and IC components. In ad-
dition, another X-ray satellite, Swift, performed severalobservations with short exposure times
around this period. The source was also observed in the optical R-band from ground optical
telescopes.

In this cheaper, I report the results of the MAGIC observations for 1ES1959+650 in 2005 and
2006 and focus on the extensive MWL campaign for this source in May 2006.

9.3 VHE γ-ray with the MAGIC telescope

9.3.1 The 2005 observations

In 2005, observations of 1ES1959+650 with the MAGIC telescope were carried out between
May and July. They were performed in the On/Off mode, and total observation time for ON data
was 22.3 hours. The zenith angles ranged from 36.4◦ (which corresponds to the lowest value at
the culmination point of the source) to 46.5◦. After the standard quality selections and the zenith
angle cut (< 43.5◦) for the data taking, 19.6 hours of ON data samples in total were processed
for further analysis. The zenith angle cut was applied to keep the zenith angle range in the data
samples at a moderate level, because at high zenith angles air shower properties change rapidly.
The ON observations are summarized in Table 9.1. The OFF datasamples were taken between
May and October independently from the ON observations, butwith similar conditions (same
zenith angle range and light of night sky) at a sky region where noγ-ray emission was expected.
In total, 20 hours of the OFF data samples were used for background estimation.

The data were analyzed with MARS, the standard analysis software for MAGIC observa-
tions as described in detail in chapter 6. 7 photoelectrons for core pixels and 5 photoelectrons
for boundary pixels were chosen as the tail cut levels for image cleaning. Comparisons of the
distributions for each Hillas shower image parameter demonstrate good agreement between ON
and OFF data samples.

The final cut for theγ-ray signal evaluation was executed under ALPHA analysis. Fig. 9.1-
(a) shows the ALPHA distribution between ON and OFF data after theγ/hadron separation cut
based on the RF method. Only data with SIZE above 350 photoelectrons were selected for the
plot and the OFF data were normalized with respect to the ON data in the range between 20◦ and
80◦. With the cut of ALPHA< 9◦, an excess of 275 events over 959 normalized background
events corresponds to a significance of 6.3σ



9.3 VHE γ-ray with the MAGIC telescope 167

Table 9.1: Summary of the MAGIC observations for 1ES1959+650 in 2005
Observation (UTC) ZA range Obs. Rate [Hz]1 Eff. Obs. T.2

day (start) start - end time [deg] (mean) T [h] (after cut) [h](used)

09.05.2005 04:24:02-05:00:22 37.7–39.4 (38.7) 1.02 126.0 0.63
11.05.2005 03:11:47-05:00:11 37.4–44.4 (40.4) 1.80 116.9 1.41
14.05.2005 02:36:14-05:11:35 36.7–46.5 (40.6) 2.59 116.5 1.73
15.05.2005 02:40:14-03:31:57 41.5–45.8 (43.4) 0.86 99.1 0.22
21.05.2005 04:39:25-05:03:18 36.4–36.8 (36.6) 0.40 135.1 0.40
01.06.2005 03:02:22-04:30:54 36.4–39.0 (37.3) 1.48 117.4 1.43
02.06.2005 03:37:52-04:27:26 36.4–37.3 (36.7) 0.83 114.4 0.79
05.06.2005 03:57:22-04:47:59 36.4–36.7 (36.5) 0.84 132.2 0.81
06.06.2005 03:59:07-04:46:17 36.4–37.1 (36.5) 0.79 128.9 0.77
09.06.2005 03:41:31-04:47:06 36.4–37.1 (36.6) 1.06 117.5 1.06
11.06.2005 03:36:37-04:45:09 36.4–37.3 (36.8) 1.13 128.5 1.12
15.06.2005 03:08:19-04:50:41 36.4–38.2 (36.8) 1.71 128.7 1.65
02.07.2005 01:34:28-02:45:33 36.4–37.5 (36.7) 1.18 123.4 1.14
04.07.2005 01:28:37-03:16:28 36.4–37.3 (36.7) 0.95 120.6 0.91
06.07.2005 01:10:18-02:54:16 36.4–37.9 (36.8) 1.79 116.2 1.74
10.07.2005 00:43:34-02:36:59 36.4–38.1 (36.9) 1.94 120.6 1.92
12.07.2005 00:40:19-02:38:10 36.4–38.0 (36.8) 1.96 119.6 1.84
Total 22.3 19.6

(1) after applying the SIZE cut of>100 p.e..
(2) effective observation time of the analyzed data.

Table 9.2: Summary of the MAGIC observations for the 1ES1959+650 multi-wavelength cam-
paign in 2006

Observation (UTC) ZA range Obs. Rate [Hz] Eff. Obs. T.
day (start) start - end time [deg] (mean) T [h] (after) [h] (used)

21.05.2006 02:36:38-04:46:53 36.6–43.8 (39.6) 2.17 98.2 2.05
22.05.2006 03:17:04-05:06:56 36.4–40.9 (37.9) 1.83 99.8 1.78
23.05.2006 02:03:08-05:05:52 36.4–46.7 (39.9) 3.04 107.3 2.07
24.05.2006 02:18:23-05:02:19 36.4–44.3 (39.5) 2.74 112.6 2.11
25.05.2006 02:31:45-05:01:29 36.4–43.5 (38.8) 2.50 115.8 2.19
26.05.2006 02:20:07-04:50:54 36.4–43.5 (39.1) 2.51 114.3 2.33
27.05.2006 02:16:43-04:51:52 36.4–44.1 (38.4) 2.59 111.5 1.75
Total 17.4 14.3



168 9. Observations of 1ES1959+650

|ALPHA| [deg]
0 10 20 30 40 50 60 70 80 90

C
o

u
n

ts

0

100

200

300

400

500 1ES1959+650 (z = 0.047)
[2005 May - July]
Observation time: 19.6 h
zenith angle: 36-43.5 deg

 27±Background events (normalized): 959 

 44±Excess events: 275 

σExcess significance: 6.3 

|ALPHA| cut

(a). |ALPHA| plot, 2005

]2  [deg2θ
0 0.05 0.1 0.15 0.2 0.25 0.3

C
o

u
n

ts

0

50

100

150

200

250

300

350

400
1ES1959+650 (z = 0.047)

[2006 May 21-27]
Observation time: 14.3 h
zenith angle: 36-43.5 deg

 14±Background events (normalized): 603 

 34±Excess events: 324 

σExcess significance: 10.4 

 cut2θ

 plot, 2006 May2θ(b).  

Figure 9.1:[Left] (a) : ALPHA distribution of 1ES1959+650 above 350 photoelectrons in 2005
observations. The filled circles represent ON-data. The black crosses correspond to normalized
OFF-data and the dotted curve describes a second order polynomial fit to the distribution of the
OFF-data. The vertical line indicates the ALPHA selection condition, which yields a total excess
of 275 events at a significance level of 6.3σ. [Right] (b) : θ2 distribution of 1ES1959+650 above
350 photoelectrons in May 2006 observations. A cut ofθ2 < 0.03deg2 (dashed blue line) yields
a signal of 324 events over 603 normalized background events, corresponding to a 10.4σ excess.

9.3.2 The 2006 observations

1ES1959+650 was observed with the MAGIC telescope on 7 nights from 21st to 27th of May,
2006, for 17.4 hours. These observations were performed within the MWL campaign (see details
in section 9.4 in this chapter). The zenith angles during these observations ranged from 36.4◦

to 47◦. Observations were performed in wobble mode, where the object was observed at a 0.4◦

offset from the camera center. After the quality and zenith angle cut (< 43.5◦) for the data the
total effective observation time of the analyzed data was 14.3 hours. The MAGIC observations
for the MWL campaign are summarized in Table 9.2. In additionto the observations for the
MWL campaign in May 2006, this source was monitored with the MAGIC telescope for 40 to 60
minutes in each observation at intervals of several days. The analysis was performed using the
standard MAGIC analysis software MARS. Theγ-ray excess was derived from theθ2 distribution
based on the DISP method.

Fig. 9.1-(b) shows theθ2 distribution of events with SIZE above 350 photoelectrons after a
γ/hadron separation cut based on the Random Forest method from the data taken for the MWL
campaign. A cut ofθ2 < 0.03deg2 resulted in an excess of 324 events over 603 normalized
background events corresponding to a 10.4σ excess.
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Figure 9.2: Diurnal light curves of 1ES1959+650 in 2005.[Top] : VHE γ-rays above 300 GeV
as measured by MAGIC. The horizontal blue line represents the average flux.[Middle] : X-ray
by RXTE/ASM. [Bottom] : optical R-band by KVA.
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Figure 9.3: Diurnal light curves of 1ES1959+650 in 2006.[Top] : VHE γ-rays above 300 GeV
as measured by MAGIC. Red points indicate the MWL campaign observation for this work.
Dark red points show the data taken during "monitoring observation" [116]. The horizontal blue
line represents the average flux during the MWL campaign observations. [Middle] : X-ray by
RXTE/ASM. [Bottom] : optical R-band by KVA.
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9.3.3 Light curves

Diurnal light curves of the VHEγ-ray band (above 300 GeV) by MAGIC, the X-ray band by
RXTE/ASM and the Optical R-band by KVA and Tuorla are shown for the 2005 season in
Fig. 9.2 and for the 2006 season in Fig. 9.3. In 2005, the average integrated flux of the VHE
γ-ray band was (0.85±0.12)×10−11cm−2s−1 (χ2/N.D.F = 10.2/16), which corresponds to about
7% of the Crab Nebula flux at this energy range [43]. In 2006, the constant fit to 7 nights of
the May data for the MWL campaign yielded (1.27±0.16)×10−11cm−2s−1 (χ2/N.D.F = 8.5/6),
which corresponds to about 10% of the Crab Nebula flux. The fit results were consistent with
constant flux levels in both years. No flare activity could be found in the VHEγ-ray emission
during these 2-year observations with the MAGIC telescope.On the other hand, the average
value over the May 2006 observations showed a significantly higher (factor of 1.5) flux than that
derived from the entire 2005 observations. In fact, different analysis methods were applied in
the finalγ-ray signal extraction for the 2005 data (by ALPHA analysis)and the 2006 data (by
θ2 analysis). The systematic error caused by this difference of analysis methods was estimated
much smaller (≈ 2%) than the statistical error of the average flux in each year.

Optical R-band emission in 2006 also showed a clearly higherflux than in 2005. In addition,
a strong variability in the 2006 results could be found by about 2 mJy between low and high state
even though the VHEγ-ray emission did not show any significant variability.

In the X-ray bands, the instrument’s (RXTE/ASM) sensitivity was not high enough to allow
a discussion of the difference in fluxes between these 2 years.

9.3.4 Spectra

Average spectra as measured with the MAGIC telescope were separately derived from the 2005
observations and the 2006 May observations, which can be seen in Fig. 9.4. Both derived spectra
are well described by a simple power law from 150 GeV to 3 TeV:
the 2005 result (χ2/N.D.F = 2.20/4)

dNγ

dEdAdt
= (1.6±0.3)×10−12

(

E
1TeV

)−2.62±0.25

[TeV−1 cm−2 s−1]. (9.1)

the 2006 May result (χ2/N.D.F = 2.91/4)

dNγ

dEdAdt
= (2.7±0.3)×10−12

(

E
1TeV

)−2.58±0.18

[TeV−1 cm−2 s−1]. (9.2)

In Fig. 9.5, the average spectrum energy distributions (SEDs) in different years between 2004
and 2006 are represented. The SEDs of the 2005 and 2006 observations were derived from this
work and the 2004 SED was taken from the paper of our MAGIC collaboration [36]. In the
normalized flux at 1 TeV, the 2006 SED shows∼60% of the 2004 value and the 2005 result is
even lower, i.e. about 40% of the 2004 value, while the photonindices are compatible among
the SEDs in these three years. However, it is too early to conclude that 1ES1959+650 has a
different feature in SED from Mkn501, in which we can see a correlation between the flux level
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and the photon index (see Chapter 8), because the 1ES1959+650 results show only a factor of
2-3 difference in flux, while we can recognize more than one order of magnitude of difference
in the flux of Mkn501. The data samples obtained during flare states in the VHEγ-ray band
of 1ES1959+650 are highly desired and interesting for further SED studies of this source in the
VHE γ-ray band.
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Figure 9.4: Differential energy spectra of 1ES1959+650. The blue solid line represents a power-
law fit to the measured spectrum. The fit parameters are listedin the figure. For comparison, the
measured MAGIC Crab spectrum [43] is denoted by a red dashed line. [Left] : average spectrum
over the 2005 observations.[Right] : average spectrum over the May 2006 observations for the
MWL campaign.

9.4 Multiwavelength campaign in May 2006

9.4.1 X-ray observations with Suzaku

The Suzaku satellite was pointing to 1ES1959+650 between 01:13:23 of May 23rd and 04:07:24
of May 25th, 2006 (UTC). The total on-source time was 160 ksec. The HXD/PIN light curve
showed a rapid increase of the noise after about 100 ksec (possibly due to the unexpected in-
orbit radiation1) and the data after this event could not be used for analysis.HXD/GSO data
were not used in the following analysis, since performance and background of the GSO are still
being studied. After screening, the total net exposure times for XIS and HXD were 99.3 ksec
and 40.2 ksec, respectively. Detailed information about the analysis procedure used can be found
in [236, 230].

For the spectral analysis the XIS data were used in the range of 0.7-10 keV. Below 0.7 keV
there were still unsolved calibration problems. The XIS spectra were extracted fort < 105 sec in
order to perform a joint XIS and HXD/PIN (0.7-50 keV energy band) fit. Fitted with a broken
power law, the HXD/PIN points lay below the model, requiringa steeper spectrum. A good fit

1see http://www.astro.isas.ac.jp/suzaku/log/hxd/
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Figure 9.5: Spectrum energy distributions in the VHEγ-ray band of 1ES1959+650 in 2004
(blue), 2005 (green), and 2006 (pink). Each line represents a fit by a simple power law
for each spectrum. The fit parameters are listed in the inset (f0: normalized flux at 1 TeV
[×10−12TeV−1 cm−2 s−1], α: spectral index.). The 2005 and 2006 spectra were from this work,
and the 2004 spectrum was taken from the published MAGIC results [36].
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was obtained using a model with three power-laws (using a command of"wabs*bknpower"
on the analysis program of"XSPEC"2). The best fit parameters with associated errors are:Γ1 =
1.94±0.01,Γ2 = 2.195±0.002,Γ3 = 2.7±0.03,Ebr,1 = 1.83±0.03[keV],Ebr,2 = 16±3 [keV].

9.4.2 Swift Observations

The Swift satellite [106], with its easy and flexible scheduling, is excellently suited for the ob-
servation of bright blazars. It carries three instruments:The Burst Alert Telescope (BAT) is op-
timized for 15-150 keV, while the X-Ray Telescope (XRT) is sensitive in the 0.3 -10 keV band.
In addition, a UV/optical telescope can provide data in the 170-600 nm band. 1ES1959+650
was also observed with Swift around the Suzaku and MAGIC MWL campaign on 19th, 21st and
from 23rd to 29th of May, 2006, in target of opportunity observations. In this thesis, only the
optical-UV data were used.

9.4.3 Light curves

The light curves of 1ES1959+650 in VHEγ-rays and X-rays as measured by MAGIC and Suzaku
during the campaign are shown in Fig. 9.6.

The X-ray light curves consist of soft (0.2-2 keV) and hard (2-10 keV) X-rays, and the hard-
ness ratio (2-10 keV/0.2-2 keV) as recorded with the XIS1 detector. The data track a flare of
small amplitude (∼ 10%) with a rising time oftr ∼ 20− 30ksec. The variability is faster in the
2-10 keV band than in the 0.2-2 keV band, which becomes evident also in the hardness ratio. In
the light curves, particularly, the sudden drop is visible at ∼ 1.5×105sec.

For the VHEγ-ray emission, the diurnal integrated flux above 300 GeV is represented. The
average flux during these 7 nights corresponds to∼ 10% of the Crab Nebula flux as already
discussed in the previous section. This flux corresponds to one of the lowest levels so far observed
in the VHEγ-ray band, about a factor of two lower than the lowest flux detected previously both
with HEGRA in the years 2000-2001 [10] and MAGIC in 2004 [36],and well below the highest
level detected in May 2002 [156]. No significant strong variability can be seen in the light curve
of the VHEγ-ray band. However, due to the low source flux level, we could only see variability
of a factor of 2-3.

9.4.4 Spectral Energy Distributions

The overall spectral energy distribution (SED) of 1ES1959+650 as measured at the end of May
2006 is shown in Fig. 9.7, together with other historical data (see the figure caption for the de-
tailed information). During our multiwavelength campaignwe simultaneously observed the SED
from optical to UV, soft and hard X-rays and VHEγ-ray bands, monitoring both the synchrotron
and inverse-Compton components. The "low-IR" model of Kneiske et al. (2004) [148] was used
for the correction of the absorption of the VHEγ-ray emission by the extra-galactic background

2http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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Figure 9.6: Light curves of 1ES1959+650 during the MWL campaign in May 2006.[Upper]: X-
ray light curves obtained by the Suzaku XIS1 detector. Time=0 is 1:13:23 on 23rd of May 2006
(UTC). Top to bottom:Count rates in the 0.2-2 keV band, in the 2-10 keV band and the hardness
ratio (2-10 keV/0.2-1 keV).[Lower]: Diurnal light curve of VHEγ-ray (> 300 GeV) measured
by the MAGIC telescope. In each data point, a horizontal bar represents the observation window
and a vertical bar denotes 1-σ error bar. The dotted horizontal line represents the average flux.
The dotted vertical lines show the observation window of theSuzaku pointing.
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light (EBL). In the optical R-band provided by ground telescopes, the correction due to the galac-
tic absorption (0.473 mag [218]) and the subtraction of the host galaxy contribution (1.7 mJy in
R-band [184]) were already applied. The same procedures were adopted for the Swift-UVOT
data, although the galaxy contribution was subtracted onlyfor the UBV filter (for the galaxy
contribution in these filters the "standard" colors for an elliptical galaxy was used [102]). The
historical data in this figure show very strong changes in theX-ray band, while in the optical this
is much more attenuated.

During our MWL campaign the source was found to be in a high state with respect to the
historical behavior both in X-ray and optical (e.g., [229]), although not at the highest state as
observed in X-ray (e.g., [134]). In the VHEγ-ray band, instead, the source was at one of the
lowest states recorded so far. The VHEγ-ray band historically also showed strong variability,
in particular if one considers that, in this band, fewer observations have been carried out than
in the optical and X-ray ones. However, from our data we did not see strong (i.e. a factor of
2-3) variability in the VHEγ-ray band. Our MAGIC data have probably recorded the part of the
SED slightly above the peak of the inverse-Compton component. Therefore, one would expect
to see a high level of variability. The lack of variability inthe MAGIC data and the low flux level
recorded both indicate that the source was not very active inthis band at that time. All in all one
can say that during our campaign the source was quite stable (i.e. did not change by more than a
factor of 2) from the optical to the VHEγ-ray band.

We modeled the observed SED with optical-UV (Swift), X-ray (Suzaku) and VHEγ-ray γ-
ray (MAGIC) bands by using a one-zone SSC model developed by [234, 235]. In old studies for
low flux states (e.g., SED in 2001 [229]), an assumed value forthe inverse-Compton component
by a non-simultaneous VHEγ-ray spectrum was necessary for deriving the SSC physical param-
eters. In this case, however, simultaneous observations inoptical, X-ray and VHEγ-ray bands
were carried out. The X-ray spectrum as observed by Suzaku was about a factor of 2 higher than
the one measured with BeppoSAX in 2001 and the synchrotron peak located a slightly higher
energy than in 2001. The optical fluxes were similar to the onereported for the SED in 2001.

In the one-zone SSC model, the source is a sphere with a radiusR moving with a bulk
Lorentz factorΓ and is seen at an angleθ by the observer, resulting in a Doppler beaming factor
δ. The magnetic field is tangled and uniform while the injectedrelativistic particles are assumed
to have a (smooth) broken power law spectrum with a normalization K, extending fromγmin

to γmax and with indicesn1 and n2 below and above the break atγb. Based on this model,
the SED of May 2006 could be well described using the parameters in Table 9.3. Comparing
these values with those derived from the SED in 2001, the parameters turned out to be very
similar. Apart from a lower value of the magnetic field (0.8→ 0.25 G), other parameters were
consistent or had only minor differences which did not lead to significant changes of the SSC
curve. (e.g.,R: 9×1015→ 7.3×1015 [cm], γb : 5.0×104 → 5.7×104, δ : 17.8→ 18). Compared
to other HBLs, for instance, our result of Mkn501 (in the lastchapter),γmax showed a lower
value due to the presence of the energy cut-off in the hard X-ray range (at several tens keV). A
larger value was selected forR because, unlike in Mkn501, rapid variability was not found in
1ES1959+650. Consequently, smaller electron normalization value was achieved. Nevertheless,
most parameters show similar values in general, which mightsuggest that they are typical values
for HBL objects.
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Table 9.3: SSC model parameters of 1ES1959+650.
data R δ γmin γbr γmax B K n1 n2

cm Gauss particle/cm3

2006 (this thesis) 7.3×1015 18 1 5.7×104 6×105 0.25 2.2×103 2 3.4

9.5 Summary

I present results of the observations with the MAGIC telescope for the TeV blazar 1ES 1959+650
in 2005 and 2006. VHEγ-ray emission was clearly detected both in 2005 and 2006. In 2005, we
obtained a signal excess with a 6.3σ level from 19.6 hours of data samples and, in 2006, a 10.4
σ excess was achieved from 14.3 hours of data samples. Each spectrum between 150 GeV and 3
TeV could be derived from the data taken in each year.

Diurnal light curves of integrated flux above 300 GeV showed no flare activity during these
two years. The average integrated flux was (0.85±0.12)×10−11cm−2s−1 in 2005, and (1.27±
0.16)× 10−11cm−2s−1 in 2006. The 2005 data showed a significantly lower flux than the 2006
data. Compared to the result of previous MAGIC observationsin 2004, the flux in 2005 (F2005)
is about 40% that of 2004 (F2004) and the flux in 2006 (F2006) is about 60% that of 2004 (F2004 :
F2005 : F2006 = 1 : 0.4 : 0.6). On the other hand, the photon indices are compatible in these three
years.

The 2006 observations with the MAGIC telescope were carriedout within the scope of a
MWL campaign together with X-ray satellites, Suzaku and Swift, and ground optical telescopes.
Data from the optical, UV, soft- and hard-X-ray and VHEγ-ray bands were obtained in this
campaign.

The X-ray light curve measured by Suzaku showed a small flare with an amplitude of∼10%,
while no significant variability could be seen in the light curve of the VHEγ-ray band measured
by MAGIC. However, due to the low source flux level, we could have confirmed the variability
only in the case that the flux showed more than a factor of 2-3 variation in the VHEγ-ray band.

The source SED during this MWL campaign showed the usual double-hump shape. With
respect to historical values, during our campaign the source exhibited a relatively high state in
X-rays and optical, while in the VHEγ-ray band it was at one of the lowest levels so far recorded.
The overall SED was well represented by an homogeneous one-zone SSC model. The derived
physical parameters could suppose to be typical values of HBL objects.
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Figure 9.7: Overall SED of 1ES1959+650 as measured at the endof May 2006, together with
other historical data. Optical-UV data are from on-ground (cyan triangle) and UVOT/Swift
(blue triangles). The average Suzaku spectrum (red) and theSwift spectra (blue) taken on May
24 [higher] and May 29 [lower] are reported. Green points (filled circles) show the observed
MAGIC spectrum, while the red points (empty triangles) havebeen corrected for the extra-
galactic light absorption using the "low-IR" model of Kneiske et al. (2004) [148]. Historical
data are taken from [229] (radio-optical), [52] (X-ray, low), [156] (X-rays, high), and [10] (VHE
γ-ray, high). The line refers to the one-zone SSC model for thecampaign data in May 2006
using the code developed by [234, 235]. See text for the fit parameters. The historical spectra
for the X-ray and VHEγ-ray bands correspond to the highest and lowest flux so far recorded for
this source in these bands.



Chapter 10

Monitoring of Markarian 421

10.1 Markarian 421

Mkn421 (R.A. 11h04m27.2s, decl.+38◦12′32.0′′ [J2000.0],z= 0.031) is the brightest HBL object
in the X-ray and UV sky and the first extragalactic source detected at TeV energies [204]. It is
the closest known and the best studied TeV blazar in all accessible wavelengths from radio waves
to VHE γ-rays. In the VHEγ-ray band, it is the most active and brightest TeV blazar, thus being
one of the few blazars that can be detected nearly all the timewith Cherenkov telescopes. It has
frequently shown flare states and strong flux variability, larger than one order of magnitude in
flux amplitude, and occasional flux doubling times as short as15 minutes [26, 103]. Variations in
the hardness of the TeVγ-ray spectrum during flares were reported by several groups (e.g., [28,
157]). Simultaneous observations in the X-ray and GeV-TeV bands show a strong evidence of
flux correlation (e.g., [63, 155]).

First observations with the MAGIC telescope were performedbetween November 2004 and
April 2005, just after the telescope started its scientific operation [46]. Clear signals with∼ 50σ

excess were detected in the observations for about 15 hours.A differential spectrum was derived
between 100 GeV and 3 TeV, suggesting the inverse-Compton (IC) peak to be at around 100
GeV. The results of the MAGIC observations supported the results of the spectral variation and
the correlation between the X-ray and GeV-TeV bands reported in several previous studies.

10.2 Monitoring program

Mkn421 was observed with the MAGIC telescope under the "monitoring" program [116]. The
observation strategy of this program is to evenly distribute short observations over the total ob-
servable period throughout the year. Usually, they are allocated at intervals of 3-4 days, but
during the presence of bright moon and bad weather conditions, inevitably some gaps occur. In
order to get a wide coverage, some observations can be scheduled during partial moon or modest
twilight. The source can be available with a zenith angle of 12◦ at its culmination point. How-
ever, depending on the source visibility, some observations are performed with higher zenith
angle conditions (> 30◦), which lead to higher energy thresholds than with low zenith angle
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conditions. This strategy allows for an extended observation time coverage throughout the year.
For this program the wobble observation mode was selected. Since the data samples can have

a wide variety of observational conditions due to the strategies mentioned above, the wobble
observation mode can provide proper background samples foreach condition.

Each of these sampling observations should be long enough todetect a given minimum flux
level taking into account the sensitivity of the telescope.Typically, 40 to 60 minutes are allocated
to each observation. A 40-minutes’ observation with the MAGIC telescope corresponds to a
signal detection sensitivity of about 20% Crab flux level with a 5σ significance. In fact, the
source had shown a flux higher than this level in most previousobservations (e.g., [63, 46]).

When a source is detected to be in a high state of activity, follow-up observations are planned
to be carried out every day during the following days and for areasonably longer time than
usual (2-3 hours) as far as the observation conditions are fulfilled. In this chapter, I report the
results of the monitoring program for Mkn421 in the "cycle-II" of the MAGIC scheduling term
corresponding to the period from April 2006 to January 2007.

10.3 Observations in cycle-II

The monitoring program began in April 2006. However, due to hardware upgrade works at the
beginning of the cycle1, some technical problems occurred which affected the data.As a result,
the data quality was poor until 20th of May, 2006. Here, thosedata are used for informative
purposes only and are excluded from further discussion.

Table 10.1 summarizes the monitoring observations for Mkn421 until January 2007. Not
only the data taken during the commissioning phase (until 20th of May, 2006) mentioned above,
but also those recorded during some additional observationdays were removed because of the
poor observation conditions. Finally, 13 days were available as acceptable quality data. Among
these 13-day observations, only the data of 11th of January 2007 were taken under moderate-
moon condition, while other data were taken in normal dark nights. However, it is not necessary
to apply any special treatment to the data of January 11th, 2007, because this observation was
carried out within the acceptable conditions for applying normal analysis procedure (with re-
spect to the discriminator threshold for the trigger and theDC current of the PMT) based on the
MAGIC technical paper for observations under moon condition [47]. All data were processed
with the standard MAGIC analysis tools and normal procedures were applied for data with dark
night conditions. The zenith angle was ranging wider than inother observations, i.e. from 16◦ to
47◦. The analysis was performed using proper MCγ samples with the same zenith angle range.
Upon the availability of MC, a zenith angle cut at 45◦ was applied, which, however, discarded
only a negligible amount of the data. Finally, aθ parameter based on the "DISP" method was
used for the final cut to evaluate theγ-ray signal.

1Ultra-fast FADCs (2GSamples/s) had been installed in April2006. However, data were taken with the (old)
300 GSamples/s FADCs until February 2007 when the Ultra-fast FADCs began to be officially used in normal
observations.
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Table 10.1: Summary of the MAGIC observations for Mkn421 in cycle-II
Observation ZA range Obs. Rate[Hz]1 Rate[Hz]2 Teff[min]3 flux4

start time (UTC) [deg] (mean) T [min] (before) (after) (used) state

21.05.2006 21:23:14 16.0–20.3 (18.2) 20.3 197.0 122.8 17.6 H
23.05.2006 21:43:16 20.5–24.8 (22.7) 18.6 181.9 114.8 18.1 M
25.05.2006 21:24:41 19.0–27.7 (25.2) 42.2 198.9 122.0 18.0 H
23.11.2006 05:38:36 24.1–32.7 (28.4) 48.6 170.4 107.3 46.8 L
27.11.2006 05:35:23 23.1–29.5 (26.1) 40.0 179.4 115.0 33.9 n/a
16.12.2006 02:59:11 31.4–46.3 (38.8) 71.8 164.3 102.5 49.5 L
20:12.2006 03:36:44 28.3–36.7 (32.6) 43.3 126.2 74.9 39.2 L
24:12.2006 02:33:32 36.5–45.0 (40.7) 39.0 152.3 94.2 37.7 L
28.12.2006 02:18:24 37.7–44.6 (41.8) 39.0 114.2 73.2 37.7 L
11.01.2007 01:13:35 35.3–47.0 (41.2) 59.3 132.2 87.8 34.1 n/a
15.01.2007 01:38:19 30.6–39.0 (34.7) 39.1 149.6 91.5 38.0 L
23.01.2007 00:31:49 33.4–44.2 (39.4) 59.6 137.0 85.7 39.1 M
24.01.2007 00:40:35 31.7–43.4 (37.4) 59.6 135.4 83.3 48.2 L

(1) Data taking rate after image cleaning only.
(2) Data rate of event with SIZE> 100 p.e..
(3) Effective time of the data used for the analysis.
(4) H:High state, M:Medium state, L:Low state, n/a:not applicable

10.4 Results and discussions

10.4.1 Light curves

Fig. 10.1 shows the light curve (LC) of the VHEγ-ray emission above 300 GeV as measured
with the MAGIC telescope between April 2006 and January 2007. The results from the data
taken on the days listed in table 10.1 are represented by red points in Fig. 10.1. The error bars
of these points include statistical errors only as in normalplots. The results from the data taken
during the hardware upgrading work in April 2006 are also written in the plot in grey color. Due
to the low quality of those data, an additional error of 30% was added into the statistical error in
quadrature for each point and each error bar was extended according to that value over the short
horizontal lines, which indicate the range of the statistical error. There is one green point in the
LC. The quality of the corresponding data was as bad as the data quality for other grey points,
but simultaneous X-ray data taken by the Suzaku satellite atthat day are available2.

As the LC of Fig. 10.1 shows, a clear excess of VHEγ-ray signals was obtained in each
observation and strong variability could be found in the measured flux of Mkn421. Especially,
in May 2006, the source showed a high state of activity and thefluxes both on 21st and 25th of
May reached about 3×10−10cm−2 s−1, which corresponds to more than 2 Crab flux at this energy
range. Between those two days, the flux on 23rd of May was stillhigh but only almost half of

2This information is used for the discussion in the next chapter.
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the highest fluxes of those days. Although there are not enough data samples available for the
period around those days, the LC suggests the flux varied by a factor of two in the time scale of
a day at most.

Mkn421 showed a relativity low state of activity between November 2006 and January 2007.
In particular, the fluxes on 23rd of November, 20th, 24th and 28th of December 2006 were only
3∼ 4×10−11cm−2 s−1, corresponding to almost an order of magnitude less than thehighest flux
in this LC. The flux on 23rd of January 2007 showed the highest value in these 3 months and
reached (13.6±1.3)×10−11cm−2s−1, corresponding to about 1 Crab flux. However, the next day,
i.e. on 24th of January 2007, the flux dropped to less than halfthe value of the previous day.
Despite the flux levels being lower than those in May, fast variability with a time scale of less
than a day could be seen as well.
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Figure 10.1: Diurnal light curve of VHEγ-rays above 300 GeV of Mkn421 in 2006 as measured
by MAGIC. Red points that were taken after 21st of May are usedfor discussions in this thesis.
The defined ranges of each high-, medium- and low-state for the spectral analysis are represented
by the color bands in red, green and blue, respectively. Graypoints in the first sector of the
plot are the results that were taken during the hardware upgrading. Due to the worse telescope
performance during that time, the quality of those data was poor. An additional error of 30%
was added into the statistical error in quadrature for each point and each error bar was extended
according to that value over the short horizontal lines, which indicate the 1σ of the statistical
error. For the day denoted by the green point, simultaneous X-ray data taken by the Suzaku
satellite are available.
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10.4.2 Spectra

In order to investigate the spectra at different flux levels,the diurnal data were combined into
three groups, according to the integral flux above 300 GeV (F>300GeV in cm−2 s−1 scale) as shown
in Fig. 10.1. The groups were defined as the low state forF>300GeV< 6×10−11 (< 0.5 Crab flux),
as the medium state for 12×10−11 < F>300GeV < 18×10−11 (1-1.5 Crab flux), and as the high
state for 24× 10−11 < F>300GeV < 30× 10−11 (2-2.5 Crab flux). The range of each group was
defined with a gap between the states, as one can see in Fig. 10.1 with color bands in order to
highlight the divergence among the groups. Consequently, the data on 27th of November and
11th of January were not used for the spectral reconstructions.

Based on this definition, the high flux data sets contain data of 21st and 25th of May, 2006
(2 days), the medium flux date sets include those of 23rd of May2006 and 23rd January 2007 (2
days), and the low flux data sets consist of the data taken on 23rd of November, 16th, 20th, 24th
and 28th of December 2006 and 15th and 24th January 2007 (7 days).

The differential energy spectra for all three flux regions together with the fit results by a
power law (PL) are shown in Fig. 10.2; the fit parameters are also listed in Table 10.2. For fair
comparisons, the fits were applied in the same range from 170 GeV to 1.7 TeV for all flux states.
Fig. 10.2 shows the differential energy spectra multipliedby E2 in all flux states.

At 300 GeV, the difference in flux is about a factor 2 both between low and medium, and
between medium and high. At 1 TeV, the difference between theflux states becomes more sig-
nificant, corresponding to about one order of magnitude between low and high state. Although
the photon indices between low and medium states are still consistent within an error, the spec-
trum tends to harden as the flux increases, which can be seen also in the Mkn501 results (see
Chapter 8). Such a correlation was also reported in a previous study on Mkn421 [46], in which
the photon indices were derived by the fits to the spectra between 700 GeV and 4 TeV.

It is interesting that the highest energy points of our spectra at the 2 TeV range represent the
comparable flux levels regardless of the flux states even though the error bars are large in each
state of the spectra. This may suggest the presence of a global energy cut-off around 2 TeV in
this source, but further investigations are, of course, necessary.

To see the intrinsic spectral features of the source, we applied the correction for the absorption
due to extra-galactic background light (EBL). Fig. 10.4 shows the de-absorbed spectral energy
distributions (SEDs), in which the "low-IR" model of Kneiske et al. (2004) [148] was selected
as the EBL model for correction. Since Mkn421 is the closest TeV blazar ever detected, the
absorption effect is tiny at our observed energy range. Consequently, the spectral shapes do not
change so much from the original ones.

If we assume leptonic origin scenarios for emission models,the flat shape up to 1 TeV in
the high state SED may suggest that the IC peak could be situated in the observed energy range.
The spectrum’s trend to soften as the flux decreases may suggest that the IC peak position is
shifting towards a lower energy, just below 100 GeV along with medium- and low-flux states. A
discussion of the SED using a one-zone SSC model is presentedin the next chapter.
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Figure 10.2: Differential energy spectra of Mkn421 in 2006 for three different> 300GeV flux
levels as measured by MAGIC: high (red), medium (green) and low (blue). Vertical bars denote
1σ uncertainties; horizontal bars denote energy bins. Lines show PL best fits in the range from
170 GeV to 1.7 TeV. The fit parameters are listed in the inset (f0: normalized flux at 300 GeV
[×10−10TeV−1 cm−2 s−1], α: spectral index.). See also Table 10.2 for detailed information.

Table 10.2: Mean spectral parameter of Mkn421.
state Eff. On Excessa f b

0 α: photon index (PL)c χ2

time [h] σ (at 300 GeV) (170-1700 GeV) for PL fit

Higher 0.63 10.0 9.01±0.94 2.05±0.13 2.3/3
Middle 0.95 10.1 5.64±0.74 2.56±0.18 2.8/3
Lower 5.25 10.4 2.52±0.30 2.72±0.17 0.72/3
(a) significance of detected signal for flux calculations (SIZE> 100 p.e.).
(b) scale is [×10−10TeV−1 cm−2s−1]
(c) the PL is defined asf0

(

E
300GeV

)−α
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Figure 10.3: Measured spectral energy distributions of Mkn421 for three different flux states in
2006. See details in the caption of the previous figure.
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10.5 Summary

We carried out monitoring observations of Mkn421 between May 2006 and January 2007 with
the MAGIC telescope. Each data sample was taken for a span of about 40 to 60 minutes and
showed clear signals of VHEγ-ray emission. In the measured light curve above 300 GeV, a
strong variability with one order of magnitude difference in amplitude (up to more than 2 Crab
flux at maximum) and a time scale of less than a day could be found.

Spectral studies were performed between 170 GeV to 2.5 TeV using three different flux
groups, into which the data were combined according to the integral flux above 300 GeV. The
spectrum was found to harden with the photon index changing from−2.72±0.17 to−2.05±0.13
as the flux increased. In the leptonic origin scenario this spectral behavior may suggest that the
IC peak could be situated around∼100GeV and be shifting toward a lower energy as the flux
decreases.

The monitoring observation of Mkn421 is still going on; we have observed this source on
a regular basis in order to accumulate data. These data are expected to comprise various flux
states. Further investigations e.g., based on the different flux states including the lowest state, will
provide us with excellent knowledge about the activity of the jet. In addition, MWL observations
with X-ray with various flux states are also important for theSED study.
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Chapter 11

Discussions

In this chapter, additional details of the observed spectral energy distributions (SEDs) for the
four TeV blazars, Mkn501, 1ES1959, Mkn421 and BL Lacertae, are presented.

11.1 Synchrotron Self-Compton model for four TeV blazars

SSC model "grid scanning" for Mkn501

In individual chapters, the observed SEDs were discussed using the SSC model (see details about
the model in section 2.3.1) to derive the physical parameters in the jets. Especially, for Mkn501
(in Chapter 8), we could reproduce the SEDs of Mkn501 in different flux states (i.e. "high"
and "low" states) only by changing the electron Lorentz factor at peak energyγb. However,
due to incomplete information about the SED shape (i.e., peak positions of SEDs could not be
determined directly from the observed ones), we could not conclude that the changingγb was a
unique solution to describe different flux states of the SEDs. In order to study the contributions
of other parameters in the SSC model for describing the Mkn501 SEDs in different flux states,
we produced a large number of samples of photon spectra usingthe SSC model by changing each
parameter in a certain range with a fixed interval. Then we compared those spectra to observed
SEDs. Here, this procedure is called "grid scanning". The SSC model was developed with the
same codes as those used in Chapters 8 and 9 [234].

The data samples of the Mkn501 SEDs in "High" and "Low" stateswere selected following
the discussions in Chapter 8 (see also Fig. 11.3-(a)).

The procedure of the "grid scanning" is described as follows:

1. Based on the discussion in Chapter 8, several parameters were fixed in advance:n1 = 2,
n2 = 4,γmin = 1,γmax = 1×107.

2. The size of the emission region (R) was selected (1×1015 [cm] or 2×1015 [cm]).

3. Photon spectra were simulated using the SSC model (hereafter, these spectra are called
"SSC spectra") by changing each of the parameters,γb, B, K and δ, individually. The
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intervals were almost constant in the log scale forγb, B andK, and in the linear scale forδ.
The scan range and the number of steps of each parameter are summarized in Table 11.1.

4. Every simulated SSC spectrum was applied for the observedSED of Mkn501, and a re-
duced chi-squareχ2

red(= χ2/N.D.F) was evaluated in each comparison between a SSC spec-
trum and the observed SED.

5. For each parameter (γb, B, K, δ), their distributions weighted by 1/χ2
red were plotted. For

example, when a SSC spectrum which was derived with "γb = 1×105" provided "10" for
χ2

red, a value of "0.1 (=1/10)" was added to the bin of "1×105" in γb (="5" in logγb).

As discussed in Chapter 8 (see also [41]), the size of emission regionR was constrained to
be 1×1015 [cm] by the fast variability observed during the high state.On the other hand, such
a fast variability was not found during the low state. Assuming that the size of emission region
can vary, here,R= 2×1015 [cm] was also considered for the low state.

The "grid scanning" was performed for each observed SED. Forthe low state, it was also per-
formed for eachR-value separately. Therefore, three attempts of the "grid scanning" procedure
were performed in total. (i.e., (1) for the high state SED with R= 1×1015, (2) for the low state
SED withR= 1×1015, (3) for the low state SED withR= 2×1015).

The parameter distributions were compared between the highstate withR= 1×1015 and the
low state withR= 1×1015 in Fig. 11.1, and between the high state withR= 1×1015 and the low
state withR= 2×1015 in Fig. 11.2.

As one can see in Fig. 11.1, the distribution ofγb shows the most significant difference
between the high and the low states among four parameter distributions. The other parameters do
not show pronounced distinctions in their distributions. In Fig. 11.2, the differences in the other
parameters become more obvious than in Fig. 11.1. However,γb still clearly shows different
distributions between the high and the low states. From these facts, we would conclude the
parameter ofγb could play an important role in the one-zone SSC model representing the physical
conditions in the jet linking between the high and the low states of activity.

SSC model parameters

Here, applications of the SSC model for the observed SEDs of Mkn421 and BL Lacertae are
discussed in order to derive the physical parameters of their jets (SSC model parameters). The
SSC model parameters for Mkn501 and 1ES1959+650, for which we have simultaneous X-
ray and VHEγ-ray data, were already derived in each dedicated chapter (see Chapters 8 and
9). At the end of the section, the derived SSC model parameters for all four TeV blazars are
summarized.

Mkn421: The SSC model was applied for the observed SEDs of Mkn421 which we discussed
in Chapter 10. There are no corresponding X-ray data taken simultaneously with our VHEγ-ray
data. Alternatively, an X-ray spectrum measured by Suzaku on April 28th, 2006, was available.
It was observed when the source showed a flux state comparableto the "medium" state of our
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Table 11.1: Summary of the SSC model parameters used in the "grid scanning". In total, 38912×
2 SSC spectra (×2 means two values ofR) were produced.

parameter range of value condition

γmin 1 fixed
γmax 107 fixed
n1 2 fixed
n2 4 fixed
γb (7×103 − 7×106) 19 steps (in log)

B [G] (0.05− −0.7) 8 steps (in log)
K [cm−3] (500− 1.5×105) 16 steps (in log)

δ (10− 55) 16 steps (every 3)
R [cm] 1×1015 for the high state SED
R [cm] 1×1015, 2×1015 for the low state SED
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Figure 11.1: Distributions of the SSC model parameters weighted by 1/χ2
red. R= 1×1015 [cm]

were considered for both the high (red) and the low (blue) states. (a):γb in log scale, (b):B in
log scale, (c):K in log scale, (d):δ in linear scale
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for the high state (red) andR= 2×1015 [cm] for the low state (blue) were considered.
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definition in the VHEγ-ray band (see Fig. 10.1 in Chapter 10). Therefore, we decided to use this
X-ray spectrum for describing the "medium" state SED of Mkn421.

Based on the fast variability with a time scale of less than 1 hour ever observed in Mkn421 [103],
a nominal value of the emission region sizeR= 2×1015 [cm] [166] was adapted. Theγmin and
n1 were pre-assigned to be 1 and 2, respectively, as well as in the other blazars. As a result, the
SED of the "medium" state with the VHEγ-ray and the X-ray bands could be reproduced by the
SSC model with parameters listed in Table 11.2. The result isshown in Fig. 11.3-(c).

Since Mkn421 showed a trend of spectral hardening with an increase of flux like in Mkn501
(see Chapter 10), the framework discussed in the last section (i.e., changingγb for describing
different states of SEDs) was also applied for the SEDs of Mkn421. The VHEγ-ray spectrum
in the low state could be reproduced by just changingγb from the value in the medium state:
4× 104 → 2.5×104 (medium→low). On the other hand, the high state VHEγ-ray spectrum
could not be described within that framework. Even additional small changes of the other pa-
rameter values did not succeed in describing the VHEγ-ray spectrum in the high state. No strong
conclusion can be drawn here because the high state SED comprises only the VHEγ-ray band
(no data in other energy bands). Nevertheless, it might suggest that emission in the high state
would originate from much different conditions of the jet than those in the medium/low flux
states.

BL Lacertae: In Chapter 7, we only compared our observed data to a SSC spectrum which
was derived by a previous study [208], not produced in this thesis. Therefore, we applied our
SSC model for the observed SEDs in this section.

No simultaneous X-ray data were available for this source in2005. However, for LBLs like
BL Lacertae (see section 2.2 about the sub-class of blazars), the flux information in the optical
band is useful for one-zone SSC models, because in LBLs the optical band is located around the
peak of synchrotron components in their SEDs. In addition, the optical emission shows rapid (.

1 day) and strong (more than one order of magnitude in amplitude) variability, as one can see
in the high energy emission. It suggests that the optical andthe high energy emissions originate
from the same emission region1.

Parameters of the SSC model were based on the previous study [208] which was cited in
Chapter 7 for comparison to our observed SED in 2005. The samevalue for the size of emission
region was used,R= 7×1015 [cm], because no information about the time scale of variability for
this source was available in our data samples taken in 2005. Finally, the following small changes
from the original values were applied for the other parameters: δ(20→ 17), γb(3.5× 103 →
5×103), γmax(5×105 → 2.5×105), B(0.2→ 0.15), n2(3.8→ 3.6). The derived SSC spectrum
could reproduce the observed SED with the optical and the VHEγ-ray bands in 2005 as shown
in Fig. 11.3-(d).

1As we discussed in Chapter 8 on Mkn501, in HBLs optical emission could be generated from a much larger
region than the emission region for X-ray and VHEγ-ray. This assumption was supported by the fact that optical
emission is rather stable and only shows slower variabilitythan X-ray and VHEγ-ray emission in HBLs
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Table 11.2 summarizes the physical parameters derived for 6different SEDs; (1) Mkn501-
high (high flux state), (2) Mkn501-low (low flux state), (3) 1ES1959+650 (for the MWL cam-
paign in 2006), (4) Mkn421-medium (medium flux state), (5) Mkn421-low (low flux state), (6)
BL Lacertae. Compared to these SSC parameters derived of 6 SEDs (four TeV blazars), the
magnetic field strength,B, and the jet beaming factor,δ, show similar values among all SEDs
(B : 0.15− 0.27[G], δ : 17− 28). On the other hand,γb, γmax andK, which represent the electron
spectrum, show differences among the SEDs of more than one order of magnitude. This might
suggest that the electron spectrum of the source would be responsible for the observed SED
rather than the magnetic field strength or the jet beaming factor.

Table 11.2: Summary of the SSC model parameters of four TeV blazars. (1)-(3) were derived
using simultaneous VHEγ-ray and X-ray data.

data R δ γbr γmax B K n1 n2
cm Gauss particle/cm3

(1) Mkn501 (low) 1.03×1015 20 6.7×104 1×107 0.27 1×105 2 4
(2) Mkn501 (high) 1.03×1015 20 1×106 1×107 0.27 1×105 2 4
(3) 1ES1959+650 7.3×1015 18 5.7×104 6×105 0.25 2.2×103 2 3.4
(4) Mkn421 (medium) 2×1015 28 4×104 5×105 0.26 3×104 2 3.5
(5) Mkn421 (low) 2×1015 28 2.5×104 5×105 0.26 3×104 2 3.5
(6) BL Lacertae 7×1015 17 5×103 2.5×105 0.15 8.9×104 2 3.6

γmin = 1 for all cases

11.2 Photon and Electron spectra for four TeV blazars

In this section, photon spectra of the four TeV blazars (6 spectra) and their electron spectra of
the sources derived by the SSC model (see parameters in Table11.2) are summarized.

Photon spectra

In Fig. 11.4, all photon spectra of four TeV blazars in the VHEγ-ray band are directly compared.
Fig. 11.4-(a) shows 6 measured photon SEDs. Following the framework in [88], Fig. 11.4-(b)

shows power spectra (bolometric luminosity) for the four TeV blazars. The differential power
spectra were normalized by multiplying the "de-absorbed" photon SEDs by 4πd2

L, whered2
L is the

luminosity distance. The "de-absorbed" SEDs were corrected for theγ-ray absorption by extra-
galactic background light (EBL) using the "low-IR" EBL model of Kneiske et al. (2004) [148].

Measured photon SEDs (Fig. 11.4-(a)) show differences in amplitude as they were observed.
The integral fluxes above 200 GeV were observed with about twoorders of magnitude differ-
ence between the highest spectrum (Mkn501-high:∼ 4 Crab flux) and the lowest spectrum (BL
Lacertae:∼ 0.03 Crab flux). On the other hand, in the photon power spectra(Fig. 11.4-(b)), the
difference in amplitude among the spectra becomes smaller than that in measured SEDs. The
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Figure 11.3: Overall SEDs of four TeV blazars. (a) Mkn501, (b) 1ES1959+650, (c) Mkn421 and
(d) BL Lacertae. Curves in plots represent derived SSC spectra for observed SEDs. References
of the data points are given in Fig. 8.10 for (a), in Fig. 9.7 for (b), Fig. 10.4 for (c), Fig. 7.12 for
(d). Gray points denote historical data.
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spectrum of Mkn501-high still shows a much higher power thanany other spectra, and the spec-
trum of Mkn421-medium shows a slightly higher power than theothers. The other four spectra
show similar power levels. It is interesting that all spectra would appear to reach almost the same
power level (2-3×1044 [erg/s]) around slightly less than 100 GeV if the spectra were extended to
lower energies.

Electron spectra

For describing the electron spectra of the sources, a smoothed broken power law has been adapted
in the SSC model, which is given by

N(γ) = Kγ−n1

(

1+
γ

γb

)n1−n2

exp

(

−γ

γmax

)

. (11.1)

The derived electron number density spectra using Eq. 11.1 from the 6 SEDs (four TeV
blazars) are shown in Fig. 11.5-(a).

Using the total energy density of relativistic electronsue, the total kinetic power of relativistic
electronsLe,kin is given by [147]

Le,kin =
4
3
πR2cueδ

2

ue =
∫ γmax

γmin

γmec
2N(γ)dγ

(11.2)

Fig. 11.5-(b) shows differential kinetic power spectra of electrons per logarithmic electron energy
interval (i.e., per logγ).

The electron kinetic power spectrum of Mkn501-high shows the highest power in the high
energy range (logγ & 4.5). In fact, Mkn501-high shows the highest flux in the photon spectra
among our data sets as well. The others show a similar electron kinetic power in this range of the
electron energy as they show similar levels in the photon power spectra in the VHEγ-ray range
in Fig. 11.4-(b). Therefore, the high energy part of the electron kinetic power could represent
the output bolometric power of photons in the VHEγ-ray range. The source activity may be
attributed to how much the electron kinetic power is extending to high energies.

In lower electron energies (logγ . 3.5), the kinetic power spectra show constant levels
with no difference between different states of the sources.It is interesting that Mkn501 and
1ES1959+650 show almost identical electron kinetic power levels although these spectra were
derived independently from different data samples. Mkn421shows a slightly higher power than
Mkn501 and 1ES1959+650. Note that the spectra of Mkn501 and 1ES1959+650 were derived
by the data which were taken simultaneously with the VHEγ-rays and the X-rays, while the
spectrum of Mkn421 was derived with non-simultaneous X-raydata with the VHEγ-rays. On
the other hand, BL Lacertae, which belongs to the LBLs, showsa significantly higher electron
kinetic power than the other HBLs. These arguments can also be applied for the total kinetic
power of relativistic electrons. The values derived by Eq. 11.2 for 6 spectra are summarized in
Table 11.3. The HBL objects, Mkn501, 1ES1959+650 and Mkn421show similar values of the
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total electron kinetic power, irrespective of their flux states. The LBL BL Lacertae has a signifi-
cantly higher total electron kinetic power than the other HBLs. These facts may suggest that the
total kinetic power of relativistic electrons would be responsible for the sub-classes of blazars.
This hypothesis may support a scenario proposed by [69] for explaining the physical origin of the
sub-classes of blazars (see also section 2.2), i.e., accretion power to super massive black holes at
the core in LBLs is higher than that in HBLs, and then electrons can extract more power from
the accretion power.

In summary, we would conclude that

• photon spectra could be attributed to the electron population in the jet.
Especially,

– The kinetic power of high energy electrons (logγ & 4.5) could be responsible for the
source activity of blazars.

– The total kinetic power of relativistic electrons could be responsible for the sub-
classes of blazars.

Table 11.3: Total kinetic power of relativistic electrons for 6 spectra of four TeV blazars
Spectrum Le,kin [erg/s]

(1) Mkn501 (low) 2.8×1043

(2) Mkn501 (high) 2.3×1043

(3) 1ES1959+650 2.1×1043

(4) Mkn421 (medium) 5.1×1043

(5) Mkn421 (low) 4.9×1043

(6) BL Lacertae 5.6×1044
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per natural logarithmic energy interval:EL(E) = 4πd2
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Chapter 12

Concluding remarks

A new Imaging Atmospheric Cherenkov Telescope (IACT), the MAGIC telescope, began its sci-
entific operation in the fall 2004 and opened a new energy window in very high energy (VHE)
γ-ray astronomy. This thesis presented observations with the MAGIC telescope in the new win-
dow of VHE γ-ray bands for four TeV blazars, including the discovery of aVHE γ-ray source.
Simultaneous multiwavelength (MWL) observations in the new VHE γ-ray and the X-ray bands
provided wide-range spectral energy distributions (SEDs)of the blazars. The synchrotron self-
Comptom (SSC) model, which is the currently favored model for explaining the origin of VHE
γ-ray emission in blazars, was used for discussing these SEDs. In this section, my contributions
in this thesis are summarized together with outlooks for these topics.

A new type of photosensor, the hybrid photodetector (HPD) with an 18-mm diameter GaAsP
photocathode, was developed together with Hamamatsu Photonics as one of the key tasks within
the MAGIC-II project in order to further lower the energy threshold. We successfully achieved
the target value in quantum efficiency (QE), which is the mostimportant parameter in the de-
velopment of this new type of photosensor. The QE spectrum onaverage reached over 50% at
500 nm. An 18-mm effective area in the diameter of the photocathode was confirmed with a
15% fluctuation at peak to peak value. Compared to the PMTs currently used in MAGIC-I, the
overall Cherenkov photon conversion efficiency would be improved by a factor of 2 with the new
photosensor. This can be seen as equivalent to increasing the mirror diameter from 17 m to 24
m. Other performance values also fulfilled the requirementsto be met by photosensors in IACTs.
Durability against background light in the field for use in the MAGIC camera was also verified
by measurements and simulation studies. The results indicate that the MAGIC camera equipped
with HPDs can maintain its quality over 10 years with only a small number of replacements of
dead tubes damaged by the intense light from bright stars.

The new photosensors, i.e. the HPDs with an 18 mm GaAsP photocathode, are ready to be
used in IACTs with low threshold settings. After my contribution, design studies of HPD pixel
arrays including their electric circuits for output signals were carried out by colleagues at MPI.
Based on these studies, the production of HPD pixel arrays will start for field tests in the camera
of the second MAGIC telescope. After the field tests (plannedin 2008), we intend to upgrade
the camera of the second MAGIC telescope from PMTs to HPDs.
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Searching for new TeV blazars, we proposed observations of BL Lacertae (z = 0.069) in
2005 and 2006. A VHEγ-ray signals was discovered with a 5.1σ excess in the 2005 data.
Above 200 GeV, an integral flux of (0.6±0.2)×10−11 cm−2 s−1 was measured, corresponding to
approximately 3% of the Crab flux. The differential spectrumbetween 150 and 900 GeV was
rather steep with a photon index of−3.6±0.5. The light curve showed no significant variability
during the observations in 2005. The VHEγ-ray emission obtained in our observations could be
described with a one-zone SSC model. Additional external seed photons for inverse Compton
scattering (EC component) were not necessarily required for the VHE γ-ray emission in our
case. On the other hand, the 2006 data showed no significant signal. This drop in flux followed
the observed trend in the optical activity. The results of this thesis indicate that VHEγ-ray
observations during times of higher optical states can be more efficient for this source.

Including this new source, BL Lacertae, the number of TeV blazars increased from 7 (in
2004) to 19 (in 2007) in these years. Moreover, we also established the BL Lacertae as a new
class of TeV blazars, "LBLs". Currently, BL Lacertae is the first and only LBL among the 19 TeV
blazars. Recently (in 2007), a VHEγ-ray signal was also discovered from 3C279, an "FSRQ".
Now, VHE γ-ray emission was confirmed in all sub-classes of blazars.

In order to achieve wide-range SEDs with simultaneously taken data, we performed MWL
campaigns with the MAGIC telescope and the X-ray Satellite Suzaku for Mkn501 in July 2006
and for 1ES1959+650 in May 2006. In both campaigns, VHEγ-ray signals from about 100 GeV
to a few TeV were clearly detected together with X-ray spectra from sub-keV to several tens of
keV. They were the first MWL campaigns for these sources in which VHE γ-ray spectra below
300 GeV were obtained.

The MWL campaign of Mkn501 was performed during one of the lowest states of source
activity in both the VHEγ-ray and the X-ray bands. We could obtain the first data samples in a
low state which were simultaneously taken in the VHEγ-ray and the X-ray bands for Mkn501.
The flux level (about 20% of the Crab flux) and the photon index (−2.85±0.14) of the measured
spectrum were compatible with those observed in the lowest state during these two years (2005
and 2006). During the MWL campaign of 1ES1959+650, the source exhibited a relatively high
state in X-rays and optical, while the VHEγ-ray flux was at one of the lowest levels so far
recorded, corresponding to about 10% of the Crab Nebula flux.Nevertheless, the first data
samples taken simultaneously in which the VHEγ-ray band showed its low flux state were
successfully obtained. In both campaigns, no significant variability could be seen in the light
curve of the VHEγ-ray band measured by MAGIC.

Monitoring observations were performed for the three bright TeV blazars, Mkn501, 1ES1959+650,
and Mkn421. Their diurnal light curves during 1-3 year periods of observations were discussed.
Apart from some huge flaring activities in July 2005, Mkn501 mostly stayed in a quiescent state
for two years (2005 and 2006). No flaring activity of 1ES1959+650 was found during three years
(2004 - 2006). On the other hand, the measured light curve of Mkn421 in 2006 showed a strong
variability with one order of magnitude difference in the flux (up to about a factor of 2 of the
Crab flux) and with a time scale of less than a day. These facts indicate that Mkn421 is the most
active source among TeV blazars in the VHEγ-ray bands.
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Compared to previously measured spectra, both VHEγ-ray and X-ray bands of the blazars
showed a historically strong variability. The spectral peak in the VHE γ-ray band could be
seen only in the highest state of Mkn501. In most cases, the peak positions seem to be located
. 80 GeV, lower than our spectral analysis threshold. The results of Mkn501 indicate a trend
of anti-correlation between the spectral index and the intensity both in the VHEγ-ray and the
X-ray bands. The measured spectra of Mkn421 in the VHEγ-ray band suggested a similar
behavior, i.e., the spectrum tends to harden as the flux increases. On the other hand, the spectra of
1ES1959+650 derived on a yearly basis between 2004 and 2006 showed that their photon indices
were compatible during the three years. However, the difference in flux between those spectra
was only a factor of 2, while the other two sources (Mkn501, Mkn421) showed a difference of
about one order of magnitude. Therefore, we could not conclude that 1ES1959+650 had different
features than the other sources. The data samples of 1ES1959+650 obtained during its flaring
states in the VHEγ-ray bands are interesting in this context.

The measured SEDs of the four TeV blazars in this thesis couldbe well represented by a
homogeneous one-zone SSC model. Concerning the derived physical parameters of the jets, the
strength of the magnetic fields (B) and the Doppler beaming factor (δ) showed similar values
for all SEDs (B:0.15-0.27 [G],δ:17-28). They might indicate typical values of the jets for TeV
blazars. On the other hand, the derived electron spectra showed large variations. This might
suggest that the electron population in the jet could be responsible for the SED of a blazar. In
particular, flaring activity could be caused by increasing the Lorentz factor of the electrons at the
break energy in the electron spectrum. Sub-classes of blazars between LBL and HBL objects
could be characterized by the total kinetic power of the relativistic electrons. BL Lacertae, an
LBL object, showed higher total kinetic power than other sources.

Despite the progress in understanding blazars based on the new observation results presented
in this thesis, we still need to invest major efforts to find the answer to the fundamental question
of AGNs, namely how the energy is extracted from the black bole. In particular, the following
topics are still open.

• Are there any AGNs in which high energy photons are mainly of hadronic origin? If yes,
what conditions make the difference between "lepton accelerators" and "hadron accelera-
tors"?

• How do jets become active (flaring)? Which are the mechanisms?

• How is the jet formed?

To find answers to these questions with the current instruments is rather problematic.
For example, there is a huge gap of 6 decades in the measured SEDs, between about 100 keV and
about 100 GeV, with the currently available instruments. Inmost observations, the peak energy
and total luminosity of the second (high energy) bump in SEDscould not be directly determined
from the observations due to that energy gap. As a result, we need additional assumptions for
the emission models. In this thesis, I focused on leptonic origin models, especially the SSC
model, because this model was favorable for most of the previous observations of TeV blazars.
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In fact, it is still difficult to discriminate between hadronic origin (i.e. π0 decay) and leptonic
origin (i.e. inverse Compton scattering) with the currently available SEDs.

Continuous observations are also important to determine the SEDs in different flux states
because source activity states cannot be predicted in advance. Current monitoring instruments
for high energy photons (above X-ray) do not have sufficient sensitivity to detect signals except
for huge flaring states. Coordinated simultaneous observations can provide wide-range SEDs as
this thesis shows, but the time overlap covered in such observations is too short (∼ several days)
to obtain spectra in various flux states, in particular, to catch the flaring states.

Applying emission models for complete SEDs in different activity states will give us pre-
cise physical parameters in the jet. Variation of these parameters could be associated with the
dynamical evolution of jet environments. Variability and correlation between different energy
bands can also constrain the emission models. For instance,short time variability would favor
leptonic origin scenarios and be associated with the emission from regions very close to the cen-
tral black hole. The variability time scales are attributedto structures of the jet, which may be
related to shock creation mechanisms in the jet. The measurement of time delays between vari-
ations in different energy bands in the light curves can tellus about the physics condition of the
jets because the cooling process of relativistic particlesmay be energy dependent.

So far, discussions of emission models were performed for only a few bright TeV blazars
(mostly for Mkn421, Mkn501, 1ES1959+650 and PKS2155-304) because wide-range SEDs
were taken only for those blazars. It is necessary to extend the discussion to other blazars in
order to understand the fundamental physics of blazars.

The following future observations will contribute to answering these open issues:

• GLAST [200], a newγ-ray satellite is planned to be launched in May, 2008. This satellite
will observe the energy range from 30 MeV to 300 GeV. This energy range is complimen-
tary to the IACTs’ range. In addition, IACT projects will be upgraded (e.g., MAGIC-II,
H.E.S.S.-II). For instance, the MAGIC-II project is expected to improve the sensitivity of
the current MAGIC-I by a factor 2-3 by means of a stereoscopicobservation mode with an
analysis threshold down to about 40 GeV.

Combining both instruments, GLAST and new IACTs, can provide complete spectra from
MeV to TeV with simultaneously taken data. This energy rangecovers most of the second
(high energy) bump in the SEDs of blazars. Therefore, we can expect to obtain direct
information about the peak energy and total luminosity of the second bump. This range
can distinguish between hadronic origin emission and leptonic origin emission because,
in the former case, the spectrum may have a characteristic bump around 100 MeV and a
power law for the higher energy range from the decay ofπ0 → γγ.

If hadronic origin sources are identified, it will be the firstclear evidence of extra-galactic
sites of cosmic-ray accelerators. In addition, neutrinos should be accompanied byγ-ray
emission in the case of hadronic origin. Such sources can be interesting targets for the
"ICE CUBE" project, which is searching for high energy cosmic neutrinos. Discovery
of hadronic origin sources can provide an important guideline for a new astronomy, the
"high-energy neutrino astronomy".
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• The GLAST satellite will cover the whole sky region in 3 hoursthanks to its large field of
view (about 2 steradian). Hence, it will continuously observe sources in theγ-ray range. In
the X-ray band, a Japanese group is planning to install "MAXI" [94] on the International
Space Station in 2009. This is a new all-sky survey instrument which will have a sensi-
tivity which is one order of magnitudes higher than the current all-sky survey instrument
(RXTE/ASM). The monitoring observation for bright TeV blazars in the MAGIC project is
also ongoing; we have observed the sources on a regular basisin order to accumulate data.
These observations will provide us with spectra and long term light curves with various
flux states.

In addition, the long term light curves will allow us to conduct periodic studies of the
emissions. Discovery of periodicities in the light curves may give us new insight into the
jet and black-hole system (e.g., precession of the jet, binary black-hole system, etc.).

• Finally, the new projects will certainly increase the number of γ-ray blazars. For example,
new IACTs, like MAGIC-II and H.E.S.S.-II, are expected to discover about 100 sources
among the HBL objects. The GLAST satellite is expected to detect several 1000 blazars,
mainly in LBLs and FSRQs. Such a number of samples may allow usto perform system-
atic studies to find the answer for the fundamental physics ofblazars.
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