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Abstract

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

Searching for new VHE/-ray blazars, BL Lacertae was observed with the MAGIC telpsc
in 2005 and 2006. A VHEy-ray signal was discovered with a 5slexcess in the 2005 data.
This discovery established a new class of ViHeay emitters, "low-frequency peaked BL Lac
objects”. On the other hand, the 2006 data showed no sigmifeoacess. This drop in flux
followed the observed trend in the optical activity.

The MAGIC telescope continuously observed the bright knblamars Mkn501, 1IES1959+650
and Mkn421. In particular, extensive simultaneous mulel@ngth observations with the MAGIC
telescope and the X-ray Satellite Suzaku were carried auMin501 in July 2006 and for
1ES1959+650 in May 2006. VHE-ray signals from about 100 GeV to a few TeV were clearly
detected. For the first time, the VH[ray spectra were simultaneously obtained with the X-ray
spectra during their low states of activity. Long term olvagéons of Mkn421 in 2006 showed a
strong variability in VHE~-ray emission.

The spectral energy distributions (SEDs) of these fourdskazould be well explained by a
homogeneous one-zone synchrotron self-Compton moded.mbdel suggests that the variation
of the injected electron population in the jet is resporesibl observed variations of the SEDs
of the blazars. For all sources, the derived magnetic figkhgth in the jet and the Doppler
beaming factor showed similar values.

A contribution on the hardware sector is also presentedimthiesis. For further lowering
energy threshold in the MAGIC project, a new type of photesen'HPDs with an 18-mm di-
ameter GaAsP photocathode", were developed. A quantuneefficof the photocathode could
reach over 50%. Compared to the PMTs currently used in MABI€new photosensors would
improve the overall Cherenkov photon conversion efficidmgg factor of 2. Other performance
values including lifetime also fulfilled the requirementpbotosensors to be used in the MAGIC
telescope.
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Zusammenfassung

Blazare, eine Unterklasse von aktiven galaktischen Kerderen Jet sehr nahe zur Sichtlinie
des Beobachters ausgerichtet ist, kdnnen in ihrem Jet g@@adieilchen bis hin zu relativis-
tischen Energien beschleunigen. Von diesen Quellen kagkiremagnetische Strahlung vom
Radiobereich bis hin zu TeV Energien beobachtet werden. ND&SIC Teleskop ist ein ab-
bildendes atmospharisches Cherenkov Teleskop mit eindieki®e von 17m Durchmesser, das
auf der kanarischen Insel La Palma betrieben wird, um im mecthéossenen Beobachtungsfen-
ster sehr hoch energetischer (SHE) Gammastrahlen tber\d@&eHimmel zu erforschen.

Auf der Suche nach neuen SHE gammastrahlenden Blazareadtgete das MAGIC Teleskop
den Blazar BL Lacertae in den Jahren 2005 und 2006. In demate 2005 wurde ein Signal
mit einer Signifikanz von 5. gemessen. Mit dieser Entdeckung wurden die "niederfréquen
dominanten BL Lac Objekte" als neue Klasse von SHE Gamnidstrgsquellen etabliert. In
den Daten aus 2006 wurde kein signifikantes Signal gemeBsenlaraus abgeleitete Flussabfall
von BL Lacertae entspricht dem beobachteten Abfall deisop@n Aktivitéat.

Das MAGIC Teleskop beobachtete kontinuierlich die helbareits bekannten Blazare Mkn501,
1ES1959650 und Mkn421. Insbesondere wurden aufwendige, gleitgedvultiwellenlangen-
Beobachtungen mit dem MAGIC Teleskop und dem Rdntgengatetbuzaku fur Mkn501 im
Juli 2006 und fur 1IES19508650 im Mai 2006 durchgefluhrt. Signifikante Signale von Garsima
trahlen mit Energien zwischen ca. 100 GeV und einigen Te\Wenigemessen. Zum ersten Mal
wurden simultan ein SHE Gammastrahlenspektrum und eingeaspektrum dieser Quellen
aufgenommen, wahrend sie in einem niedrigen Aktivitatsata waren. Langzeitbeobachtun-
gen von Mkn421 zeigten eine starke Variabilitaet im Flugsail in 2006.

Die spektralen Energieverteilungen (SEVSs) dieser viez&lan konnen gut durch ein homo-
genes Einzonen-Synchrotron-Selbst-Comptonmodell beten werden. Dieses Modell legt
nahe, dass die beobachteten Variationen der SEVs diesarBlauf Veranderungen des in den
Jet injizierten Elektronenspektrums zuriickzufihren skidr alle Quellen wurden die gleichen
Magnetfeldstarken und Dopplerfaktoren im Jet abgeleitet.

Mein Beitrag zur Hardwareentwicklung ist ebenfalls Tedskr Arbeit. Zum Erreichen einer
niedrigeren Schwellenenergie des MAGIC Teleskops wurdeneuer Typ von Photosensoren
"HPDs mit einer 18mm durchmessenden GaAsP Photokathod@/ickrlt. Die Quantenef-
fizienz dieser Photokathoden erreicht 50%. Im Vergleiche EIMTs, die zur Zeit in MAGIC
verwendet werden, wirden die HPDs die Photonenkonvenijseffizienz von Cherenkov Licht
verdoppeln. Alle weiteren Parameter, wie z.B. die Lebeunsdarfiillen die Anforderungen an
Photosensoren zum Einsatz in Cherenkov Teleskopen wie IGAGI
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Introduction - This Thesis

In 1912, high energy charged particles striking the eadimfouter space, called "Cosmic Rays",
were discovered by Victor Hess. Up to now, cosmic rays haea lobserved with energies even
beyond 18° eV. These highest energy particles cannot be generateq imcaelerator on Earth,
not even within in our galaxy. It is, however, extremely diffit to identify a distant source as
origin of cosmic rays using their arrival direction becaubarged cosmic rays are deflected by
the inter-galactic and galactic magnetic fields before tie@ech the Earth. So far, not a single
source has been proven to be the site of cosmic-ray acdelerd@n the other hand, a neutral
particle, like a photon, can reach the Earth without defbecby magnetic fields. High energy
photons are attributed to high energy charged particlegpamd to their origin of generation.

"Active galactic nuclei (AGNs)" are considered to be onelt prime candidates for an
acceleration site of the highest-energy cosmic rays. AGbslgalaxies in which the galactic core
produces more radiation than the entire rest of the galaejfitlt is believed that, AGNs, like
most galaxies, have supermassive black holes (mass inrtge of 1§ -10°M..) in their cores
and the radiated power is produced by mass accretion onsuftermassive black hole. Some
AGNSs have relativistic outflows (jets), which are considi@be the site of particle acceleration
and generate high energy photons. If a relativistic jetéswed at a small angle relative to its axis
the observed emission from the jet is amplified by the raktitvbeaming effect. Such sources
are called blazars; they are, in fact, the most dominansaésigh-energy photon emitters
among AGNSs imy-ray astronomy. For example, 3C 279, the fiystay blazar discovered with
a~-ray satellite "EGRET", was one of the brightestay sources in the sky at the time of its
discovery in 1991. In 1992, TeV emission was discovered feohtazar, Mkn421, which was
established as the first extra-galactic TeV photon emit#ectromagnetic emission from this
class of sources can be observed from radio up to TeV eneBgaed on the phenomenological
aspects of their emission features, blazars are dividedtwd classesklat Spectrum Radio
Quasars (FSRQs)andBL Lacertae Objects (BL Lacs). Their spectral energy distributions
(SEDs) are characterized by a two-bump structure. Among Btsl where the lower peak
is located in the sub-millimeter to optical band, the olgemte classified a4d.ow-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 physitgin of these sub-classes is still
unclear.

The ultimate goal of blazar research is to learn how energxtimcted from the black hole.
We are still at a very early stage in this area, trying, at gast, simply to understand how
much energy is involved and what is the physical state ofeheThe observed radiation must
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be associated with the intrinsic properties of the jet. Iipalar, due to its fast variabilityy-ray
emission may prove to be more directly related to the physitise central black hole than other
low-energy emissions. Therefotéjow is the ~-ray spectrum produced?" is therefore one of
the most interesting questions in blazar research and itprayide new knowledge about the
fundamental physics of blazars. Unfortunately, the nunobétazars from which very high en-
ergy (VHE:E > 50GeV)~-rays have been detected ("TeV blazar") is too small forstigating
the fundamental physics of blazars. In 2004, when | statsdwork, there were only 7 AGNs
confirmed as VHEy-ray emitters. All but one of them belonged to the class of EBVHE
~-rays had never been detected from either LBLs or FSRQs efdrey;, there was a strong desire
to increase the number of TeV blazars.

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

Simultaneous multiwavelength observations over a wideggnenge are essential for dis-
cussing those emission models of TeV blazars, becausedfteseshow a strong flux variability
down to time scales of a few minutes in the VHEay band. Especially, a correlation between
X-rays and VHEy-rays is an important feature because of its being well agsamtwith the SSC
model. Most of the previous multiwavelength campaignseseti from the low sensitivity of
the participatingy-ray telescopes. Therefore, simultaneous observations kmited to being
conducted only during flaring states (i.e., states with lsgtrce flux). In addition, the energy
region between 30 and 300 GeV was unexplored even thouglait isportant range for TeV
blazar observations, as it is the energy range where blarasipposed to show their luminosity
peaks .

Considering these open issues, | decided to study YH&y emission from blazars with the
MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkoveselope. The MAGIC telescope
is an Imaging Atmospheric Cerenkov Telescope (IACT) with7ani diameter dish, located on
the Canary Island of La Palma (28.R, 17.8 W, 2225 ma.s.l.). IACTs are currently the most
successful instruments for VHE-ray observations thanks to the innovations achieved in the
"imaging technique". 1ACTs record images fray induced air showers in the atmosphere
using their emitted Cherenkov light instead of direct deteoof cosmic VHEy-rays themselves.
Nearly all important discoveries of TeV sources includihg first one concerning both galactic
and extra-galactic objects have been achieved with IACTSs.

Thanks to the currently largest mirror dish worldwide, th&®IC telescope is operating
at a~-ray trigger threshold ot 50 GeV and a spectral threshold ©80 GeV, which are the
lowest energy thresholds to be found among current IACTs. NTAGIC telescope allows us to
study the VHEy-ray emission from blazars in the newly opened energy ral®&€T observa-
tions with a low energy threshold have another advantag&tfiotying VHE~-rays from blazars.
While traveling through the universe, VHizrays from blazars are absorbed by faint diffuse
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light, called "Extra-galactic background light (EBL)". &labsorption effect decreases as the
VHE ~-ray energy becomes lower. The telescope’s high sengitillitws the detection of VHE
~-ray signals with rather short observation times even indtates of source activity. Together
with wide energy-range X-ray satellites, these new insamts make it possible to perform mul-
tiwavelength observations in a much wider range than elsw,ia various states of activities of
the observed objects.

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

Thus, this thesis has the following key objectives:

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

e Search for new TeV blazars to increase the number of sournesgall sub-classes of
blazars for investigating the fundamental physics of bigza

¢ Wide-range simultaneous multiwavelength observatiotisarX-ray and VHEy-ray bands
in order to obtain wide-range spectral energy distribiiordifferent states for discussing
emission models of blazars, especially with a Synchrotrlfr Sompton model.

My thesis follows the structure outlined below where | alsention my personal contribu-
tions within the overall project.

Physics of AGN observations with VHE~-ray emission: AGNs are the prime candidate sites
for acceleration of the highest-energy cosmic rays. In @rah the acceleration mecha-
nisms and the emission processes for cosmic high-energpmhon celestial objects are
described. The current status of the VHEay astronomy is briefly reviewed. Chapter
2 present a basic model of AGNs and some detailed informatmut blazars, including
emission models for their spectral energy distributionse Totivation 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 ligtitiding general descriptions
of IACTs. The hardware layout of the MAGIC telescope is pneed 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 geotsors and tests of a circuit
to compensate for temperature dependences in their gaiaatbastic are presented. Re-
sults of QE measurements are covered including applicatdrine wavelength shifter
technique for increasing the QE in the UV region. Measurdmesults of aging proper-
ties are also reported. Based on these results, simuldtidies are carried out to estimate
the HPDs’ durability for operation as photosensors in the®I@ camera.

This task was my personal responsibility and | performeth&imeasurements and simu-
lation studies as reported in this Chapter. The HPDs wereldped together with Hama-
matsu Photonics. | was the direct contact for the companyRitthroughout 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 analysighie following sections, the
results of Crab Nebula observations are presented as well.

First discovery of VHE ~-ray emission from the LBL object, "BL Lacertae": For the firsttime,
VHE ~-ray emission was discovered from a LBL object, "BL Lacetta Chapter 7,
the observation results of 2005 and 2006 are reported. A adsgm with previous ob-
servations in the VHE/-ray band, a correlation between the optical and the \AHfay
emission, and emission models for the observed SED aressiedu

As a Principle Investigator for this source | proposed tHateel observations and per-
formed the analysis as a main analyzer. The results pullisieee based on my analysis.

Extensive observation of known bright TeV blazars: Observation results and discussions of
Mkn501 (Chapter 8) , 1IES1959+650 (Chapter 9) and Mkn421§&hd 0) are covered.
Wide-range simultaneous multiwavelength (MWL) obsensaditogether with the X-ray
satellite Suzaku were carried out in 2006 for Mkn501 and H59%650. In addition,
the MAGIC telescope performed long term monitoring obseoves of these three TeV
blazars. Light curves and spectra in both ViHEay and X-ray bands obtained during the
MWL campaigns for Mkn501 and 1ES1959+650 are presentedtaldeong term light
curves (in 2005 and 2006 for Mkn501 and 1ES1959+650, in 20606/kn421) are also
shown. The obtained SEDs are compared to previous measuieara discussed within
an SSC model, which can provide the physical parameter®ijeth

| worked for these MWL campaigns as a coordinator on the MA&He for both Mkn501
and 1ES1959+650, and proposed the observations with thelMAgkescope as a Princi-
ple Investigator to obtain simultaneous data of ViHeay and X-ray. | analyzed the VHE
~-ray data for Mkn501 taken in 2006, 1IES1959+650 taken in 20@62006, and Mkn421
taken in 2006 as a main analyzer. The results from my analysespublished in a paper
and in proceedings as the results of the MAGIC collaboration

Chapter 11 summarizes the discussions of observed SEDsIoT&Y blazars within the SSC
model. Concluding remarks and an outlook based on the saHiiltis thesis are given in Chapter
12.



Chapter 1

Very high energy ~-ray astronomy

1.1 Accelerators in Universe

In 1912, energetic charged particles striking the Eartmfouter space, called "Cosmic Rays",
were discovered by Victor Hess. Up to now, cosmic rays haea lodserved with energies over
10?° eV as shown in Fid1l11. The variation of the flux with energyeierred to as the "Energy
Spectrum®”. The slope with respect to energy is describetddgpectral index, dN/dE oc E™.
Remarkably, it appears to be a smooth curve over 10 decadesfy with only a few noticeable
structures. There are small, abrupt changes in the locehhwm/e 16° eV and again just above
10'8 eV. They appear as small "kinks" on a power law. Within ther@igRay community, these
features are usually referred to as the "knee" and the "nidspectively. The spectral index
follows o ~ 2.7 for energy above about 1 GeV. At an energy just above "krieeSpectral index
steepens ta ~ 3.0, and at an energy around "ankle" the spectral index gets hgeder.

Cosmic-rays with an energy above severdPHY (above the ankle) are a particularly inter-
esting topic. The highest-energy particles@ x 10*° eV) interact strongly with the ubiquitous
cosmic microwave background radiation and lose energy ¢y pioduction while propagating
through the universe, thus, they can only travel limitedatises. This effect is known as "GZK
effects” [1211| 255]. Due to this effect, the cosmic-ray flaxstrongly attenuated abovex@l 0
eV and the spectrum is expected to have a sharp cut-off arthaicenergy, so-called "GZK
cut-off’. However, a Japanese group, the AGASA experim@h}, [detected 11 events above
10°° eV, which indicated that the energy spectrum is likely tceext beyond 189 eV without
the GZK-cutoff [232]. In contrast, a U.S. group, the HiRepensment[[4], derived the spectrum
which followed with the predicted flux by the GZK effect [1]. @urrent on-going project, the
Pierre Auger experiment![2], which has a much higher se#itsitihan both previous ones, has
challenged to settle the issue of the highest-energy cosaygc In the latest results, the Auger
experiment showed the energy spectrum steepening abei# eV [252], the origin of this
feature (whether due to the GZK-effect or other effectshasyever, still under discussion [247].
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Energies and rates of the cosmic-ray particles
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Figure 1.1:[Left] (2): Many measurements of the cosmic-ray flux over a wide enenggera
(taken from [131]). [Right] (b): MeasuredE-cubed energy specti@3dN/dE above 167 eV
from four experiments [AGASA, Yakutsk, HiRes and Augerkéa from [237]).

1.1.1 Sources of Cosmic Accelerator

For a long time, people have tried to understand the origecosfic rays. In current scenarios,
particles with higher energy (up to the "knee" at abouf HY) are supposed to be accelerated
in galactic objects, like supernova remnants (elg., [48)e origin of particles with energies
between the knee and the ankle is a matter of recent scietisiassions. Some models have
suggested that the spectral break at the knee is due to ationiin the maximum energy of the
protons accelerated in the galactic objects (e.g., [28PH}ticles with energy above the ankle are
thought to be originated from extra-galactic sources (§2@88]). However, not a single source,
neither galactic nor extra-galactic one, has been provéeheasite of a cosmic-ray accelerator,
yet.

Fig.[L.2 is the so-called "Hillas-plot", which plots the kmocosmic sources where particle
acceleration may occur, with their sizes ranging from kisbens to mega-parsec [1.29]. A general
condition that has to be fulfilled is that the cosmic acceterdas to confine the accelerated
particle up to the highest energies. Following this argunesads to the expression:

Emax o< ZEBL, (1.1)

whereZ is the charge of the accelerated parti@®as the magnetic field strengtb,is the ele-
mentary charge and is the linear dimension of the source size. The Diagonatliepresent
the possible maximum energy to be accelerated under thetiworsdof magnetic strength and
source size. Sites lying below each line are excluded fraenctindidate sites to produce the
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highest-energy particle as indicated in the figure.

Not many types of sources are expected as accelerators bfghest-energy cosmic rays.
Active galaxies (AGNs: see detalil in Chapter 2), a type ofaglactic objects, is one of the
prime candidate site where protons can be accelerated W%e\. Recently (November 2007),
the Auger experiment just published the evidence of caioela between the arrival directions
of cosmic rays with energy above6L0'° eV and the positions of AGNs lying within 75 Mpc.
This is the first experimental evidence that indicate AGNs allikely source of the highest-
energy cosmic rays|[3].

Hillas-plot
(candidate sites for E=100 EeV and E=1 ZeV)

15
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star

Protons
(100 EeV)

Protons

White
dwarf

w

| Fe (100 EeV)

|
w
|

Colliding
galaxies

log(Magnetic field, gauss)
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]
3 6 9 12 ‘ 15 ‘ 18 ‘ 21
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Figure 1.2: Source sizé [ x-axis) and magnetic filed strengtB:(y-axis) of possible sites of
particles acceleration. Objects below diagonal lines aanancelerate (1) protons to 20V
(red solid), (2) protons to 18 eV (red dashed (3) iron to 16° eV (green.
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1.1.2 Acceleration mechanisms

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

To solve these problems, new version of the Fermi accetgratiechanism was invented by
several authors (e.gl, I55,161]). This is the accelerati@chanism in the presence of strong
shock waves, so-called "Diffusive Shock Acceleration".

The situation is pictured in Fi§._1.3 in the rest frame of theck, which is treated as a dis-
continuity. The mean velocities and densities of the sgatieenters "upstream” ,"downstream"
of the shock arel;, u, andpy, p, respectively which are taken to be constant throughoutehe r
spective region.

The essence of this acceleration process is

e The particle energy can increase at each crossing of thé stee front.

Here we consider only those particles which have energigs émough for their gyroradii
to be much larger than the thickness of the shock front. Snelngetic particles hardly notice
the shock at all and the velocities of the particles=(c) is much more than the velocity of the
shock. The energetic particles are consequently able sfpsey between the regions upstream
and downstream of the shock.

<shock rest frame>
Ug Uo

= § =

upstreé}n @,) | downstreamgy)
shock front

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

LIn this mechanism, the average increase in energy is ongnsearder in Y /c), whereV is the velocity of the
cloud. The original process is called "second-order Feooékeration”



1.1 Accelerators in Universe 9

While a patrticle is in the upstream or downstream regiorentsrgy is constant when viewed
in the rest frame of the relevant region. When it crosses fmomregion to the other, a Lorentz
transformation gives its energy in the rest frame of the negvon. For a particle witlt,, the
energy after a one cycle of passing from upstream to dowarstiEnd back to upstreaHy is
given by

E; E;E (1-*%costy)(1-3 coshy)

11z = 1.2
El E2 E]_ (1 u2v COS@Q)(:L ulv cosy ) ( )

Angles at crossing of the shock are isotropically distiéolbn either side of the shock front.
The distributions of co8, and co9, for the plane shock front are the projections onto a plane in
the range of &< cosf; < 1 and-1 < cosd, <0, so thatcost,;) =2/3 and(cosh,) =-2/3 can be
derived, respectively. Considerings c, Eq.[T.2 becomes:

=4 4 (up—uy)
<E—i> 1+ S (1.3)

The energy increase is first order in  u,)/c on average so that this mechanism is called "first-
order Fermi acceleration". This is a much more efficient pssdhan the original one.
After k cycles, the energy of the particl& can be written using the initial energy of the

particlegg by
B« _ 4(u—up)\*
£~ <1+ 3 G ) (1.4)

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

47 4’

whereN is the number density of particles undergoing accelerat@n the other hand, in the
case for those travelling downstream, some particles caapedy the motion of the downstream.
Therefore, the escape probability of particles away froenrdgion can be estimated:

/dcos9 d@w S@=M (1.5)
0 0

Rate of particle loss of downstream region

P
*~ Rate of particles passing from the upstream to the dowmstregion (EqCL5) (1.6)
_Nwe _w '
T Nv/4 v

Therefore, a particle can pass back from downstream andeapstwith a probability of
1-P.s. After k cycles, the probability that a particle still remains theederation regior§(k) is
(1-Posd¥ = (1-4uy/V)*. Using EqCLH, we can eliminakeand then,

(=3uz/(u1-2))

Ek) (1.7)

0~ (&
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With this formula, the number of particle with energy betw&eandE +dE (N(E)dE) can be
written by

SK) / N(E)dE (1.8)
Ex
We can derive the differential energy spectrum as:
2u, +
N(E) x E™*, p=22"0 (1.9)
U — U

A shock can form whem; > a;, a; is the sound speed in the gas of the upstream. The Mach
number of the gas flow i®l = u; /a;. The continuity of mass flow across the shoglug = pouy),
together with the kinetic theory of gases (the Rankine-Hhigfoconditions), gives (see details
in [160])

U_pz_ (+IM* (1.10)

W p1 (y—1LM2+2
where~y(= cp/c,) is the ratio of specific heats of the gas. Taking g for a monatomic or fully
ionized gas andyl > 1 for a strong shock, we find;/u, = 4, which leads to a valug = 2.
This mechanism shows excellent physical reasons why ptaweenergy spectra with a unique
spectral index should occur in diverse astrophysical envirents. In this simplest version of the
theory, the only requirements are the presence of strongksiaves and that the velocity vec-
tors of the high energy particles should be randomized dreegide of the shock. It is entirely
plausible that there are strong shocks in most sources segernova remnants, active galactic
nuclei.

However, there is a big problem to identify a source as omdicosmic rays using the arrival
direction of cosmic ray itself because a cosmic ray is deftbdty galactic and intergalactic
magnetic fields while traveling through the univ@rseherefore, it is hard to study cosmic rays
with connections of specific targets just from observatimirthie cosmic rays themselves.

On the other hand, a neutral particle, like photon, can réaelicarth without deflection by
magnetic fields. Taking advantage of the information fromhsenergetiphotons 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 it suited neutral "messenger" particle
is a high energy photon. While traveling through the unigetise trajectories of photons are not
affected by magnetic fields, so they

e point to origin of their generation

2An arrival direction of the highest energy cosmic ragsi(0'° eV) is somewhat useful to identify its origin
because the highest energy cosmic rays are deflected onlieghydegrees [221].
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e carry energy information about their generation process

e carry, as mass-less particles, time information

At low energies, photons can be generated also in thermakpses from stars and inter-
stellar gas. The thermal continuum radiations are chaiaeteby black-body spectra with tem-
peratures extending up te 10° K and various line emissions are associated with atoms and
molecules in the material at the site. In the hottest objéikesaccretion disk surrounding black-
hole, thermal radiation can appear as X-rays up to few keV.

On the other hand, most photons in high energy regimé&¢€V) are generated in non-thermal
processes. The production of high energy photon is assdcwith phenomena that take place
in the astronomical object, resulting in the obseryecy flux. The most important processes
responsible for producing high energy photons are briefpfaeemed in the following.

Synchrotron radiation

When a relativistic electron is bent in a magnetic field, ittsrisynchrotron radiation”. In a
uniform magnetic field, a relativistic charged particle moves in a spiral path adrestant pitch
angl@ 0 by means of the Lorentz Force. During this motion, the chdigaticle is accelerated
towards the guiding center of its orbit, and it loses enengglectromagnetic radiation (see de-
tails in e.g.[163]).

The average (over an isotropic distribution of pitch angle¢rgy loss rate due to the syn-

chrotron radiation is E 4
- :—)’UTCUmagvz (1.11)
whereor =6.67 x 10%°[cm™?] is the Thomson scattering cross sectidRag= B/8r is the energy
density of the magnetic field andis the Lorentz factor of the relativistic particle (electjo
The maximum of the emission spectrum in fact had valyg = 0.29, wherev, is called

"critical frequency { = = €859~y Therefore, the maximum value can be written as

47t mc
Vnax = 1.2 % 10° [ 2L 2[Hz] (1.12)
max— gaus g '

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

Generally, proton synchrotron radiation is an inefficieragess. For the same energy of
protons and electrong&, = E. = E, the energy loss rate of protonsEtit) is (m,/me)* ~ 103
times lower than the energy loss rate of electrons. Alsogtitieal frequency of the synchrotron
radiation emitted by a proton isng/me)® ~ 6 x 10° times smaller than the critical frequency
of synchrotron radiation emitted by an electron of the samergy. However, under certain
conditions (e.g., above #eV) the synchrotron cooling time of protons can be comparabl
even shorter than other time scales that characterize te¢esation and confinement regions of
relativistic protons|[24].

3the angle between the velocity and the magnetic field
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<0
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e

(a) in laboratory frameg) (b) in rest frame of (c) in laboratory frameS)
(before scattering) electron $*) (after scattering)

Figure 1.4: The geometry of inverse Compton scatteringerlaboratory frame referen&and
that in which the electron is reSt.

Inverse Compton scattering

High energy electrons may scatter low energy photons to @mgngy (e-te — ¢’ +e :¢’ > €) S0
that in the Compton interaction the photons now can gainggnéihe process is called "inverse
Compton (IC) scattering”, though it is basically no diffetrérom Compton scattering. Many of
the most important results can be worked out using simpleraegts (see details in e.q.,[65]).
Here, we briefly explain some of those arguments.

We consider a collision between a photon of energyd an electron with Lorentz factor
(laboratory frame:S). The geometry of the scattering is described in Eigl X4.the photon
energy in rest frame of electr@®i, before scatting is

€ =~ve(1+ [ cod), (1.13)

wheref is the angle between the incident electron and photon direct S. If we assume that
ve < M, then inS* the energy of the photon remains same after the scatterththarThomson
scattering cross-section can be usédhe photon energy after scattering3is described using
the scattering angle of photon in rest frame of electpbras

¢ =~ve"(1+5cosp*) = v%(1+3cosd)(1+3cosp®). (1.14)
Therefore, the maximum energy which the photon can acgslire i

€~ 4y (1.15)

max
corresponding to a head-on collision, and the average goéthe scattering photons is

(€'Y ~ 2726. (1.16)

Using the total energy density of the soft photon fielgy, the energy incident on electron
per unit time iscorU,,q, SO that the average total energy loss rate of the electrahéoyverse-
Compton scattering in this Thomson regime, is

_dE _4

i éaTcUraWZ (1.17)
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However, ifye is getting close to (even higher thamy? ( ve > mc), we must use the proper
guantum relativistic cross section for scattering. Thevaht total cross section can be derived
by the Klein-Nishina formula [163]:

3 1 { [1_ 2(x+1)

1 14 1
KN =TT e }'”(2“1)*5*;‘m}

3 1 1 (1.18)
— —or— [ In2x+ = (ultrarelativistic limit: x > 1)
8 X < 2)
with x = ve/(mc). Therefore, the cross section decreases roughly*a the highest energy.
This process is particularly important in the productiohigh energyy-ray in AGNs because
the inverse-Compton scattering by relativistic electrgrable to produce GeV-TeV photons.
High energy protons can also interact with soft photonsthmienergy loss rate of the protons
by the inverse Compton scattering is suppressed by a fator.om,)* ~ 10712 and significantly
lower than pair production losses [24].

79 decay

The interactions of high energy protons with ambient matteadiation produce hadronic parti-
cles, mostly pions#s). 7° and=* are produced with the same probability, thus one third of the
m-mesons produced are neutral. THeproduces twoy-rays,

p+p— m0+X — 4y +X (2.19)

whereX represents minor secondary particles. The minimum kiregtergy of a proton to pro-
duce arlis

Ep = 2m, 2 <1+ %) ~ 280 MeV (1.20)

P
wherem, is the mass of &° (134.97 MeV).
The energy of the photons emitted byr&at rest isE, = 2m.c? ~ 67.5MeV. If the 7° is
moving with velocityv = 3c, the energy of the photons in the laboratory frame is:

,1+3cos,
VI
with 6, being the angle between the direction of the photon witheetsip the originak®.
At the same time, charged pions are produced in proton-proddisions. These charged
pions subsequently decay into muons and electrons andspording (anti-) neutrinos. As an

example the production and decay of a positive pion procaectsrding to the following reaction
chain:

E = %m,rc (1.21)

p+tp— 71 +X = ut+y, + X = € +rety, +u, +X (1.22)

The v's spectra would be similar to theray spectrum fromry decay. Ther and~-ray
associated spectra would be the strongest indicationg ity of the cosmic-ray (proton) accel-
erator.
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1.3 Instruments for ~-ray observations

The launch of the Energetic Gamma-Ray Experiment Teles@RRET) fory-rays between 20
MeV and 30 GeV on board of the Compton Gamma-Ray Observa@BRO) in 1990 opened
up the~-ray sky (seel[219] for a review). EGRET discovered 271 sesif¢24], 101 of which
could be associated with already known astronomical objedtile a large number (170) newly
discovered and yet unidentified sources remain. A sky mapeEGRET sources can be seen
in Fig.[L5.

Since photon spectra in astronomical objects is assoomtedhe cosmic-ray spectrum, the
photon index is expected to be negative and the number obpbkaignificantly decreases in
the very high energy-ray band ("VHE~-ray" defined as€£, > 50GeV in this thesis). It is,
therefore, not reasonable anymore for satellites to sdarcthe high energy band because of
limitations in the instrument size. On the other hand, gtbbased Cherenkov telescopes with
their huge detection areas are well suited to observe phatdhe VHEy-ray regime. Thanks to
the innovation of the "Imaging technique" for the Cherentalescopes, "Imaging Atmospheric
Cerenkov Telescope (IACT)" are currently the most succégsstruments for VHEy-ray ob-
servations. TableZ.1 summarizes principle charactesisti the current operating and two his-
torical IACTs. Until recently, before the "new generati@f'lACTs (such as MAGIC, H.E.S.S.
and VERITAS) became operative, the energy range from 30 G300 GeV was unexplored
by any instruments.

Third EGRET Catalog
E > 100 MeV
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Figure 1.5: Sky map of the third EGRET catalogue (above 1000Me
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Table 1.1: Principle characteristics of current operafargl selected historical [last two]) Imag-
ing Atmospheric Cherenkov Telescopes. The energy thrdgjieén is the approximate trigger-
level (rather than post-analysis) threshold for obseovaticlose to zenith.

Instrument Lat. | Long. | Alt. | num.| Tel. Area| Total A. | Pixels| FoV | Thresh.
)| ) | (m)|Tels.| (m) (m?) ) | (Tev)
MAGIC 29 18 | 2225 1 236 236 574 | 35| 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 | 34 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
VHE y-ray Sky Map "o ey
(E,>100 GeV) B et Spocrum Radio Quasar
T o wmansia
T e e
Figure 1.6: VHE ~-ray source sky map (in November 2007) [taken from

http://www.mppmu.mpg.defwagner/sources/]
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1.4 Sources of VHEy-rays

The first discovery of VHEy-ray emission from a celestial object was achieved in 1988arby
IACT, "Whipple" (see TabléIl1 ), in their observations foetCrab Nebula [249]. The Crab
Nebula is the brightest and stable point-like VHEay source. Therefore it is often referred to
as the "standard candle" of VHEray observations and is commonly used for inter-calibrati
between different-ray instruments. In addition, this source is also usefghteck the telescope
performances and to verify analysis procedures as thigsthess in Chapter 6.

In 1992, VHE~-ray emission was discovered from Mkn421 [204] as the firtaegalactic
VHE ~-ray source.

In 2003, just before those "new generation” of IACTs wenb ioperation, only 12 sources
were established as VHEray sources (see Taljle]l.2). Taking advantage of advaeckditjues
of the "new generation” of IACTs, we could obtain higher sty and lower energy thresholds
in the observations so that the number of ViHEay sources have dramatically increased to 33 in
2005, and to 71 at present (in 2007). A current sky map of kngWk ~-ray sources is shown
in Fig.[L.B. In the following, we will briefly highlight the st prominent astronomical sources
in the VHE ~v-ray band.

Table 1.2: Number of VHE/-ray sources for each source class in 2003, 2005 and 200} [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 (SM BE|s)9em to in the cores of
most galaxies. The fueling of SMBHSs by infalling matter puods spectacular activity: In some
galaxies, known as "active galactic nuclei (AGNs)", thelaus produces more radiation than the
entire rest of the galaxy. I 10% of all AGNs, the spin of the SMBH induces twisted magnetic
field lines as jets at the poles of the rotating source. TissgjleAGNSs are considered to be one of
the prime candidates for the acceleration of the highesggremsmic rays (WittE > 10'° eV)
(e.g., [223]).

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

4mass in the range £6 10°M,,
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blazars|[240]. Currently (in 2007) 19 AGNs are well-estsitslid as VHEy-ray sources (see
Table[1.B). All but ongare classified as blazars.
Further explanations about AGNs are given in Chapter 2.

Table 1.3: Summary of the extra galactic VHEay sources in 2007

Source Name  Redshift Spectral Index Type Discovery (yeat)

M87 0.0044 2.9 FR | HEGRA (2004) [11]

Mkn 421 0.031 2.2 HBL Whipple (1992) [204]

Mkn 501 0.034 2.4 HBL Whipple (1996) [205]

1ES 23444514 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]
H1426+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 phereimen
the universe. GRBs occur at cosmological distances. Tha aistance of these objects has been
recently measured to be Redshi#iH2.8 with at least 7% of the GRBs originatingzat 5 [141].
The~-ray emissions take place with very short time constantgftens of milliseconds to few
hundred seconds) theray emissions can be stronger (typically>41tb 10P%ergs?) than any
other knowny-ray sources.

There is a currently accepted model that the basic mechanfiSBRB emission is an ex-
panding relativistic fireball (e.g., [210]), with the beatn@diation (Doppler beaming facter
O(1@)). In the fireball shock framework, several models have isted VHE y-ray emission.

MAGIC has observed some GRBs, including a observation jtestaninutes after the emer-
gencel[40], but VHEy-ray emission was not confirmed, yet.

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

Supernova remnants (SNR): A final stage of stellar evolution is reached when a star rurs o
of fuel necessary for the fusion reactions that countetrecgtavitational pressure. If the star is
heavy enough, a collapse of the stellar core is followed byeflection of the outer shells of the
stellar material. While depending on the mass of the remginbject, a neutron star or a black
hole is formed, the ejected material forms a nebula, swegepminterstellar material along its
way. This expanding structure is called a "supernova ret{&xR)".

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

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

The rotating strong magnetic filed of the neutron star predwgtrong and variable electric
fields [117], where charged particles are accelerated todmgrgies. Due to the variable electric
field, light charged patrticles (electrons and positronsit @uised synchrotron radiation. De-
pending on the location of the acceleration region, seeddlpolar cap” (e.g.| [226]) and "outer
gap" (e.g.,l[80]) models are distinguished. They predicay emission with a cut-off at a few
GeV or a few tens of GeV, respectively.

Almost all pulsars have rotational periods that are stgaddreasing with time. This "spin-
down" corresponds to a loss of rotational kinetic energyhmrange up to 18 erg/s. At some
distance from the pulsar, the pressure of the wind in evéigto@anced by the external pressure,
resulting in a strong stationary shock front, where charggadicles can be accelerated to very
high energy (see e.d.,187]).

The prototype pulsar wind nebula is the Crab Nebula, whithddirst VHE~-ray source. [249].
At present, PWN have emerged as the largest population wfifiel galactic VHEy-ray sources
(see Tabl&T12).

Binary systems: \ery massive stars can accrete matter from stars in orhitnarthem. They
form so-called "binary systems", which can have differdraracteristics and evolutions depend-
ing on the involved objects. X-ray binary systems are coragasf a compact object, such as
a neutron star or a black hole and a companion star (blue gramhite dwarf or very massive
stars but less compact).

In some binary systems, a central black hole produces visliiti jets and a companion is
responsible for mass accretions. This class is also calfeckdquasar”, which comes from the
observed morphological and physical similarities withsara (a class of AGNs). The mass of a
microquasar is about seven orders of magnitude lower tharofla quasar. They are interesting
because the processes taking place in AGNs can be studieghiarger time in microquasars,
considered from many aspects as their scaled-down versidose known microquasars are
considered as counterparts of unidentified EGRET sourcexemly, MAGIC and H.E.S.S.
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have detected VHE-ray emission from a few of them (e.g., [19] 34]). They showalze VHE
~-ray emission, which is not confirmed among any other clastgalactic objects.

Unidentified sources: Most VHE ~-ray sources are predicted to emit X-ray and radio emission
under current known models (e.3.,[6]. see also se€fidn th&je are, however, some examples
of VHE ~-ray sources which do not have a counterpart in lower-enieagyls.

The first unidentified VHEy-ray source is "TeV J2032+4130' [9], which was discovered by
the HEGRA CT system. Several more unidentified VirtEay sources were discovered recently
during the H.E.S.S. Galactic Plane Survey program [14, 28 @lso Fid_1l7). In each case,
the source spectrum in the VHEray energy range can be characterized as a power-law with
a differential spectral index in the range 2.0 to 2.5. Theegaincharacteristics of these sources
—spectra, size, and position— are similar to previousiytified galactic VHE~-ray sources.
Further multiwavelength study is required to understarel émission mechanisms powering
them. A non-detection of longer-wavelength emission fanswf these objects may be an
indication that a new VHE/-ray source class exists [14].

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

The MILAGRO collaboration have detected TeV emission altimg plane with localised
enhancements which have been identified as sources [138r f\fbtraction of these sources
the remaining emission roughly follows the distributiontafget material in the galaxy and is
identified as diffuse emission.

A localised measurement of diffuse emission has been mdte galactic center by H.E.S.5.[20].
This emission correlates with giant molecular clouds ingalkactic center region and suggests an
enhanced cosmic-ray spectrum from that region. This erdthdiffuse emission could originate
from a succession of SNRs in the galactic center over thelfistears [31].
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Figure 1.7: VHE~-ray sky in Milky way (Galactic longitudé = 60° ~ —85°) as observed with
H.E.S.S. telescope system. (taken from [132])



Chapter 2

Active Galactic Nuclel

A mysterious feature ofictive Galactic Nucle{AGN) is their very high luminosity in a very
concentrated volume, probably through physical procestes than the nuclear powering the
"normal” stars. AGNs are, therefore, special laboratdoegxtreme physics we would like to
understand,

The first class of AGNs, the Seyfert galaxies, was discoveye8eyfert in the 1940s. They
appeared to be spiral galaxies, but with a star-like nuctasving broad and strong emission
lines. Quasars, a subclass of AGNs with very high luminosigre discovered in the early 1960s
in radio surveys. The optical counterparts of some of theesl bright radio sources were star-
like, and turned out to be the most distant sources amongibwrkcelestial objects at that time.
The first quasar, 3C273, was detected by Maarten SchmidtG2 &4ad is more than 1000 times
more luminous than a normal galaxy like our own. Many AGNsehbeen found since then
in a wide range of wavelengths, from radio tferay (see review e.g., [146]). Depending on
the observed features, AGNs have been classified into $@@#kxies, radio galaxies, quasars,
blazars and others (see Tabl€el2.1). Detailed descriptibalasses of AGNs can be found e.g.,
in [240]. The connection between these subclasses hasha@ughly investigated, but not yet
completely understood.

In the "standard model" of AGNs [165], it is generally assdrtieat the energy source is an
accretion of gas onto a super massive black holé{1@°M..) in the central region. A unified
scheme has been proposid [240] which attributes the diffesein the characteristics of the
observed phenomena to the orientation of the source relatiour line of sight. Here | briefly
describe thisinified modebf AGNSs.

2.1 Unified model

The unified model of AGNs, explaining all the different sudss of AGNs shown in Fig. 2.1,
has a spinning super massive black hole (SMBH) as its ceptnaer source. The SMBH is
surrounded by matter that is accreting on the SMBH at the 8ctsehild radius. For instance,
a 1M, SMBH would have a Schwarzschild radius of approximately 2(A0° pc). The area
surrounding the Schwarzschild radius consists of extrgh& plasma accelerated by the intense
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Figure 2.1: Classification of Active Galactic Nuclei (takeom [68])

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

The accretion disk produces a strong radiation in ultrdetiand optical wavelengths and
creates a cloud of highly ionized gas up a radius of to apprately 102 pc that is the observed
as a "broad emission line region (BLR)". This region is summded by a molecular torus that
effectively shields the central AGN when viewed from theatguial plane. Clouds of interstellar
medium outside the molecular torus and within the polar s@me ionized by the radiation which
flows from the central AGN and is not blocked by the torus. Bhesuds produce the "narrow
emission line region (NLR)". Beyond this region, the raditsjmay become prominent. The
jets may extend up to 1 Mpc for the FR-II type, where lobes fasrthe jets interact with the
inter-galactic material. A schematic drawing of the unifieddel can be seen in Fig. 2.2.

This model can be used to explain the observed featuresrag fedated to the viewing angle.
A blazar is a polar view of an AGN. Narrow line radio galaxiesiaype-Il of quasars or Seyfert
galaxies are generally equatorial views, and broad linergdlaxies and type-1 of quasars or
Seyfert galaxies are intermediate views.

Blazars are the most "active" kind of AGNs. Due to the polawof the jet, the bulk rel-
ativistic motion of the emitting plasma causes radiatioléobeamed in a forward direction,
making the variability appear more rapid and the luminoagpear higher than in the rest frame
due to the relativistic beaming effect (e.q., [209,/108]J)yst; virtually every blazar exhibits su-
perluminal motion of jet in high-resolution radio maps_[24Zhis motion is easily explained
by relativistic bulk motion along the line-of sight. Seconadiation is highly polarized. Indeed,
the classical definition of blazars as "optically violenthriable AGN" turns out to be consistent
with defining them by high polarization. Third, blazars arellwnatched with radio galaxies,
which are known to have jets and are located closer to us intherse. Their multiwvave-
length variability and polarization characteristics camell explained by shocks in an aligned
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relativistic jet.

The extreme characteristics of blazars were also foundgh kBnergyy-ray observation.
Blazars are the most dominant class among AGNs detected BREE(L24]. The quasar 3C279,
the firsty-ray blazar discovered by EGRET, was one of the brightasty sources in the sky at
the time of its discovery [123]. In addition, it showed a fdatly variability. Other blazars also
have shown similar rapid flaring at high energyay energies during the EGRET observations.

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

The ultimate goal of blazar research is to learn how energxtimcted from the black hole.
We are still at a very early stage, trying at this point simgglyunderstand how much energy is
involved and what is the physical state of the jets. Spedljicae are trying to measure the
energy density of particles, magnetic fields, and radia@snwell as the velocity field of the jet.
These parameters must be inferred since the observedoadigpends strongly on the intrinsic
properties of the jet. In addition, even the most fundamequastion —which particle is the
origin of the high energy-ray emission (leptonic or hadronic)— is still under dissias.

Because the emission regions involved are probably oni§-100° arcsec, direct imaging
of these regions is not possible with the current technekginstead, we infer the jet structure
from variability time scales. The VHE-ray emission, which has shown the fastest (observed)
variability, is likely to be associated with the physics lo¢ innermost region in the jet.

To summarize, the following important scientific questiab®ut blazars have arisen, which
are not completely answered at this point. Therefore, Hasis addresses those questions.

e There are several sub-classes of blazars with distinctrsppebaracteristics.
What is the physical origin of this difference? (cf. secfibh)

e How is thevy-ray spectrum produced? (cf. sectlonl 2.3)
Due to its fast variability;-ray emission may represent more fundamental physics - more
directly related to the physics of the central black holeantlother low-energy emissions
from broad emission line clouds or from an accretion disk.

2.2 Blazar sequence

Blazars can be divided intBlat Spectrum Radio Quasars (FSRQshandBL Lacertae Ob-
jects (BL Lacs) (see Fig[Zl1). The main difference between the two blazaictasses is their
emission line. Objects with only weak or complete absencen@gsion lines (equivalent width
< 5A) were classified as BL Lacs whereas FSRQs show signifigatitad emission lines.

Electromagnetic emission from this class of sources carbberged from radio up to VHE
~-rays, with their spectral energy distributions (SEDs)rekterized by a two-bump structure.
From the SED shape, BL Lacs are sub-divided into two typeseMthe lower peak is located
in the sub-millimeter to optical band, the objects are dfeeskas"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 Figl 2.3).
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Fig. 23 shows the average SEDs (bolometric luminosity wsisgion frequency) of 126
blazar samples in toﬁa(of which 33 were detected irray by EGRET) binned according to ra-
dio luminosity, irrespective of the original classificatias BL Lac or FSRQ [100]. The resulting
SEDs show remarkable features:

e As the bolometric luminosity decreases, the first bump magepeak to progressively
larger energies. It follows the "sequence" FSR{BL —HBL.

e The peak frequency of theray (the higher energy peak) component correlates pesitiv
with the peak frequency of the lower energy one.

e The luminosity ratio of the high to the low frequency compuatsencreases with bolomet-
ric luminosity.

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

Based on leptonic origin scenarios for photon spectra (stldl in the next section), Ghis-
ellini et al. (2002) [107] found that these features in SE@s$lated into an (anti-) correlation
between the energy of particles at the spectral peaks arah#rgy density in radiatiot() and
magnetic (g) fields. Fig.[ZH# shows this correlation plot, which has besgently updated by
Celotti and Ghisellini (2007} [78] including newly discaeel VHE v-ray (TeV) sources.

An evolutionary scenario has been proposed to explain agdly®nnection between differ-
ent blazar subclasses in terms of reducing the black holetame power with timel[69, 77].

In that scenario, the decline of accretion power could betdug combination of a decreas-
ing accretion rate and an increasing black hole mass. In gfeimitations to power directly
extractable from a rotating black hole, disks with high ation power can produce the huge
thermal and non-thermal output featured by many FSRQs. ©wotler hand, for lower accre-
tion power, we also expect lower particle densities in treebaration region and less effectively
screened electric fields. Under these conditions, the vltminosity is moderate but electrons
can be accelerated to higher energies [77].

In addition, as the accretion power declines with time, gabkdust are getting less available
for reprocessing accretion-disk radiation. That radraleads to the observed strong optical
emission lines in the broad emission line region, and to & kigergy density of the external
soft-photon field in the jel [69]. In fact, many previous sagdwhich applied emission models
for the observed SEDs have indicated that the contributidribe external soft-photon to the
~-ray spectra become less along the sequence FSR@L — HBL (e.g., [109]).

Therefore, the blazar sequence can be related to the enwduyi sequence FSRQ LBL —
HBL. Following the scenario outlined by Sanders et al. ()98&7], the earlier stage of blazar
evolution would comprise merging galaxies, infrared luauis galaxies, and radio-quiet quasars.

There are, however, some contradicting arguments spegiflyiat the blazar sequence is
merely caused by selection biases of the samples [191].ctnBa Lacs with low peak energy
of the first bump and low luminosity, which were not found i thriginal study, have turned

lthese blazars were selected from X-ray ofEiesteinSlew surveyl[197], the 1-Jy sample at radio 5 GHz_[224]
and the 2-Jy sample radio 2.7 GHz [246].
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up in some results of recent deep-survey observations iratfie and X-ray bands [183, 192,
193]. However, a candidate for a FSRQ which has as high lusitynas other FSRQs, and is
comparable in peak energy of the first bump to HBLS, has not fmend yet. Observations with
VHE ~-rays for all types of blazars are therefore especiallyra@gtng for this topic.

2.3 Emission models

In general, two types of emission models have been considerdlazars. One is based on the
acceleration of electrons, the so-called "leptonic orggienario” (see e.gl, [110, 220]), the other
is originated from emission by the acceleration of hadrgsténs), the so-called "hadronic
origin scenario” (see e.g., [1€9, 181]).

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

2.3.1 Leptonic origin scenarios

In leptonic origin scenarios, the lower-energy bump in tB®3s most likely produced by syn-
chrotron radiation of relativistic electrons in a magndittd, while inverse-Compton (IC) scat-
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tering by the same electrons is believed to be responsiblaéchigh-energy bump in theray
spectrum.

Synchrotron radiation spectrum

For the synchrotron spectrum by isotropic distributionlet&ons in a homogeneous, randomly
oriented magnetic fiel®, the emissivityj, as a function of frequenay can be defined using the
electron distributiomMN(v), wherey is the Lorentz factor of the electrons [140]

“Ymax
jV:CZB/_ N())F <c1EV372)' 2.1)
F(X) is the function
FO=x | Kealdk, (22)

whereKs/ 3 is modified Bessel function of ordey'8, and here

3¢ . V3e o= V36
arme’ 2T 4rme 2 8rméc

(2.3)

CL=

are defined as constants with mass of the electrand electric charge of the electren

Absorption of the generated synchrotron radiation can ioata sufficiently low frequency
because the brightness temperature of the radiation mapaqp the kinetic temperature of
the radiation in such a frequency range. This is knowrsyaghrotron self-absorptionThe
absorption coefficient is [140]:

_ 1 “Ymax ) a N(’}/) v
a, = C3BV2 dyy 87[ v F B2 (2.4)

“Ymin

Finally, the overall synchrotron emission spectrum carepeasented by the radiative trans-
fer equation using a length of the emission redion

l, = J'—”(1—e'°¥v'). (2.5)
(077

When the electron distribution can be denoted by a powerNgw) = K+y™"dy, the syn-
chrotron emission spectrum can be expressed by (see &§]) [1

2 gl <1
I, o {” < (2.6)

5/2 a,l > 1.
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Inverse Compton spectrum

For calculating the inverse Compton (IC) spectrum, we esnphe formula derived by Jone
(1968) [142]. It is accurate in all soft (target) photon eyeranges (i.e., both the Thomson
and Klein-Nishina regimes) as long as the photon and eledatistributions are isotropic, and
the electrons are ultrarelativistig (> 1). The electron energy is denoted Hy.c?, the soft
photon energy by,m.c?, and the scattered high energy photoreioyc?. The differential photon
production ratej(e) (number of photons of energyproduced per energy interval per unit volume
per unit time) will be a convolution over the electron and gdfoton distributions,

o0 = / deon(co) / hN()C(e . o), 2.7)

wheren(ep) is the number density of soft photons per energy intervdlldfy) is the electron
distribution. The Compton kern€l(e, v, ¢g) given by Jones (1968) [142] is

2rr2c
C(€777€0) = e
Y€o

(4eqyr)?
[2/€|nl-€+(1+2/~€)(1—/€)+m(l—ﬁ) , (2.8)

where

€
- Aeoy(y _6).
For giveney and~, the allowed kinematic energy range fais

(2.9)

K

(2.10)

For a power-law Kl(y) = Ky™dy) electron spectrum,Nl/de, the resultingy-ray spectrum
in the non-relativistic regimea(= 4ccg < 1) has a power-law form with a photon index=
(n+1)/2 [112]. In the ultrarelativisticg > 1) regime they-ray spectrum is noticeably steeper,
dN/de x e *(Ina+const) witha = (n+1) [65]. Several useful analytical approximations for the
~-ray spectra over a broad energy interval, including theseregimes and the Klein-Nishina
transition regiond ~ 1), can also be found in [25, 84].

Depending on the target photons for IC scattering, the mealelbe divided into two types:
(1) The target photon is the synchrotron photon producedhieysame 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 acoretlis@ (External inverse Compton
(EC) scattering).

The observed correlations of the X-ray and VHEay fluxes during large flares of VHE
~-ray emitting blazarg [172, 281, 155] provide experimertatience for the SSC mechanism.
The SSC model is widely accepted for describing ViHEay emission of HBL objects. One the

2Generally, the average energies of the external photonsasured in the local stationary frame canb&0
eV (UV region) for the photons from the broad-line emissiegion, 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 explgimluminousy-ray emission in
LBLs and FSRQs.

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

Synchrotron self-Compton model

One of the simplest models, the one-zone homogeneous SS€l,msdumes that the soft pho-
tons of IC scattering are the synchrotron photons in the saimission region within the jet.
The emission region has a characteristic $Zemoving at relativistic speed = v/c. Both
relativistic electrons and photons are isotropic in thersedrame. The observed radiation is
strongly affected by relativistic beaming effects. The kayameter is the Doppler beaming fac-
tor § = [['(1—-3cosd)] 1, wherel is the bulk Lorentz factor of the emission region in the jed an
0 is the angle between the line of sight and the direction ofé¢tedivistic jet. When the observer
lies with the angle ofl ~ 1/T", thend ~ I". Sinced is sufficiently small for blazarg] ~ 1/T" is
assumed throughout this thesis.

The observed spectral shape requires that the relatiekgatron spectrum steepens at high
energies. This behavior is approximated with a broken pdawemwith indicesn; andn,, below
and above the "break" energymec?, respectively. This particular form for the electron spec-
trum has been assumed on a phenomenological basis in ordestoibe the curved shape of
the SED. In some other models, the electron energy distoibditinction is determined from a
kinetic equation (e.g., [109, 147]). In that case, assurtfiegstandard hypothesis of a power-law
injection and subsequent cooling and escape in a homogeagios, the electron spectrum can
be characterized by a broken-power law but a spectral chaindya(= n; —n,) = 1 is expected by
synchrotron or inverse Compton cooling effects. On therdthad, for some blazars the spectral
changes in their observed SEDs appears to be largerAimaml. This might suggest a more
complex situationl[60, 234]. Throughout the works in thiedis we use the Hubble constant
Ho =70 km/s/Mpc 2, =0.70,y = 0.30 for the calculation of source luminosity distance.

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

e the emission region siz® [cm]

¢ the minimum Lorentz factor of the electronsg;,
¢ the Lorentz factor of the electrons at the break:
e the maximums Lorentz factor of the electrongax
e electron spectral slope before the break:

e electron spectral slope after the break:

¢ normalization factor of the electron densitJcm™]
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¢ the magnetic field intensityB [G]
¢ the Doppler beaming factod:

The model is not sensitive to the exact valueygf,, here we assume,,j, = 1 in this thesis,
and then the model has 8 free parameters.

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

¢ Photon index of synchrotron radiation before the break:

Photon index of synchrotron radiation after the break:

The frequency of the synchrotron at peak;

The frequency of the synchrotron at high-energy cut @ff;ax

The frequency of IC peaky.

The total measured energy flux for the synchrotron compotgnt

The total measured energy flux for the IC componént:

As shown in FigZB, the synchrotron frequencies from alsietgctron of Lorentz factoy,
at break energy ormax at maximum energy can be characterized by|[147]

§
Vsbymax = 1.2 x 1OGBV§/maX1—+Z . (2.11)

The peak value of the observed SSC energy in the Klein-Nast@gime is

)
— 2
hue = CrypmeC T+ (2.12)
whereC < 1 is a constant representing the uncertainty of the Kleishivia effect.
The third relation is obtained from the ratio of the synctootluminosity to the Compton lumi-
nosity (seel[144]):
_ d K
Ug = T
R2co* |
whered? is the luminosity distance ang; is the energy density of magnetic fielas(= B?/8r).
We recall that the one-zone homogeneous model is selfiaddat radio frequencies and cannot
explain the radio emission, which implies further conttibns from the outer regions of the jet.
One more observable quantity can be provided by the mininin@sicale of variationt,,,
which can be directly connected to the source dimendgthrough the causality relatidR <
Ctvar(s-
In most cases, these "observable" quantities are rathartant because it is not easy to
complete such a broad-band SED by observational data whecldeally taken at the same

(2.13)
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Figure 2.5: An example of the SSC model. (a): an injectedtelacspectrum with a simple
broken power-law. (b) an output photon spectrum based orotigezone SSC model using
the electron spectrum with a broken power-law distributi€@haracteristic features (spectral
peaks/breaks) are indicated in the plot. This spectrum waduged using following values.
R=2x10%[cm],n;=2,n;=3.6, Ymin=1,7 =5x 10%, ymax=2x 1%, B= 0.3 [G], K=5x 10*
[cm™3], § = 20,z=0.034.

epoch. In practice, they are often inferred from observatiobtained at different epochs and
with incomplete frequency coverage. Itis also possiblankeans of hypotheses based on physics

processes, to constrain allowed ranges of the SSC paranistanalytical formula (e.g., [234,
54]).

In Fig.[2Z.8, we demonstrate behaviors of the output photectspm from the one-zone SSC
model (hereafter, called "SSC spectrum”) using the codeslalged by Tavecchio et al. [234,
235]. First, we set a "reference"” SSC spectrum with nomiaales (see e.g., [165, 235] and
also Chapter 11) atR=2x 10" [cm], n; =2, n; = 3.6, Ymin = 1, 7 = 5% 10%, Ymax =2 x 10°,
B=0.3 [G], K=5x 10" [cm™], § = 20 andd_ = 147.6[Mpc](z = 0.034). Next, we changed
each parameter of (a), (b) B, (c) K, (d)  separately with five steps to demonstrate how each
parameter contributes to the evolution of the SSC spectrdsone can see in Fi§. 2.6, the
SSC spectrum showed some characteristic changes depesdithg parameters. Briefly, as
each parameter value increases; (a) The peak positionsfotbmponents move towards higher
energies (cf. EQ.Z.11 add Z112). Low energy bands (ratiptica bands) below the synchrotron
peak remain unchanged. (b) The overall flux in SED increa3dé® flux of the synchrotron
component increases more than the other because the nuafyeletiis directly related to the
synchrotron radiation process. In addition, the syncbropeak is slightly shifting to higher
energy (cf. EqCZI1 arldZ111). (c) The overall flux in SED imases. The IC component changes
more because not only the electron density but also thepboften density for the IC scattering
increases (roughlys o< K, 1. oc K?). (d) The relativistic beaming effect contributes equadly
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both components because it is independent from radiatimcegses.

Comparing the observed source SEDs taken in differentsstditsource activity, we can specify
the contribution of each parameter to the spectral evalutinich could represent the physical
conditions in the jet.

There are other types of SSC models. For example, some naréadgveloped using param-
eters with time dependence (e.q., [173,/1153]). These madelbe used to describe flare states
which show a fast variability. There are also two-zone medehich assume e.g., a fast jet spine
and a slower surrounding sheath (elg., [111]). Such modelexplain more complex structures
in SEDs and wider varieties of correlations between diffeemnergy bands.

Finally, Fig.[ZT shows some previous studies of leptonidet® which were applied to
observational data. (a) Mkn 501 using a one-zone SSC mo88].[fb) BL Lacertae using SSC
and EC models [167]. As can be seen in (b), when both softgphpbpulations (synchrotron
and external photons) contribute to the IC emission (SSQ+&#@ 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 fumetof the input parameters. A
reference spectrum, denoted by a grey curve in all plots,praguced withR = 2 x 10" [cm],
M=2,N=3.6,Ymin=1,7=5x 10% ymax=2x 10°, B=0.3 [G], K =5x 10* [cm™®], § = 20,
z=0.034. In each plot, a parameter was changed in five steps. Tiresvased are indicated on
the right side of each plot. (a) electron Lorentz factor akpenergyy, (1 x 10* — 2 x 10°). (b)
magnetic field strengtB [G] (0.15— 0.7). (c) electron density parametérfcm™] (2 x 10* —

1 x 10P). (d) Doppler beaming factar (12 — 28).
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Figure 2.7: Leptonic origin models with observed SEDs. (a¢r@ll SED of Mkn 501 of April
16, 1997, April 29, 1998, and June 1999. The solid line is fecsum calculated with the
homogeneous SSC model (taken fram [235]). For all staRs:1.9 x 10'° [cm], n, = 1.5,
Amin = 1, ymax = 1 x 107, B=0.32 [G], § = 10. For each state: (1997 April 16/ 1998 April 29/ June
1999)n, = 3/3.3/4.3, 1, = 7x 10°/3 x 1(°/1.06 x 10°, K = 1 x 10°/3 x 1(%/3.5 x 10? [cm™].

(b) Overall SED of BL Lacertae in July 1997 (taken from_[167T)he dashed lines show the
theoretical model, which includes three components: tinelsptron component dominating in
the radio-to-UV range, the synchrotron self-Compton (S&@hponent in the X-ray range, and
the external Compton (EC) component dominating in the Me&¥@nge.
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2.3.2 Hadronic origin scenarios

The hadronic models assume that a high energy protonic coempa@ontributes to the high-
energy bump, while the low-energy bump is explained by syatcbn radiation of co-accelerated
electrons. The energy of relativistic protons can be cdedento high energy radiation via the
following processes: (1) direct synchrotron radiation abtpns, (2) photomeson production
(p++v — p+kn), and (3) nuclear collisiong@ p — =« +X). The first two processes are known
to be very inefficient, and they can become important in AGts mnly for proton energies
> 10 -10'° GeV. Only for such high energies can the time scales of thoprenergy losses
become comparable to or shorter than the propagation tiale s€the AGN jets. Energy losses
of such energetic protons are dominated by photomeson gtiodyand this process was used for
explainingy-ray production in blazars by the so-called the proton-gedlicascade model [170].

In that model, the radiation target for photomeson products dominated by near/mid-
infrared radiation. In blazars, such radiation is provitigchot dust at distances ef 1-10 pc
from the central sources and/or by synchrotron radiatiaa tdurelativistic electrons in the jet.
The main outputs of the photomeson process are pions. The fake about 1/3 of the protons’
energy and convert it to photons, neutrinos, and throughnsuo electrons and positrons. The
photons injected by neutral pions are immediately absobyezbft photons in the pair produc-
tion process. Most of this radiation is so energetic thatrddpces two more generations of
photons and pairs. The final output of this synchrotron-sujgpl pair cascade is the high energy
component, enclosed within or cut off at energies above hvplwtons are absorbed byya-
pair production process. This maximum energy can-ig0 GeV in FSRQs, as determined by
external UV radiation, and- 1 TeV in BL Lac objects, as determined by infrared radiatién o
dust [202].

Much less extreme proton energies are required in modeésdb@s the assumption that the
proton energy losses are dominated by collisions with theiamh gas. The final output of
these collisions is the same as in the photomeson processielativistic electrons/positrons,
photons and neutrinos. The process can be efficient onleitthumn density of the target is
ny > 10?°cm ™. Bednarek (1993) [53] proposed as a target the funnels fan@und the black
hole by a geometrically thick disk, while Dar and Laor (19¢8€] suggested interactions of jet
with cloud and/or stellar winds. The disadvantage of sucliei®is that relativistic protons,
before colliding with the nuclei, may easily suffer deflecis by magnetic fields; this generally
results in a lack of collimation of the radiation.

In the case the-ray radiation is of hadronic origin, one also expects tedeVHE neutrinos,
but at least km-square sized detectors are needed, likeCITEE" project [201]. The detection
of neutrinos would clearly favour this model. One of the l@ggproblems of the hadronic models
is that the acceleration and cool-down processes involkedagher slow, while flux variations

in AGNs have been observed during very short time spanscéilpi 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 noaave background radiation
(CMB)". Additionally, the universe is filled by diffuse lighwhich is called "Extra-galactic back-
ground light (EBL)". It is the integrated photon flux from aktra-galactic sources, including
those which are not detected individually. Assuming thatuhiverse should appear homoge-
neous and isotropic to a typical observer ("Cosmologidalgyple”), the EBL is expected to have
a uniform mean level on large angular scales over the sky.

When traversing cosmic distances, the high-energy phatam$e absorbed by the EBL via
process ofy+v — €"+¢e (photon-photon pair production). Itis, therefore, impmittto take into
account this effect for measured spectra in the \VVHEay band in order to study intrinsic source
spectra.

The photon-photon pair production has a kinematic thresgween by

Ee(1-cosd) > 2(mec?)? (2.14)

whereE ande are the high and low energies of the two photons, @mslthe collision angle.
Following [118,241], the total cross section, is

= gors(a), (2.15)
_ o 1 +y1-
s@=al(1+a- ) Y @V 216
_(me®)? 2
9= "B 1-cow (2.17)

whereor is the Thomson cross section. The functsdg), shown in FigLZ1B, reaches its maxi-
mum atq = 0.508. For ahead-oncollision (¢ = 7) the peak of the interaction cross section of a
~-ray of energyE ~ 1 TeV corresponds to pair production with a soft photon energ 0.5 eV.
Therefore, the wavelength) of the soft photon at the peak cross section can be written as

E
A=24 — 2.18
Lim—=— (2.18)

It is necessary to calculate the absorption probabilityheftiigh energy photon per unit path
length d-,, /dl, wherer,., is the absorption "optical depth" for photons of eneEgyraversing
an isotropic diffuse radiation with spectral density(q/de. With an integration ove#, the
absorption probability is given by

dr,, _3 > dn(e) (mec?)?
dl éO’ /nECZ)Z d€ de F ( EE 5 (219)

1
Q) = 267 / (X clx (2.20)
g
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Figure 2.8: The behavior of the functios§), S(p) (see text) which peak gt =0.508, 0.28,
respectively.

wheres(x) is from Eq[ZI6. The attenuation of the high enefgsays byisotropicbackground
photons peaks af= 0.28 of §g) (shown in Fig[ZB), corresponding Ex = 3.57(m.c?)?. This
gives a characteristic energy of the soft photen0.9eV for the most effective attenuation of a
1 TeV ~-ray, and the corresponding wavelength is

E
=1 — 2.21
A 33,um_|_ev ( )

This energy is almost a factor of two higher than for a headalision given in Eq[Z.T8.
The lowest energy of a soft photon for interaction with a haindton of energye is deter-
mined by the threshold for pair production in a head-on sialh,

E
A= 4. 75um—— 2.22
HMTev (2.22)

For ay-ray of energyE, which travels cosmological distances from a source ahitids we
can generalize EQ._ZR0 to obtain the optical depthi [222],241

z o dn(e c?)?
TW(E,Z):gUTHio/O \/(1+z)dz/nbcz)2 de Z(E)F <E(e(m;+)z)2) (2.23)

E(1+2)2
whereH, is the Hubble constant andh@)/de is the present-dayzE 0) spectral EBL density.
Fig.[29-(b) shows:,,(E,2) for z=0.031, 0.034, 0.047, 0.0641. Using those values of ., (E, 2),
an intrinsic source spectruMiyinsic(E), which is corrected for the absorption by EBL, can be
estimated from the measured spect@imasurelE) bY,

Pintrinsic(E) = PmeasuredE) - eXp(T’y'y(E7 2)) (2.24)

3these values corresponds AGN sources of Mkn421Q0,031), Mkn501 ¢= 0.034), 1IES1959+65&E 0.047),
BL Lacertae £=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 measur@sat various
wavelengths. Each upper triangle represents the valuetfrergalaxy count at each wavelength.
Red line is based on "low-IR" model of Kneiske et al. (2004¢JL Blue is taken from "fast
evolution" model of Stecker et al. [223]. Other two lines Bigper limit from [18] @reer and
[174] (blackdashel (b) attenuation coefficient expt,,) in the case 0£=0.031, 0.034, 0.047,
0.069 using the EBL spectrum shown in red line in (a).

According to Eq[ 221 anf—ZP2, a VHizray photon is sensitive for absorption in the
optical-infrared range of EBL rather than CKIBCurrent measurements and some models of
EBL at present-dayz(= 0) in this wavelength range are shown in Kigl 2.9-(a). Twdsomain
contributions are the (redshifted) relic emission of gedaxand star-forming systems (peak at
A~ 1-2pum) and the light absorbed and re-emitted by dust (peak-at100-200um) (see
[158,/143] for reviews). The EBL has a strong connection fexgaevolution in universe.

However, direct measurements of the present EBL spectréfigr $tom large uncertainties,
as they are dominated by large foregrounds of galactic adaeal light. In turn, attempts to
model the EBL spectrum (e.g\., [148, 223]) are challengedhleyrieed for strong assumptions
on cosmology, star formation rate, the distribution of math universe; additionally, a good
understanding of the light recycling history is requiredn tBe other hand, we can constraint
the EBL flux in the optical-infrared region by means of measduthe VHE~-ray spectra of
distant AGNs. Recent studies [15, 174] have suggested tieaEBL flux at this wavelength
range is lower than what previous models predicted and sedo the lower limit, which was
derived by direct measurements of galaxy counting. Througkhis thesis, we use the EBL
model suggested by Kneiske et al. (2004) [148] as "low-IRteidthe red line in Fig_2]9-(a))
because this model show similar fluxes to the upper limit by.H.S. [15] around the peak at
A~1-2um.

4a 100 TeV photon begins to feel the presence of the CMB
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As one can see in Fi§._2.9-(b), the effect of absorption dsa® as the energy becomes
lower. Therefore, observations for blazars with low enghggsholds in the VHE-ray band are
of great advantage:

e detecty-rays from distant sources, which increases the numbertod-galactic VHEy-
ray sources. The distant sources can provide us with crinf@mation about the EBL
spectrum.

e study intrinsic fluxes of extra-galactic sources avoidinggible errors by the absorption
correction. Due to the ambiguity of the EBL flux, larger sys&tic uncertainties remain
in the corrected VHEy-ray spectra in higher energies.

The distance where,,(E,z) = 1 at a given energy is known as thgtay horizon". This rep-
resents an observable distance with a given energy photgnZE0 show the+-ray horizon"
provided by two different EBL models. In general, when lowwgry-ray energy, the correspond-
ing z-value atr,,(E,2) = 1 becomes higher. This means that the universe is gettorg trans-
parent for the VHEy-ray observations with a lower energy threshold so that wepsmetrate
deeper into the universe, and hence are able to study eaggssof the universe.

TW(E, 2)=1

Kneiske et al.(2004), “low-IR"
Stecker et al.(2006),

“fast evolution”

100}

Gamma EnergyH) [GeV]

18 Lol 1ol e
01 0.1 1 L
Redshift ¢

Figure 2.10: Gamma-ray horizon. The lines denote the dadegthr,,(E,2) = 1 as a function
of the~-ray energy and the redshift for the EBL models of "fast etioh)' model in Stecker et
al. (2006) ] blue dashed curyeand the "low-IR" model in Kneiske et al. (200@.48@3@
solid curvg. The areas to the right and above these curves with darkscotmrespond to the
region where the universe is optically thick ferrays. The horizontal green line indicates the
current analysis threshold of the MAGIC telescope (at 80 eV
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2.5 Motivation for this Thesis

To investigate the fundamental physics of blazars, eslyeéta systematic studies such as the
"blazar sequence"” (see sectlonl 2.2), we need a fair amowsduwte samples. However, the
number of blazars from which VHE-rays have been detected ("TeV blazar") is still very small.
In 2004, when | started this work, there wamely 7 AGNs confirmed as VHE)-ray emitters
(see Tablé112). All of them belonged to the HBL class (exéepbne, FR-II, M87). None of
the TeV sources were found among either LBLs or FSRQs. Toexethere was a strong desire
to increase the source number of TeV blazars.

Searching for new TeV blazars, we designed an observatiategy based on the TeV-source
candidate list proposed by Costamante and Ghilleine (2[832)hereafter CG02).

2.5.1 Search for AGNs as new TeV blazars
Target selections

CGO02 selected TeV candidates for BL Lac objects among artataber of 246 different AGNs.
A main criterion was the existence of both high-energy etexst and sufficient soft photons to
enable TeV emission. Thus, the objects were required to shudficient radio, optical and X-
ray fluxes. The selection results can be seen in[Eig] 2.1Allfithey selected 33 objects and
calculated the integral fluxes of those objects above 40 G@¥GeV and 1 TeV, using a simple
one-zone homogenous leptonic origin model.

The information about the predicted fluxes provided in theD€@st was used to select the
best targets for searching new VHEay emitters with the MAGIC telescope. For a more realis-
tic feasibility study, we estimated the flux above 80 GeV,ahirioughly corresponds the MAGIC
analysis threshold, using the following formula based oreffuabove 40 GeV as predicted by
CG02:

80\ ™Y
F(> 80GeV) =F (> 40GeV)x (ﬂ)) (2.25)
This method assumes that the photon index of differentedispm ) of the potential source
is similar to that of the Crab Nebula € 2.6) because the maximum value of the observed SSC

energy (at column 4 in tab[e2.1 estimated by using Eq.(8L41]) is sufficiently higher than
the MAGIC threshold of 80 GeV.

In the end, we found that two sources, BL Lacertae 0.069) and PG 1553+113 ¢ 0.09),
which showed higher predicted fluxes than the flux senstivitthe MAGIC observation for
15 hours (58 x 10 cm™?s™). BL Lacertae emerged as the best candidate for a TeV blazar i
our observations. In addition, the following results fromeypous observations supported our
selection based on the CGO02 list.

e The object with the highest flux prediction among the caneslan their list, 2005-489,
had already been detected by H.EE[$6] at that time.

5This source was one of the first discovered AGNs during the HHE observations.
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Figure 2.11: BL Lac objects collected by Costamante andi&hd (2002) [[85].(a): Radio (5
GHz) and X-ray (1 keV) plangb): Optical (550 nm) and X-ray plane. All objects to the right
and above both dotted rectangles have been considered tmobecgndidates for TeV emitters
(The plot is updated from the original one with some newlygdiered TeV emitters).

Table 2.1: Measured X-ray flux at 1 keW,(.y), predicted integral flux at energies above 40
GeV (F>a0cews from [85]) and 80 GeV R-gocev, from Eq.[2.Z5) and maximum energy of IC
emission Essc ma). The VHE~-ray fluxes are given in units of T#cm2s™,

Source Fikev Fsa0cev Fsgsocev Esscmax
[1dy] [GeV]
BL Lacertae | 1.91 42.8 141 442
PG 1553+113 6.54 22.3 7.4 186
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e BL Lacertae was observed with the Whipple 10 m telescope9dt Bours in 1995. The
derived upper limit for the flux above 350 GeV was at 3.8% of@hab flux [135]. HEGRA
found an upper limit above 1.1 TeV at 28% of Crab flux with 26outs observation
time [12]. These values are compatible with the flux predidte CG02. (1.7% Crab flux
at 300 GeV and nog-ray are expected at 1 TeV.)

e MAGIC had observed the fourth-best candidate in the listo@&; for about 20 hours
during the commissioning phase in 2004, but did not succeetktecting VHEy-ray
emission. This result was consistent with the flux predidtedCGO02. Accordingly, we
can estimate a minimum observation timeo#l0 hours.

Concluding that these two objects were the most promisingees for the detection of VHE
~-ray emission with the MAGIC telescope, 20 hours of ON-sewbservation were proposed
in 200,

BL Lacertae is classified as an LBL. Before this thesis, ViHEay emission had not been
detected from any objects belonging to this class. Theseetorsearch for a VHE-ray signal
from BL Lacertae is particularly important not only for imasing the number of VHE-ray
sources, but also for establishing a new class of objectsasrae of VHEy-rays.

| had taken a responsibility for this challenge as a PrircipVestigator for the observations.
The observations and results of this project are report€&hapter 7 of this thedls

2.5.2 Simultaneous multiwavelength observations

For discussing emission models of TeV blazars, it is necgssa@btain the SED of the source in
a wide energy range. In addition, blazars often show a stitargariability down to time scales
of a few minutes for the highest energy range [103, 41]. Hesiceultaneous multiwavelength
(MWL) observations over a wide energy range are essentiagtialying the physics of TeV
blazars.

Correlation between X-ray and VHE ~-ray: In TeV blazars, the correlation between X-ray
and GeV-TeV~y-ray fluxes is important because it has been well interprb{e8SC emission
models. In these models, emissions in these energy ban@dssweiated with relativistic elec-
trons with comparable energies in the jet.

As an example, the multiwavelength campaign on Mkn421 iMdi8#h the ASCA satellite
and the Whipple telescope [231] showed significant vaiitgkih both X-rays and Te\y rays
with a good correlation. The observed SED can be well expthiny the SSC model. On the
other hand, during the multiwavelength observation on 1BS9%650 in 2002/ [156], a TeV
~-ray flare without any X-ray counterparts was observed. $higalled "orphan” flare cannot
be explained with conventional one-zone SSC models andestg¢p consider new emission
models.

8In total, about 1000 hours per year are available for the M&Gbservations.
"the other candidate shown[[IR.1, PG 1553+113, was also ssfotlg established as a new TeV blazar. The
results were reported irl_[35]
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Previous simultaneous multiwavelength campaigns: Most of the previous multiwavelength
campaigns suffered from low sensitivity of the participgtiy-ray telescopes. Therefore, the si-
multaneous observations were limited to being conductédduring flaring states. The study of
the sources in low states of activity may reveal new emisstonponents that are masked during
flaring states/ [15]. The connection between high and lovestatay provide physical informa-
tion about the jet activity. The old telescopes were unable¢asure data below 300 GeV. As
discussed in sectidn2.8.1, it is important to obtain SEDrimiation around the IC peak. In some
special cases, the peak may occur around several hundr&svofluring strong flare states. It
is, however, widely estimated that in most HBLs the peakéaied around several tens of GeV.
To access these IC peaks, observations with lower threshotdnecessary.

MAGIC, which has the lowest energy threshold among the atirieaging Atmospheric
Cherenkov Telescopes, can access the energy range beld@el0Mh addition, the high sen-
sitivity allows the detection of GeV-TeV-ray signals with observation times shorter than ever
even in the quiescent state. Together with wide energyeatitpy satellites, these new instru-
ments make it possible to perform multiwavelength obseuatin a much wider range.

Source selections: We selected Mkn501zF= 0.034) and 1ES1959+65@ € 0.047) as targets
for the MWL campaigns. They were sources already estaludliabdeV blazars before | started
this worl, They show rather high fluxes even in their quiet statesd 0% Crab flux, while
many of them have only several % Crab flux), which is enough©MAGIC to detect significant
VHE ~-ray signals within a few hours. It is an important estimatfor obtaining real (quasi-
)simulation data with X-ray and VHE-ray, because long time overlaps cannot be achieved
with X-ray Satellite observations (several hours at mos8 t the different operational modes
between ground-based telescopes and satellites. Thesmesare located rather close to us
among the TeV blazars. It is an advantage to study intrirmicce spectral features in the VHE
~-ray band because flux uncertainties, possibly incurrechbycbrrection of EBL absorption,
can be suppressed (cf. section 2.4).

We organized extensive MWL campaigns for these two sourdds am X-ray Satellite,
Suzaku, in 2006. The observations and results are repamnt&hapter 8 of this thesis (for
Mkn501) and Chapter 9 (for 1LES1959+650).

In addition to these intensive MWL observations, we alsopéad long term observations
("monitoring") for 1IES1959+650 and Mkn42% £ 0.031). Mkn421 is the first-established
and brightest of all TeV blazars. We also report parts ofdh@sservations 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 (HXPe XIS are sensitive in the
0.3-10 keV band with two types of CCDs composed of frontalinated CCDs (for XIS0, 2 and
3) and a back-illuminated type (XIS1). XIS1 is particulasbnsitive below 2 keV. The HXD is a
non-imaging instrument, sensitive in the 10-600 keV baodjposed by a Si-PIN photo-diodes
detector (probing the 10-60 keV band) and a GSO scintilldédector (sensitive above 30 keV).

8j.e. they were two sources among 7 established TeV AGNs ttithe.
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Thanks to the good noise shielding, the HXD is the most seaditetector in the 10-60 keV
range among the currently available X-ray satellites. &foge, Suzaku seems to be the best
X-ray satellite to cover the wide-range SED for blazar sadi
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Chapter 3

Air showers

Once high energy cosmig-rays enter the atmosphere of the Earth, they start to icttevih
particles in the atmosphere and produce large cascadeswitige number of secondary par-
ticles (e, ), called "Extensive Air Showers (EAS)". Therays generate air showers via the
electromagnetic interaction ("Electromagnetic cascadHie energetic secondary charged par-
ticles emit Cherenkov radiation. An Imaging Atmospherie@mnkov Telescope (IACT) detects
the Cherenkov light as a signal to observe the primargy flux. Cosmic rays of charged par-
ticles (protons, helium nuclei.. etc.) also induce Cheoarlight from their air showers. These
showers are developed by the strong interaction ("Hadrcascade") and become backgrounds
for the~-ray observations with the IACT. These two kinds of air shsheave different features
due to the differences of the interactions inside the shew&aking advantage of such differ-
ences between these two classes of showers, IACTs disatieninost of the hadronic showers
as background events. This chapter briefly summarizes tysqshof air shower and describes
the subsequent production of Cherenkov light includingé&eaihdescriptions about IACTSs,

3.1 The atmosphere

The relation between altitude and atmospheric verticgbtiaex, measurdlin [g/cn?] is shown
in Fig.[31.
X, is related to the density profile of the atmosphere by

X, = /h p()dH, (3.1)

wherep(h) is the density of the atmosphere at altitdideSo far an isothermal atmosphere, the
Eq.[31 can be described by means of a constant scale hejgist[104]

XV:Xgexp<—h£0) (3.2)

Lt is useful to use the "lengthX in [g/cn¥] to discuss particle interactions. In this scale, e.g.j¢héation loss
is almost constant with respect to the length, regardleseafedium.
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whereXy = 1030 g/cm.
In reality the temperature and hence the scale height deergith increasing altitude until

the tropopause (12-16 km). At sea letgl~ 8.4 km, and forX, <200 g/cnt the scale height is
h0€3'6.4-kn1.

In general, the relation betweérand distance up the trajectoty {s (for| /Ry < 1)
h“lcos@+}£sin29 (3.3)
~ SR ,

for zenith angle) whereR,, is the radius of the Earth.
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Figure 3.1: Relation between the height in atmosphere andtthospheric depth.

3.2 Electromagnetic Cascade

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

Bremsstrahlung: Bremsstrahlung is the radiation associated with the actéda of electrons
in the electrostatic fields of ions and the nuclei of atoms.e €hergy loss per lengtk (in
[g/cn?]) of a charged particle in the relativistic regime due tomsstrahlung can be described

by (see e.q./[97])
dE _ 72 , , /M2 183
_d—x - 4OZNAK22re <ﬁ) Eln <ﬁ) (34)
whereq is the fine-structure constaril, is the Avogadro numbep, A andZ are the average
density, atomic mass and charge of the mediumgis the electron mask; is the classical electron
radius and, mandE are the incoming particle charge, mass and energy, regpictl he energy
loss is inversely proportional to?. Therefore bremsstrahlung is an important process fot ligh
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Figure 3.2: Simulated air shower induced by a 100 Ge¥ay with a zenith angle of O
The shower development is illustrated with particle tra@s (blue), 4 (red, pinK, hadrons
(e.g.,p, 7%, %) (greer) which contribute to the Cherenkov photon productiofiseft]: Side
view. The first interaction point of the primary particle is@adenoted 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’ZGea.
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charged particles, e.g. electrons and positrons. Here awalefine a radiation leng, over
which the electron loses a fraction (1e)L6f its initial energy on average by bremsstrahlung.

__E o zz,, (183
X% with  Xg —4aNAK22reIn <ﬁ> (3.5

The radiation lengtiX, for electrons in air is 36.7 &£, corresponding tez 300 m for standard
pressure at sea level [253] .

Pair production: In this process, an electron-positron pair is produced byriteraction of a
high energy photon with a virtual photon*) emitted in the strong electrostatic field of nuclei
(y++v* — €"+€"). The cross section of the pair productignwith a high energy photorh( >
mc) can be written|[128]

Z2 2 1 2
op R E?ré <§8IogZT8/§— 2—7) [cm?] (3.6)

The mean free path of pair producti®p can be written using the radiation lengthapprox-

imately:
Na \*' 9 o
Xp = (K -ap) A ?Xo (47.2g/cn in air). (3.7)

Since both characteristic lengths of bremsstrahlung airgopaduction can be expressed by
Xo, the shower development can be discussed using the "leafjthédium by scale oX,.

The energy loss by ionization loss over 1 radiation lengia)Is defined as "critical energy"
for electrons. The critical energy in the atmosphere is 8% Mnce an electron reaches the crit-
ical energy, in effect, it stop producing secondary photonbremsstrahlung in the atmosphere
for the cascade. It loses its energy by ionization loss.

Primary cosmicy-rays first interact with nuclei at a height between 15 to 25dbove sea
level and induce electron-positron pairs by the pair prtidagrocess. Subsequently, the elec-
trons and positrons emijtrays via bremsstrahlung, and then thegsays again produce electron-
position pairs. Air showers induced hyrays continue to develop through these electromagnetic
cascade as long as the secondary particles have energiesthbaritical energy. Once the par-
ticles fall below the critical energy, ionization, excitat and Compton scattering dominate the
energy loss and, finally, the cascade shower stops.

The shower development is strongly collimated towards thection of the incidenty-ray.
The total number of electrons and positrons above the ariéinergyE. can be approximated
by [214]

_ 031 23
Ne(t,E)—imexp{t (1 2Ins)} (3.8)

: 3t
S(t,E) = W (3.9
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whereE is energy of the primary-ray, t is the depth of atmosphere scaled with respect to the
radiation lengtht(= X /X,, X, = 36.7g/cn¥), ands is called "shower age". The shower age can

be clarified by
dNe(t,E) 3In(E/E:)(s-3Ins—-1)
dS - Ne(t7 E) (3_5)2

As one can see in this equation, in the range ef 8 < 1, the number of electrons and positrons
(Ne) increases asincreasesdN./ds> 0), which means the shower is still developing.sAt 1
(dN./ds=0), N, becomes maximum and, hence, the number of secondary parteches a
maximum in the shower development ("shower maximum"). W&enl, the shower is fading
out asN, decreasesi\./ds < 0). The shower maximum depends only weakly on the energy of

the primaryy-ray tmax=In(E/E.)).

(3.10)

10° £

10% |

number of electrons
>

.
atmospheric depth [g/cm?]

Figure 3.4: The total number of electrons ab&en an electromagnetic cascade as a function
of the atmospheric depth (see EQ.13.8). Various curves sjporel to different primary-ray
energies and numbers in the figure represent the energiles pfitnaryy-ray.

Multiple Coulomb scattering is a main process for deterngrthe lateral size in an electro-
magnetic cascade. The average scattering aghgfemultiple Coulomb scattering is described
using depth scaled by radiation length x/X, [185]:

2
(6?) ~ <%) t: Es= %T -mc? = 21 MeV (3.11)
The characteristic size of the lateral spread in a showeol{@vk radius"rg) is
Es
ro= Ex0 ~ 9.3g/cn?, (3.12)
C

which is 78 m at sea level.
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The lateral distribution of electrons and positrons can &&ameterized by the Nishimura-
Kamata-Greisen (NKG) formula[186, 120], which descrilbesdensity of electrons and positron
as a function of the distanecerom the shower axis:

_ T(45-5)  Ne(t,E) [r\*? N
bl L) = S T er@5-29 12 <g) (1+r—0) (3.13)

wherel is the Gamma function. This formula is valid strictly onlythre range of D < s< 1.4.
However, this formula can provide information of the latedestribution immediately and be
useful for the air shower simulation.

3.3 Hadronic Cascade

A hadronic shower is produced by the interaction of a hadraosmic-ray particle with an
atmospheric nucleus governed by the strong interactionth&sesult of the interaction, pions
(=*, 7% represent about 90 % of the secondary particles, and thesrascounted for by kaons
(K*) and light baryonsfg, p, n, n).

The Propagation of particle through the atmosphere is destiby transport or cascade
equations that depend on the properties of the particlethaidnteractions and on the structure
of the atmosphere. Taking into account all types of hadrohighvcan be produced when an
energetic hadron of any flavor interacts, a set of couplegpart equations is needed to describe
hadron fluxes in the atmosphere in full detail. In matrix tiotaone has/[104]

dN(E,X) _ /1 1Y, Fi(ELE)Ni(Ej)
T <X+&)N'(E’X)+,Z/ TE ), 319

HereN;(E, X)dE is the flux for particles of typeat depthX in the atmosphere with energies in the
interval E to E +dE. The probability that a typeparticle interacts in traversing an infinitesimal
element of the atmosphere iX d\;(E), where);(E) is an interaction length of typeparticles in
air. The interaction length; in air is defined as [104]

_ Am,
NE

(3.15)

For the calculation of a hadronic cascade in air we can takéaityet nucleus to be an average
"air" nucleus withA ~ 14.5 and omit the target designation from the notation. Hadrocleus
cross sections have been measured up to several hundredn@e¢edlerator experiments and
have been studies by several groups (e.g., [254]). Thetmgwalues of hadron interaction
lengths in air are summarized as follows [104],

e \¥(100GeV) = 86 gcn?
e \¥(100GeV) = 116 gcn?
e \¥(100GeV) = 138 dcn?
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Table 3.1: Main decay channels of pions and kaons.

particle Average lifetime ¢(GeV) decay channel branch ratio
nt 2.6x107%s 115 Tt — i +u,(,) 100%
70 8.3x101s 35x 10% 70— y 4y 98.8%
K+ 1.2x1078s 850 K* — u® +v,(v,) 63.5%
Kt — 7% +70 21.2%

The functionF; (E, E;) is the probability density (integrated over transversemantum) for an
incident particle (typg) of energyE; to collide with an air nucleus and produce an out going
particle (type) with energyE;. In general, it is defined as [104]

dnc(Ec, Ea)
dEC ’

where dh; is the number of particles of typeproduced on average in the energy bify dround
E. per collision of an incident particle of typse

Finally d; is the decay length (in g/cthfor particles of typa with energyE and can be written
with hy evaluated at the appropriate atmospheric defttmassm;, and average lifetime; of
typei particles[104],

Fac(Ec, Ea) = E¢ (3.16)

1 mCZho €i

— = A7

d EcnX, EX (3.17)
— mc’hy

Here, we calk; "decay constant's; =2

Decay or interaction dominates depending on whethiar dar 1/d; is larger in EqL-3.14. This
in turn depends on the relative size«&ndE for each particle. In Table—3.1, the main decay
channels of pions and kaons are summarized, using the Hhigldelvalue ofhy = 6.4 km fore.

For instance, since the” has only a short lifetime (hence, large decay constantedays
to vs as soon as it is created by the interaction, and then theags induce electromagnetic
cascades. As the probability for the productionréfand=® is similar, about 30% of the energy
of each interaction can be transferred to electromagnasicadles via® decay.

Muons can reach the ground because of their relatively ldatinhe (- ~ 2.2 x 10°s) and
small cross section to other particles. But if it decaysait mduce an electromagnetic cascade
through the decay channel pf— e+v,v.. Neutrinos which are created by the decay reach the
ground without any interactions.

In a given interaction, a primary particle spend10% of its energy for the production of
secondary particles and keeps the rest of 60% energy forekieimteraction. In this way, a
hadronic cascade is generated.

The lateral spread of hadronic shower is mainly caused byréimsverse momentum which
is given to the secondaries in the hadronic interaction.méan transverse momentum is almost
independent of the primary particle energy and is about @8/€. Consequently, a hadronic
shower usually shows broader shape than a pure electrotiagnewer.
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3.4 Cherenkov Radiation

A charged particle passing through matter loses energy @@oulomb interaction with the
electrons of the matter. In general this energy is absonbeke vicinity of the particle track.
However if the particle velocity is faster than the localgporelocity of light, part of the energy
is emitted as radiation and can propagate through the mattase of materials of high optical
transmissivity. This radiation is called Cherenkov lightlavas discovered by P.A. Cherenkov
in 1934 [81]. The theoretical explanation was given by Fran& Tamm in 1937 [101]

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

c
— A
v> (3.18)

wherev is the velocity of the charged particlejs the speed of light in vacuum.

The emission of Cherenkov light is described by the supdéiposf spherical waves using
Huygens’ principle (see Fi§._3.5). Under the assumptioh ghspherical wave emerges from
each point of the particle track, constructive interfeesionly takes place fov > c¢/n. The
resulting cone-shaped wave-front is similar to the shockeymoduced by an airplane flying at
supersonic speed. The Cherenkov arfglean be deduced from geometrical considerations only
with 3 =v/c (see FigC356-b):

(3.19)

a) v<c/n

ivt

ct/n vt

Figure 3.5: Propagation of Cherenkov light in a medium wefractive indexn, derived from
Huygens’ principle. Constructive interference of the spia waves is achieved for particle
velocitiesv > ¢/n. The resulting cone-shaped wave-front propagates at da eog). = 1/(n)
relative to the particle track.
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From Eq[3IB, the Cherenkov light can be only generated laytacfe with sufficiently high
energy £ > Ep):

MoC?

V1-1/r?

wheremy is the rest mass of the charged patrticle.

Ein = (3.20)

3.4.1 Cherenkov radiation in air shower

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

From Eq[3.R, the refractive index of the a{h) be written can as a function of heigt

n(h)=1+n=1+nq- exp< :) (3.21)
0]

Smaller variations of refractive index due to other fact@sch as the air temperature or the
wavelength of the radiation, can be neglected.
Given the fact that) < 1, the energy threshold of Hgq._3120 can be written

Myc?
V2

As an example, at 20 km a.s.l., which is the average heigltteofitst interaction of the primary
particles,Ey, for electrons, muons and protons are 67 MeV, 14 GeV and 120 f&éspectively.
At see level (Om a.s.l)E;, are 22 MeV, 4.6 GeV and 40 GeV, respectively. As expected, the
threshold energy for Cherenkov light decreases as theclesrtpenetrate further through the
atmosphere. In addition, the intensity of Cherenkov raaiatlepends upon the development of
the electromagnetic cascade through the atmosphere. $tanage, according to Fig—3.1 dndl3.4,
the shower maximum for a 320 Ge)ray occurs at an atmospheric depth of about 30thg,
corresponding to about a height of 10 km a.s.I.

Since the charged particles in an EAS can be treated agalatvistic (G ~ 1), the Cherenkov
angle (see Eq.23.19) can be expressed approximated by

6. = cos*(1/n) ~ /21 (3.23)
The Cherenkov angle at 2200m a.s.l. (where the MAGIC tefgse®located) is 2°.

Ei ~ (3.22)

3.4.2 Cherenkov photon yield

The loss of energ¥ per unit path lengtln by a particle of charge to Cherenkov radiation of
wavelength betweekh and )\ +d\ is [101]:

dE 1 dx
—_4 2e2/ (1_W) (3.24)
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Therefore the energy loss by Cherenkov radiatiBrbetween\; and\, per atmospheric depth
X, can be written with +1/n? ~ 2 and &, = —pdh as:

dE _dE dh n M1 n{1l 1
dE _dEdnh _g 2C2_/ Loza2? (1 1 3.25
" P Jx, A3 " P(Ai A%) ( )

One can see from EQ._3125 that most of the Cherenkov lightrierg¢ed with lower wavelength
due to the 1)\? dependence. Then, the number of produced Cherenkov phitgmer atmo-
spheric depth can be estimated as:

dNpr _ (M 1 d’E n({1l 1
=/ = d\=4ra- [ —-= 3.26
dX, /A hw dX,dA (P UVY (3.26)

Here,a = €?/hc=1/137 is the fine structure constant. Simds proportional to the air densify

the amount of energy (the number of photons) per radiatiogtleis constant. In the atmosphere,
the wavelength of the Cherenkov radiation is longer thanriB®ecause such a wavelength can
not satisfy the condition of E._3118. In addition, photorithwvavelength below 300 nm are
strongly absorbed by the air (see the next section) befae tbach the ground. Using the
numbers\; = 300 nm and\, = 600 nm (sensitivity limit of PMTs, see sectibn#.3), gfNIX, =
336(g/cm?)t. Each electron therefore emits 10* Cherenkov photons between 300 nm and
600 nm per radiation length in the atmosphere Xgf= 36.7 g/cn?).

3.4.3 Attenuation of photons in atmosphere
Several processes contribute to the absorption of Cheveati@ons before they reach the ground.

¢ Rayleigh scattering
This is the process light scattering on polarizable pasialith sizes much smaller than
the photon wavelengths. The reductidnadl the photon intensity per path length xican
be derived from the Rayleigh scattering equation and iscpmrately [67]
di - 3273
dx ~  3NM
whereN is density of scattering particley is refractive index and\ is the Cherenkov
photon wavelength. The strong dependence of Rayleighestajton the photon wave-
length (\"*) mainly affects the short wavelength range of the Cherempkmton spectrum.
For atmospheric heights between 3 and 15 km (with perfectheeaonditions), Rayleigh
scattering is the dominant process for Cherenkov lighhat&on.

(n—-1y (3.27)

e Mie scattering
This scattering is caused by relatively large particlesedataerosols”, e.g., specks of
dust. The relative contribution to the light attenuatioma 2000 m height is small, but
poor atmospheric conditions (e.g. increased dust, mestan make Mie scattering the
dominant process. The spectral dependence of the crogssiset,e xc A2 with 1 <a <
1.5.
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e Ozone absorptiondz +vy — O, +0)
Ozone O3) is a particle widely spread between 10 and 40 km a.s.l. andgly absorbs
photons with the wavelengths less than 300 nm. Due to thesiCherenkov photons in
the UV range £ 300 nm) can be detected at the ground only when they are deddram
particles at short distance to the ground.

Fig.[3.6 show the final spectra of Cherenkov photon at 2200sh aeaching the MAGIC
telescope with two different incident zenith angles40d 60).

Cherenkov photon spec

(from 40 GeV gamma at La Palma [a.s.l. 22001

N
04 ! / N\
A/ ~X\
1] [ za=60 -
i)
" /30'0' T200 500 600 700
wavelength [nm]

:Oo

Photon flux [a.u.]

Figure 3.6: Cherenkov photon spectra at 2200 m a.s.l. fronoaear induced by a 40 GeY-ray.
The photon spectrum from-aray incident at zenith angle (ZA) of (s represented as the green
line, and at 60 as the orange.

3.5 Distinction betweeny- and hadron-induced air showers

The previous sections described the basic propertieg- @nd proton induced air showers.
Fig.[3:2 and_313 show a- and a proton-induced air shower generated by Monte Canol-Si
lation. The shower features from charged particles abogestiergy threshold for Cherenkov
light production are represented by a top view and a side.viéw® photon distributions ("light-
pool”) at 2200 m a.s.l. can also be seen. Due to the diffenertggses involved, the geometry
of both types of air is quite different and it is then possitdalistinguish in an air shower by
Cherenkov photons. In this section, the main differencéséden the two types of showers are
summarized.

e The interaction length of hadronic particles in air is ab@uimes longer than that of
photons. Proton showers are therefore more extendedthanshowers.
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e The secondary particles, which are produced in hadrongcactions, have a mean trans-
verse momentum of about 0.3 G&Y The lateral distribution of proton showers is there-
fore broader.

e Proton showers are subject to larger fluctuations in the shaevelopment due to the
larger interaction length of the hadronic patrticles, thgéa transverse momentum of the
secondary particles and the variety and number of secomdatigles.

e Decaying neutral pions might initiate electromagnetic-shbwers at larger transverse
distances and angles from the shower axis. The electroriagrmenponent of proton-
induced air showers contains only a fraction of the primawgrgy. The overall amount of
Cherenkov light produced within proton showers is therefpenerally smaller compared
to v-induced air showers of the same energy.

e For point-like sources alj-rays reaching the earth have the same incident directibis. T
property is also inherent in the produced air showers. @&uaparticles, in contrast, are
isotropically distributed because they are randomly defteby galactic and intergalactic
magnetic fields while traveling through the universe.

e Pions and kaons can also emit the Cherenkov light. Howdwveset particles usually gen-
erate the Cherenkov light only at high altitude due to thiearslifetimes and high-energy
thresholds for the production of Cherenkov light (see[EBQB. Their contribution to the
overall amount of Cherenkov light in the shower is therefrall at the ground level. On
the other hand, decay muons can reach the ground withouhatien and emit significant
amount of the Cherenkov light which is observable at the gdou

High-energy protons are only one part of the cosmic ray spec{~ 54% above 100 GeV).
The cosmic rays also contain heavier nuclei (mainly He witB3%) 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 sevecalr(hng to the number of nucleons
A) proton showers of reduced energyA. The dominant part of the hadronic background can
be treated like proton showers.

Electron-induced air showers have indistinguishable epdmpm-~-ray showers. But like the
hadronic part of the cosmic ray, the electrons are isotedlyiclistributed due to the deflection
by galactic and intergalactic magnetic fields while trawglthrough the universe and only add
to the isotropic background. Due to the very steep electpattsum (spectral index -3.2![5]),
electrons become more abundant as the energy decreasémuABa GeV, it is estimated to be
about 2% of the flux of hadronic patrticles.
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3.6 Imaging Atmospheric Cherenkov Telescope

Imaging Atmospheric Cherenkov Telescopes (IACTs) areettily the most efficient ground-
based experiments for the detection of cosmi@ys. As any other optical or radio telescopes,
an IACT consists of three basic elements: a mechanicalitrgaystem, which counteracts the
Earth’s rotation to track an astrophysical object in the, skgollecting surface, which gathers
the incident electromagnetic radiation and focuses it,areteiver element, which converts the
collected light in a recordable image of the observed fieldielv (FOV). A peculiar feature
of Cherenkov telescopes is that they do not detect direkdyphoton {-ray) flux, but instead
detect the Cherenkov light which is produced in the air shhamauced by the primary photon.
A mirror surface collects a fraction of the Cherenkov lighbp and at the focal plane a set of
light detectors converts the incident Cherenkov photottsetectric 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 telescopdssathe key for efficient background
rejection.

The image formed in the camera of photosensors is a geomdgirajection of the air shower
as can be seen schematically in ig] 3.7. Cherenkov photuiited at different heights reach
the telescope mirror dish with different angles and willréfere be focused on different posi-
tions in the camera of the telescope. As a consequence, Hgeioontains information of the
longitudinal development of the EAS, i.e., the number otipbas emitting Cherenkov light as
a function of the height in the atmosphere. Light coming fritra upper part of the shower,
where the secondary particles are more energetic, hasesr@dierenkov angles and is mapped
onto a region close to the camera center. Light emitted fiwardst stages of the showers, from
less energetic secondary charged particles, has a largeei@ov angle and is therefore mapped
further away from the camera center.

The Cherenkov technique takes advantage of the showerogeneht information in the im-
age of the telescope camera. It is therefore possible toatgiieture’ of air showers resolved in
space (and time). This information can then be used to disish the origin of the air shower
(hadronic ory-ray) using the different spatial developmentefand hadron-induced air show-
ers. The parameterization of such images is called "Imageahnique"”, which dramatically
improves they/hadron separation power (see also sediion6.6.1 for thgemarameters) and
makes IACTs the most successful instrument for cosmic vegly Bnergy~-ray observations.
For the large showers (i.e., induced by very energeticgeasi or for showers with high impact
parameters, due to the directionality of the Cherenkovatazh, Cherenkov photons from parts
of the EAS may not reach the reflector of the telescope anckftire, may not be fully contained
in the recorded image.

The measurement of the Cherenkov light provides a goodataliof the energy absorbed
in the atmosphere, which is in fact acting as a calorimetber&fore, the total amount of light
contained in the image is regarded as one of the main estisnatdhe energy of the primary
particle. In addition, orientation and shape of the image pftovide information on the incoming
direction of the primary particle.

Two main parameters characterize an IACT: its sensitivety, the minimum detectabteray
flux in a given number of observation hours (traditionallgfided by a 5 excess for 50 hours
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of observation time), and its energy threshold.

The Cherenkov photons generated in an air shower spreadange ool on the ground at
the observation level. Fi§._3.8 shows the lateral distrisubf Cherenkov photons from a 100
GeV ~-induced air shower. The Cherenkov photons are mainly fonside an area of~120
m radius (see also Fig._3.2). IACTs can detect EAS frpmays over a large range of impact
parameters at least until 120 m. This provides IACTs withéhogllection areas (of the order of
10°m?). Such huge collection areas of the IACTs turn into high &iitges in comparison with
~-ray detectors mounted on satellites, whose dimensionsleaey limited by space-launching
requirements to< 1n?. It should be noted that the Cherenkov photons from hadndoded
air showers distribute more widely than those freamduced shower as one can see by the
comparison between the bottom-right panels in Eigl 3.2[@ld JFherefore, the IACTs can
detect hadron-induced air showers with even larger impareters than those ¢finduced
showers.

The energy thresholds;, of IACTs can be defined in a variety of ways, for instance, k& th
peak they-ray energy distribution among the triggered events. Asutised above, the shower
image becomes smaller as in size the primary energy decdaige®.9 shows how the photon
density at an observation site at 2 km a.s.l. diminisheseastkrgy of the EAS precursor particle
drops. going below 10 Cherenkov photons pérfan y-rays of less them 100 GeV.

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

BQit
Eth o</ —— (3.28)
€A

whereB is the night sky background (NSB) photon fliXjs the solid angle subtended by a pixel
(photosensor) of the camettais the integration time of the signald,is the collection area of
the mirror(s), and is the light collection efficiency (i.e. the mirror refleativand the fraction
of light collected by the photosensors in camera). FromEZf,3t is clear that one can lower
the energy threshold of a Cherenkov telescope by reducengdtse contribution from the NSB
by working at a dark site or by minimizing the field of view of @l and the integration time,
or by increasing the amount of Cherenkov signal collectethbyimizing the mirror size or the
photon collection efficiency of the photosensor. Since ther€nkov light in EAS has a finite
temporal and angular spread, there are limitations to impgahe energy threshold by reducing
the field of view of a pixel. The most straightforward way takr the energy threshold is to use
larger mirrors or photosensors with higher quantum effyerThe MAGIC telescope tried to
combine both advantages, i.e. large mirror and high quaeftiniency photosensors.



3.6 Imaging Atmospheric Cherenkov Telescope 63

Cherenkov photon density [m?]

L T R I A R
0 50 100 150 200 250 300
Core distance [m]

Figure 3.8: Lateral distribution of Cherenkov photons gatexl by a 100 GeV-induced air
shower.

3
10 g
s 10°E -
g ]
8 C ]
S i
g 7
z E
£ F 3
2 3
) ™ |
(=] - i
§ 1k 4
St :
[ b ]
10" 3
107 3
FC A ]
C 1 1 Coaal 1 Lol 1 L
10! 10 10°
Energy (GeV)

Figure 3.9: Cherenkov photon density at 2 km height abovelesed for different types of
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Chapter 4
The MAGIC telescope

To achieve an energy threshold lower than in any other pusvi&CT for the investigation
of the unexplored energy region between 30 an 300 GeV, the I@AEGescope was designed
to have 17-m diameter tessellated mirror, making it theemily largest IACT in worldwide.
Following the design study in 1998 [50], the production af telescope components and civil
works started in 2001. After a commissioning phase, whiaghroenced in mid 2003, regular
scientific observations have been carried out since theff2I004.

The MAGIC telescope is located at285 N, 17°.53 W and is hosted by the Instituto de
Astrofisica de Canarias (IAC) at the Observatorio del Rodgidos Muchachos (ORM) on the
Canary Island of La Palma at 2245 m above sea level. The ORBhisidered to be one of the
best observatory sites in the Northern hemisphere [L75]. 1@&reover, due to its relatively
high altitude and the, consequently, lower absorption ar€hkov light, the ORM is excellently
suited for the detection of shower images from lower energsys.

The key components of the MAGIC telescope are describeckifolfowing section.

4.1 Telescope Mechanics and the drive system

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

The tracking system of the telescope is described in detdif2]. The pointing direction
of the telescope is measured using shaft encoders with utiesoof 14 bit, corresponding to
a telescope positioning accuracy of about 2. Due to telesadructure deformations, however,
small deviations of the actual telescope pointing from thmimal position may occur. These
pointing deviations can be monitored and corrected by usiea@MAGIC starfield monitor [212]:
A video camera is attached to the center of the mirror dish®@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 wittwk positions from the
celestial background.

4.2 The reflector mirror system

The 17 m diameter tessellated reflector is composed of 96#n@lement of 49.5¢ 49.5 cn?
area each. These are grouped in 4-element panels (3-elparegls at the rim of the dish) and
have a total of 236 freflector area. In order to minimize the time spread of ther@fieov
flash at the camera plane for short signal integration tinpgrabolic shape was adapted for the
overall curvature. The focal length to diameter rafigD, is approximately 1. The curvature of
the individual mirror elements is spherical, and their fdeagth increases gradually from 17 m
to 18 m when moving from the center of the dish to the rim. Eagihanpanel is equipped with
an internal heating system to prevent dew and ice forma#othin layer of quartz protects the
mirror surface from aging. The mirror surface reflectiviéyd 85 % in the wavelength range of
350 - 650 nm.

The camera allows the optical system to be focused to infiaitg to a height of 10 km, at
which the shower maximum of a typical extended air showexpeeted. The initial calibration
of the telescope focusing is achieved by using an artificatee situated at a distance of 920 m.
During normal operation, the mirror is focused to a distawfcE) km.

In order to compensate for the small deformations of the onidish under gravitational
load when varying the elevation angle during tracking, tigividual mirror panels can be au-
tomatically adjusted with a technique called "Active Mir@ontrol” so as to guarantee optimal
focusing of the mirror system. The position of panels is sehghat the light emitted by the
lasers situated in the center of each four-mirror paneligectly focused in the camera plane.

4.3 Camera

4.3.1 The camera layout

The layout of the camera is schematically shown in[Eld. 412 @ the optimization of telescope
performance and cost, the hexagonal detecting area wakediinto two regions: an inner part,
segmented in 396 finer hexagonal pixels af°Gangular diameter~ 30 mm diameter at the
camera plane), which covers the field of view (FOV) of up t&°Z2.3°) diameter for the short
(long) hexagonal camera axis, and an outer part with 18@tdrgxagonal pixels of.@° angular
diameter {60 mm diameter at the camera plane), to cover the FOV of ugbtq3.8°) diameter
for the short (long) hexagonal camera axis.

The MAGIC camera configuration with the finer inner pixel®als a good sampling of the
small images that are produced by low energsays. Although the tails of the high energy
shower images will be mapped into the outer region equippéd large pixels, the quality of
the image of the higher energy showers is not substantiatigribrated, as the geometrical size
of the shower image is also larger.
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Another crucial element forming the layout of the MAGIC wdepe camera is a plate of
light guides of "Winston Cone" shape in front of the photed#dr pixel matrix. Basically, a
Winston Cone is composed of parabolic curves which provig@ortant benefits: a nearly 100
% effective camera area by minimizing the dead space betple@nsensors, and the rejection of
a large fraction of the background light coming from outdigke mirror area with large incident
angles. The Winston Cones are made of plastic material edwsith aluminized Mylar foils
with ~ 90 % reflectivity.

All these elements are installed in the "camera housing'haw/s in Fig.[4.3B. A Plexiglas
window on the front side of the camera protects the elemeois &dverse weather condition.

4.3.2 The camera photosensors

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

e Diameter of the photosensor smaller than 30/60 mm to aclaév®V of 01°/0.2° with
one sensor (for the inner/outer parts).

o Sufficient gain to amplify the faint Cherenkov light, but oo high in order to avoid an
instability of the gain due to the large current from thelggat and the light of the night
sky. An optimal value for the gain is around<2L0%.

e Fast response with a pulse of a few ns FWHM is important togediie contamination of
the light of the night sky by means of a short integration tirtiealso allows an efficient
coincidence trigger design for the detectionyefay signals.

e Wide dynamic range from a few photoelectrons (p.e.) up t01®® p.e. to detect the
largest expected signals 6 x 10° p.e. per pixel for av 10 TeV~-induced shower).

o Sufficient quantum efficiency (QE) in the range of the wavgtkrof the Cherenkov light
spectrum at the ground (mainly between 300 to 600 nm) to alsess low energy-ray
events £ 100 GeV).

Photomultiplier tubes (PMTs) as widely used also in othéZTA satisfy these requirements
and were therefore selected as photosensors for the MAGt@rea It should be noted that for
the sake of high QE~ 50 %), the MAGIC collaboration also has considered and dpes a
new type of photosensor, namely the "Hybrid Photo dete¢t®Y)" (see details in Chapter 5).

Two types of PMTs are used for the MAGIC camera. They were tcocied by the En-
glish company Electron Tubes: ET9916A with 25 mm diametgphntocathode for the inner
pixels, and ET9917A with 38 mm diameter for the outer pixélkese PMTs have two char-
acteristic features recommending them for applicatiorhendamera of the MAGIC telescope:
a hemispherical-shaped photocathode and an only 6-stagmleysystem in a circular-focused
configuration. The hemispherical photocathode can redonegjitter as the produced photoelec-
trons travel roughly the same distance between the phditodatand the first dynode. A 6-stage
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Figure 4.3: Photograph of the MAGIC cam-

era. The silver colored element is a plate of

Figure 4.2: Schematic drawing of the MAG{§inston Cones. The PMTs are equipped be-
camera geometry hind the plate.
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Figure 4.4: Photograph of PMTs for the in-

ner pixels (ET-9116A). The left one is a barﬁ%ure 4.5: Scattered photon trajectories by

tube and the right one is a tube with additio coating in a hemispherical window PMT

milky lacquer (see text).
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Figure 4.6: Quantum efficiency of a PMT for the inner part aheaa with different coatings.

dynode structure was chosen to obtain the relatively low ¢&ix 10%) but still keep an equiv-
alent collection efficiency and amplification at the first dge compared to other typical PMTs
with 10 or 12-stage dynode structure.

As one can see in Fi§._4.4, the photocathode glass of all PEITsvered with a special
"milky" coating which contains a wavelength shifter (WL$)g.[4.6 shows the QE of this type
of PMT (ET9916A) in three different conditions: bare tubed}, transparent coating with WLS
(green) and the milky coating with WLS (blue). One can seetitancement of the QE only be-
low 300 nm with the transparent WLS coating, while the QE s®@@nhanced in all wavelengths
using the milky coating. The peak of QE reaches about 30% thi#hmilky coating. The en-
hancement below 300 nm is due to the wavelength shifter (T drphenyl) while enhancement
in other wavelength is supposed to be caused by scatterimtgmphback towards the photocath-
ode due to the "opaque" milky lacquer: As shown in Eigl 4.8,ghotons may be scattered such
that their paths inside the photocathode are extended and gsbthem can be trapped between
the coating and the photocathode. A longer path of the phaotide the photocathode enhances
the probability of being captured and emitting a photoetect In addition, taking advantage
of the hemispherical shape of the photocathode, some photonbe deflected such that their
trajectories cross the photocathode twice, thus having@nskechance of being converted in case
they did not interact at first instance. With this specialkyitoating, we were able to improve
the photo collection efficiency relatively by about 20 % cared to that of uncoated PMTSs.
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Figure 4.7: MAGIC hardware readout chain. The PMT signaés reconverted into optical
pulses, transferred to the counting house, and fed intaidiger and DAQ systems.

4.4 The readout chain

In this section, the readout chain of the MAGIC telescopé¢esyiss described. The readout chain
is illustrated schematically in Fig.4.7. The chain can hedgid into the following three parts:
(1) an analog optical transmission system, which is usedattster the signal detected by the
PMTs to the "counting house", where the components of dafaisiion hardware are installed,
(2) a trigger system, which has logics to detect interestwvents, (3) an FADC system, which
is used to digitize and record the data of the Cherenkov phsignals. 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 tratesinitith little distortion over
a distance o~150 m, to where readout electronics are installed ("cogntiouse"), optical
fibers were selected as signal transmitters instead of atioval coaxial cables. This system
has several advantages, e.g., dispersion and attenuétiba signal are negligible, there is no
crosstalk and no noise pick-up, and they have a very limiteidit.

After amplification, the electrical PMT signal enters a swanitter board, still on the camera,
where it is transformed into an optical signal pulse by mesdresVertical Cavity Surface Emit-
ting Laser (VCSEL). The output of the VCSEL is coupled to atiag fiber, which runs from
the camera to the counting house with a length of 162 m. Aféersforming the light back into
an electrical signal, the signal has a FWHM of about 2.2 nsseatime 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 camezauaed for the trigger. As shown
in Fig.[4.38, the trigger pixels are grouped in 19 overlappimagro cells of 36 pixels each. The
decisions of the trigger system are segmented in severalslevihe MAGIC trigger system

currently consists of two levels:

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

Level 1 This level applies a simple N-next-neighbor logic duringa fis in one of the 19 hexag-
onal macro cells of 36 pixels (see Hig.14.8). The multipjicgquirement of the cluster of
next neighbors can be set by a PC during telescope operdtisgtandard operations, a
4-fold coincidence is required.

The thresholds are adjusted such that data are generadly dla rate of 250 Hz.

Figure 4.8: Schematics of the trigger: There are 19 oventapipigger cells of 36 pixels each,

corresponding to a total of 325 pixels in the trigger. Theatamn of these 325 trigger channels
is indicated (only the inner part of the camera pixels in Wwhite 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 digihg FADC system writes out 30 time
slices to a FIFO (first in, first out) buffer. Since the digiiiion speed is limited to 300 MSam-
ples/s, the analog signals must be stretched in the rededasd to> 6 ns FWHM, so that at
least 4 points can be measured for each pulse in order tosgaonthe pulse shape. To provide
a dynamic range of 10° with an 8-bit digitization system, a two-gain charge exii@tis im-
plemented to yield a "high-gain" and "low-gain" signals (Efg.[4.T). In the high-gain readout
circuit, the signal is amplified by a factor of 10. In the lowahg readout circuit, the signal is not
amplified but delayed by 50 ns (15 FADC-time slices). If thgthgain signal exceeds 250 FADC
counts, a switch for the low-gain readout is actuated andbtliegain signal is also recorded 15
FADC-time slices after the high-gain signal due to the delmguit. Since a typical width of
each digitized signal of 4-6 samples, the high- and low-g#&inals do not interfere with each
other.

4.5 Calibration system

In order to obtain calibration constants for converting ADE charge to the physical quantity
of photoelectrons, and an FADC timing into an absolute diginsing, an optical calibration
system providing independent calibration methods has besalled. It consists of differently
colored ultra-fast LEDs (370 nm, 460 nm and 520 nm). A box efdalibration system including
these LEDs is mounted in the middle of the mirror dish and tE®4 illuminate the camera
homogeneously. The light intensity is variable in the raafjé to 700 photoelectrons per inner
pixel. This enables to check the linearity of the readoutrchad to calibrate the whole dynamic
range. By triggering the MAGIC data acquisition systemjlration events are recorded in
dedicated calibration runs as well as interleaved calimatvents 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 possiptb evaluate the/hadron separa-
tion cut efficiency and the energy estimation by means oflieams of VHEy-rays of known
energy. Therefore, the operation of IACTs requires a deddilonte Carlo (MC) simulation of
~-ray and hadron-induced air showers, as well as of the deteegponse. In the air shower sim-
ulation, the tracks and interactions of each particle areikited to describe the development of
electromagnetic and hadronic showers in the atmosphettbeldetector simulation, responses
for the Cherenkov photons which are generated in the shamedation are simulated in each
hardware component of the telescope system. In this sec¢hierdetails of the MC simulation
for the MAGIC experiment are presented.
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4.6.1 Air shower simulation

The development ofi- and hadron-initiated air showers is simulated with CORSI&019
(COsmic Ray SIimulations for KAscade, [126]) with some cuostaptions for the MAGIC tele-
scope. CORSIKA simulates air showers based on interactindslecay processes of hadrons,
muons, electrons and photons. Each particle in the showetsaracterized by its energy, posi-
tion, moving direction and arrival time. CORSIKA is dividato four sections for the simula-
tion.

e Tracking of each particle: It takes into account the effefctonization loss, multiple-
scattering, geomagnetic effect, and decay processesdbpeaticle.

e Hadronic interactions based on the model of "VENUS" [20T]darticles with> 80 GeV

e Hadronic interactions based on the model of "GHEISHA! [28]darticles with< 80 GeV

e Interaction processes of electrons, positrons and phd&lastromagnetic interactions)
with EGS4 [73]

Several models are available for the simulation of the plartnhteractions in CORSIKA. In the
MC simulation for the MAGIC experiment, above-mentioneddeis are used. The routines
treating the Cherenkov radiation in CORSIKA have been sagdly the HEGRA Collabora-
tion [172] (see alsa [126]).
In addition, the following custom options are implementedthe MAGIC experiment:
e Wavelength information of the Cherenkov photons: This ipamant for wavelength de-
pendent detector response (see se€ifidn 4.3).

¢ Information of the parent particle of the Cherenkov photéfith this information we can
distinguish the original particle of each Cherenkov photon

A brief summary of the parameters for the generation of MCamcan be seen in Tallle¥.1.

Table 4.1: Parameters for the generation of the MC samples.

Primary particle vy-ray proton

Energy range 10 GeV -30TeV 30GeV-30TeV
Spectrum slop | E275

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 Gtkene photons in the atmosphere
in the CORSIKA program are applied in a separate step afeeaithshower generation. Using
the US standard atmosphere [149], Rayleigh scatteringskaéering and absorption by Ozone
are taken into account to calculate the attenuation of ligitthe atmosphere (cf. sectibn-34.3).
The effects due to Mie scattering and the absorption by Oznaestimated 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 throughouttthesphere until they reach the
camera plane. To obtain their locations and arrival timeth@camera plane, the real mirror
dish structure of 956 tiles is simulated using the curvatadeus and the center position for each
mirror. In addition, the photon is smeared in position byRaoént Spread Function (PSF) with a
2-D Gaussian shape E 5mm~ 0.017).

Camera and electronics

In the second step, the program simulates the behavioueM#&GIC camera in a detailed way,
taking care of the following specific effects:

e pixelization according to the camera geometry.

e adding the light of the night sky in Poisson distributiontwé mean value of 0.13 photo-
electrons per one inner pixel per ns.

¢ efficiencies for photon (photoelectron) detection in theows components in the camera

— transmittance of the Plexiglas: 92%

— photon collection efficiency of the light guide (Winston @&n 94% max. (with
photon incident angle dependence)

— QE of the PMT: 30% max. (with wavelength dependence, sedH.
— collection efficiency at the first dynode of the PMT: 90%

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

e trigger logic: Level O (discriminator), Level 1 (4-Nextigébor logic). See details in
sectiorZ4PR.

e electronic noise: Gaussian shape noise is generated baitie iimigger logic and in the
FADC based on measurement results for the readout circuits.

e digitization with a 300 MHz FADC using the actual signal sedgr the single photoelec-
tron response.

Furthermore, the overall light collection efficiency andR$ the telescope has been tuned at
the camera simulation level, using data from a comparistinenintensities of observed and sim-
ulated ring images of single muon events at low impact patarm¢l15] (see also sectibnb.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 diatagtavith the MAGIC telescope.
The advantages and disadvantages of each observation medoléedly discussed.

ON/OFF observation mode

The telescope tracks a target source at the camera cenieg dOIN" observation. This mode
requires additional, so-called "OFF" observations, fainegting the background. During OFF
observations the telescope should take data pointing tgiarrén which noy-ray source candi-
dates are expected. The OFF position ideally should hawstine conditions as the ON position
regarding the background light, the atmospheric condsteomd the zenith angle range.

Wobble observation mode

This mode allows for simultaneous recording of ON and OFF dstdifferent places in the
cameral[99]: The source position is displaced at a fixed nlist@ff (0.4 for the MAGIC ob-
servations) the camera center. In total, 3 OFF regions aiable: One position opposite to
the source position (so-called "anti-source position') amo positions displaced by90° from
the source position. To avoid systematic errors due to tleetsel source position in the cam-
era, source and background positions are regularly swa@eohally two positions; hence the
name "wobble mode") every 20 min in our observations. In ggne/obble observations guar-
antee a good match of ON and OFF data. An additional benefii®htode is the best possible
coverage in time for observations because dedicated ORFddahot need to be taken. A dis-
advantage of the wobble mode is that the off-center obsensbf the source have a somewhat
lower efficiency than the normal "ON" observations, in whilsl source is located at the camera
center. In addition, if strong inhomogeneities exist in fiveel responses of the camera, large
systematic errors can occur due to the mismatch betweerfatatae source position and data
for background positions.

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

4.7.2 Types of data runs
During normal data taking with MAGIC telescope, three difet kinds of runs are performed.
e Data runs: The telescope tracks a position in the sky and ent é&v generated when a

trigger occurs. Additional calibration events (see sedfid) are interleaved (50 Hz) with
the cosmic events.
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e Calibration runs: The calibration box emits light pulsesl @m event is recorded after
a synchronized trigger signal is sent to the DAQ. At least dedicated calibration run
using UV light has to be taken before the observation of eddhescheduled sources
every night.

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

4.8 MAGIC-II

The MAGIC project is currently being upgraded to "MAGIC-bY the construction of a twin
telescope with advanced photosensors and readout elestroMAGIC-I1I, the two-telescope
system, is designed to achieve an improved sensitivityarstereoscopic/coincidence operation
mode and to simultaneously lower the energy threshold cosdpt the current MAGIC. In
stereo observation mode, i.e. simultaneously observinglawers with both telescopes, the
shower reconstruction and background rejection powerigrgfisantly improved. This results
in a better angular and energy resolution and a reducedsasawgergy threshold. The overall
sensitivity is expected to increase by a factor of 2 to 3 (sgd4=11). Following the results of a
dedicated MC study showing moderate dependence of theisépgin the distance of the two
telescopes, the second MAGIC telescope has been instaliedistance of 85 m from the first
telescope.

In order to minimize the time and the resources required &sigh and production, the
second MAGIC telescope is in most fundamental parametdma of the first telescope. Nev-
ertheless, several improvements have been introduced setond telescope.

e Larger mirror elements have been developed{jitmreduce cost and installation efforts.

e Newly developed readout system features, i.e. the new 2@&ara digitization and ac-
quisition system based on a low power analog sampler (DoRing Sampler)i[2C6].

e A new modular design was adapted for the camera with a unifoxel size in a round
configuration. In the first phase, the camera will be equippild PMTs of increased QE,
while the modular camera design allows upgrades with highh@#itid photo detectors
(HPDs).

This thesis contributed to the development of the new ddsigthe MAGIC-II camera; here
we focus on a more detailed discussion on about the camegndes
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Figure 4.9: The 3-D drawing of one clust
of the MAGIC-II camera.

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 stttuand telescope. Seven pixels
grouped in a hexagonal configuration form one cluster, wbaheasily be removed and replaced
(see Fig[4P). More important, it allows partial or full upde with improved photosensors.
The new camera will be uniformly equipped with 1039 iderti@d° FOV pixels in a round
configuration. The schematics of the camera can be seen.iEE As indicated in the figure,
the trigger area will be increased by 72% (compared to thetélesscope camera), corresponding
to the area of ° diameter FOV.

In the first phase PMTs with increased QE will be used. The Haatsu R10408 6-stage
PMTs with a hemispherical photocathode typically reach akpg@E of 34%. The PMTs have
been tested for a low afterpulsing rate (typically 0.3% atphdtoelectron level), fast signal
response~{ 1ns FWHM) and acceptable aging properties (Gain drops by &fiét~ 50000
hours of operation in the MAGIC camera) [138].

In the second phase, it is planned to replace the inner camegi@n with HPDsI[125, 215]
produced by the company Hamamatsu Photonics. These advainotsensors feature peak QE
values of 50% and will thus significantly increase the sensitfor low energy showers. The
flexible cluster design allows field tests of this new tecbgglwithin the MAGIC-II camera
without major interference with the rest of the camera. Qasts are successfully completed the
whole central region of the camera will be equipped with HPO® details of the development
of the HPDs are described in the next Chapter.
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Figure 4.11: Sensitivity (required flux fowSdetection with 50h observation) curves of several
IACTs, including MAGIC-I (red) and MAGIC-II (blue and blagkThe difference between two
lines for MAGIC-II is the analysis method (different imageaning levels, see details in_[74]).
The 10% and 100% flux level of the Crab Nebula are also showeodimparison.



80 4. The MAGIC telescope

Figure 4.12: In the foreground the second MAGIC telescopke Structure is already fully
installed. In the background the first MAGIC telescope whiels 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 jplsensors for IACTs because their
performances make them well suited for this purpose (cti@e@.3). For example, briefly,
Cherenkov light flashes fromray air showers have time spreads of 2-3 ns. Fast signaimesp
is required for a short signal integration time to reducktlaf the night sky (LONS) contribution.
In addition, the total gain needs to amount to at least sktgsra of thousands to make detection
of the faint Cherenkov light possible. On the other handhim photocathode of conventional
PMTs the conversion efficiency from a photon (Cherenkovt)igh a photoelectron - the so-
called "quantum efficiency (QE)"- is only 20 to 30%. Therefoan increase in the QE of a
photosensor can provide effects equivalent to an increfabe onirror diameter of the telescope.
It allows us to access a lower energy threshold in obsematith IACTS.

In order to improve the observation performance, the MAGIGjgrt will be upgraded to
"MAGIC-II" by building a second 17-m diameter telescope atr8 distance from the first tele-
scope. One of the key tasks in the MAGIC-II project was theettgwment of high QE Hybrid
PhotoDetectors (HPDs) with a GaAsP photocathode! [L77, Z6)as an alternative type of
photosensors to PMTs. For a high QE photocathode, Negalaatr&n Affinity (NEA) photo-
cathodes are regarded as the preferred candidates. HgpaddEA GaAsP type photocathode
is a prime candidate to be used for photosensors in IACT lsecalits high blue sensitivity.

In conventional HPDs, the size of the GaAsP photocathodetesasmall &8 mm) to be
used as a pixel element in the MAGIC telescope camera (theseary pixel size being 30 mm).
Recently, together with Hamamatsu Photonics, we succaagedducing HPDs with a GaAsP
photocathode with a 18-mm diameter. By using non-imagigigtlconcentrators like, for exam-
ple, Winston cones, one can efficiently compress the lightfiiom 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 reportetkiail. 1 was responsible for
this task and performed the measurements and simulatidrestspecified below.
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5.2 Working principle

An HPD consists of a photocathode and of an Avalanche Dio@y &&rving as an anode. When
applying a tension of several kV to the photocathode, thegatectrons are accelerated in a high
electric field and impinge onto the AD producing around 10@@teon hole pairs. This is the
so-called electron bombardment amplification. The elestsubsequently induce avalanches in
the active volume of the AD and provide an additional gair-80-50 when a bias voltage of a
few hundred volts is applied.

Compact HPD Operating Principle

PHOTOCATHODE
% PHOTOM
l \4_._._
\i'-'-l-lc-rcn -Et—'f (at '8 kV)
ELECTRONS
ﬂ Electron
Bombardment
N 1500
times
i
I 1 Avalancha
Multiplication
I_I |_| U 501imes
quTeuT (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 GaAskphthode for the MAGIC-

Il project together with Hamamatsu Photonics. This type BCHvas namedR9792U-40. A
3-mm diameter AD is equipped as an anode. Eig. 5.2 shows andioral outline of R9792U-

40. A photo image with 7 tubes can be seen in Eig. 5.3. Therenareables for a high voltage

to the photocathode and for a ground line. The bias voltagpp$ied via pins at the backside of
the tube. Fig[(5]4 shows the internal divider circuit for thgh voltage. An additional resistor
with 50G(2 is installed to prevent possible accidental strong lighhéw such strong light hits
the photocathode, a large number of photoelectrons areipeddand lead to a high current. At
the same time, a voltage drop occurs at the 80@sistor and the photocathode ceases to receive
a sufficiently high voltage for inducing photoelectrons &od/the AD.
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5.4 Measurement set-up

A configuration of the measurement set-up can be found inE=&. HPD measurements were
performed under darkness inside a light-shielded box. Bitages for the photocathode and the
AD were supplied separately using two high-voltage modirtas outside during the measure-
ments.

The gain measurements (sectibnl 5.5) were carried out wittigh€ A red-LED was used
(peak wavelength- 640 nm) as a light source. The current was measured with atr@ieeter
(6517A, Keitley).

In the measurements from sectlonl5.€1d 5.9, pulsed lightused as a light source and the
laser diode (PDL 800B, PicoQuant GmbH) as a pulse gener#ioravelength was 393 nm
and the time width was several tens of ps (FWHM). A 2GHz higbesl amplifier with 40 dB
(HSA-Y-2-40, FEMTO) was used to amplify HPD output signdlbe signal was acquired by a
1.5-GHz bandwidth digital oscilloscope (LC684DXL, LeCjayith 8 GSamples/s.

In these measurements, the circuit of "High Speed Light @ete Mode" as shown in Fig. 3.5
was composed for the signal readout.

on
N s S ]
- 8

W otocathode )7
max, -8500V
e @ G%El) I %05( ohm

R9792U-40

Avalanchd Diode 1.25G Ohm
Base plate I
cover Baie 2.56 Ohm
1
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(Ceramic) 1 odd
CuRin I=| - u 7J7_

i B

Figure 5.4: Schematics of internal divider c'i:r'-gure 5.5: Circuit diagram for pulsed signal

cuit for high voltage. mgzzl;rements (High Speed Light Detection

[NIM module]

PC biasV |[ Hv ||Pulse
TENNELE vemkiobier || LASET di0de
Tces2 Model 5900 PicoQvant
PDC800-D(393nm)
GPIB "
Oscilloscope [
LeCroy P (Iﬂl ) signal ‘M . .
LC684DXL FEMTO optical fiber = ;
HSAY2-40  (dark box) — . 2005/06/19

Figure 5.6: Diagram of a measurement set-up and its photgeama
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5,5 Gain

Electron bombardment gains and avalanche gains of ADs wegsuned for the latest three
tubes (serial# 2J2051, ZJ2052 and ZJ2055). Results of tlasunements are shown in Hig.15.7.
In the range of a few kV the bombardment gain was rising slaug to the energy loss in the
passive layer at the AD entrance window. Above 4 kV, the gaowed a linear relation with the
photocathode voltage. The gain slope should follow 8.6V/gain, which corresponds to the
energy necessary for creating an electron-hole pair icosili The gain reached about 600 at -5.0
kV and about 1500 at -8.0 kV. All three tubes showed almosttidal gain characteristics with
the function of the photocathode voltage.

Up to 100 V of the AD bias voltage, the output current remaicedstant; hence there was
no avalanche gain (gain=1) in this range. It increased $hanpwever, at several 100 V. An
avalanche gain of 50 could be obtained around 350 to 450 Veobths voltage. Unlike the
bombardment gain, individual tubes showed different attersstic curves for the avalanche
gain with respect to the applied AD bias voltage. Therefiins, necessary to tune the applied
bias voltage according to the gain characteristic of eabh far achieving equivalent avalanche
gains from different tubes. Breakdowns of ADs occur aroud@ # 500 V.

Finally, the overall gain could be achieved e.g., in tube@&®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 (serid2®Zl, ZJ2052 and ZJ2055).
[Left] Bombardment GainRight] Avalanche Gain.

5.6 Temperature dependence of an AD and the compensation
circuit
Generally, an AD shows strong temperature dependenceiimpiidormance. The temperature

dependence of the avalanche gain and the leakage curreshicave in Fig[’5.B with four different
AD bias voltages. In every voltage, we can see about €% dependence in the gain. This gain
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Figure 5.8: Results of the measurements of AD performantesHPD (serial# MHP0080)
with different temperatures (0 to 4€) with several fixed voltagegLeft] AD avalanche gain.
[Right] AD leakage current. [The data were provided by HamamatstoRus]

dependence is one order of magnitude larger than that of PMiistelescope is operated in the
field. Although a cooling system is installed in the camereaiotrol the temperature, such strong
gain dependence can cause instability of the telescopersysid needs to be compensated. The
leakage current increases by a factor of 2 with evéfy Bicrease of temperature. This suggests
the main component of the leakage current caused by thewrmsds) The high leakage current
at a high bias voltage and a low temperature could be due ttutimeling effect. However, we
have an additional constant DC current of a fevdue to the light of night sky (LONS) during
the operation in the MAGIC camera. The leakage current isdavders of magnitude smaller
than the contribution of the LONS and, therefore, can beautgtl.

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

1 1
R—Rgs-exp(B <?—273+25)) (5.1)

(R: resistance of the thermistdR,s: resistance of the thermistor at°Za T: Temperature [K].
B: "B value [K]", which is a constant and depends on the matefithe thermistor.) "103AT-2,
Ishizuka Electronic Corporation”, which was selected far oircuit, hasR,s of 10k2 and B
value of 3976 K with a high accuracy: the tolerancdrgf andB is +0.5%.

We checked the performance of this circuit with a HPD (s&rial2052) in a temperature
regulated chamber. To make sure that the temperature irtdraleer was well stabilized and
there was no hysteresis, we measured it twice, i.e. firsietmpérature was raised from“ZDto
40°C and then lowered to 2C. The high voltage of the photocathode was fixed at -8 kV irord
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to provide a consistently high value of Bombardment E;al'ﬁhe avalanche gain at each point
was calculated from the pulse area corresponding to the pasiion of a single photoelectron
(see Fig[R.11).

Fig.[5.I0 shows the results of the measurements. With thisiti the temperature depen-
dence was suppressed at the level0t3% / TC from 25C to 35C, which is the same level
as that of PMTs. It should be noted that we selected a combmatf resistors which leads to
a local peak of the gain around D in our measurements. That position can be easily shifted
by changing the resistors of the circuit. In addition, tbgetwith a dynamical adjustment of the
AD bias voltage by software, we can expect a more stable gaitral system.

SDS: <Thermistor>
APD 5P501201RL - SRy

in(0-25V) [ pc.pc  |out(0-500v) r

convertor

To APD —
(bias voltage)  [ISHIZUKA;
11.5 kQ 103AT-2

25V

78.5 kQ 120 kQ

Figure 5.9: Schematic drawing of the temperature compiemsaitrcuit.
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Figure 5.10: Results of the measurements of the AD avalagaimewith the temperature com-
pensation circuit (HPD serial# ZJ2052). Points denote Yadaache gain at each temperature;
without a compensation circuiblue), with the compensation circufted), simulation results of
temperature compensation with this circgit€er). Two lines in blue and red represent measure-
ments in the phases of increasing and lowering temperature.

LIt has been confirmed that the Bombardment gain has no tetnpedependence.
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5.7 Time response

Fig.[5 11 shows the output signal with -8.0 kV (gait500) for the photocathode and an AD bias
voltage of 450 V (gain- 50). The intensity of input light corresponded to a singletplklectron
(p.e.). The output signal was recorded with 2.1 ns of FWHN,rs of Rise time and 2.5 ns of
Fall time.

5.8 Amplitude resolution

As one can see in Fif. 5111, multi-photoelectron peaks weltkrasolved at low light intensity.
These peaks correspond to pedestal, 1 p.e., 2 p.e., 3 p£€ mad(from left to right). The HPDs
show a much better signal resolution than that of PMTSs, irclvbinly the single p.e. peak can be
resolved. The signal resolution is attributed to gain offitet stage. The HPDs have itat1500
by the electron bombardment while normal PMTs have only ab0at their 1st dynode.
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Figure 5.11: Signal measurements of HPD (serial# ZJ2052k¥&tfor photocathode and 450 V
for the APD bias voltagdLeft] Output signal shapgRight] Signal amplitude resolution

5.9 Dynamic range

The dynamic range was measured by output-signal areas nmatige of input pulse signals of
up to~10000 p.e. as shown in Fig.5112. The amplifier was not useddid a saturation effect.
For the small signal range (up to 4 p.e.), the signal lingavds estimated from a measurement
result of the signal amplitude resolution (see sedfioh BBFRig.[5.11).

In the small signal range, multi-photoelectron peaks apaegegular intervals within a 1%
error. The output signal area keeps a linear relation totpetipulse signal up te5000 p.e. and
begins to deviate by 5% at7000 p.e..
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Figure 5.12: Dynamic range measured by comparing outpoékayeas 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 wiijh&tof 0.1-mm spot size by
0.1-mm scan pitch on the photocathode at Hamamatsu Phstoflte scans were done with
respect to X-axis and Y-axis. The output current was medsairé¢he anode (AD). During the
measurement, -8kV for photocathode and 300 V for bias veltagthe AD were applied.

Fig.[5I3 shows the relative output current as a result olitiiftormity measurement. The
relative output current was defined with respect to the marincurrent recorded during each
scan. The result showed that the photocathode had a highiggnever 18mm in a diameter
in both axes. An 18-mm effective area in the diameter of agtaihode was confirmed. The
fluctuation of the photocathode sensitivity was no more thb at peak to peak value in both
scans.
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Figure 5.13: Results of the measurements for GaAsP phdiodat uniformity (serial#
MHPO0034). The plot displays the relative output currentmyithe 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 insemgathg a spectrometer.
Two light sources were installed in the spectrometer. One avdeuterium 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 picoamnketiey-485 by shorting
the AD anode with the cathode, and by applying -800 V to thegtaithode. A calibrated pin-
photodiode (S6337-01, Hamamatsu Photonics, calibratoaracy 2%) was used to obtain the
absolute value of light intensity.

Fig.[5.14 shows a representative result of the measured QEH&D photocathode (serial#
MHPO0125) as well as the QE of the PMT used in the telescope oBMAI [196] as a function
of wavelength. The peak value reached 54% at around 500 nm.

In Fig.[5. 1% one can see the distribution of the QE at 500 nmngmmecent 80 HPDs. Over
50 % of QE were obtained on average.

5.11.1 Wavelength Shifter application

Application of the Wavelength Shifting (WLS) technique ganovide an increase in sensitivity
in the UV region [70], where Cherenkov photons from air shiergre more abundant. Tests
of the WLS technique for our HPDs were carried out with a nmetaf 0.03 g POPOP, 0.03 g
Butyl-PBD and 1.5 g Paraloid B72 dissolved in 20 ml of Tolueflkeis solution was dripped onto
the entrance window of the HPD, thus a thin and transpargat l&as obtained. In Fig. 5114 the
resulting QE spectra with and without application of the WAr8 also shown. The enhancement
became obvious below 360 nm. However, a small drop in seitgiticcurred 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 usttiRps for the MAGIC telescope,
overall Cherenkov photon conversion efficiency was estahhy folding the QE and the Cherenkov
photon spectrum from-ray showers simulated b§ORSIKA6.023. Tabld 511 shows the im-
provement of efficiency by using HPDs for four Cherenkov $fadypes based on different
zenith angles of the shower incident angle. The peak positidghe Cherenkov spectrum shifts
towards longer wavelengths at higher zenith angles be¢hastorter wavelengths are absorbed
and scattered stronger by the atmosphere. The obtainegsvalea normalized ones with respect
to that of the currently used PMTs. This calculation inclidiéferences (1) in the collection
efficiency of light guides due to the difference in size (9486 PMT, 87% for HPD) and (2) in
the first anode (dynode) collection efficiency (90% for PMUD% for HPD). The results show
that the total photon conversion efficiency can be improwedtmout a factor of 2 compared to
the PMTs. At higher zenith angles, the improvement can be bigher due to the red-extended
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Figure 5.14: Results of the QE measurementseft] Measured QE spectra (HPD: serial#
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Table 5.1: Improvement of overall Cherenkov photon conwersfficiency when using a GaAsP
HPD compared relative to PMT (PMT = 1).
Zenith Angle for spectral typ¢ 0° 25 45 60

Non-coated 190 192 200 2.14
with WLS 199 2.00 2.07 2.17

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

Signal to Noise Ratio

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

Cherenkov spectral type (two types):

— primary energy ofy-ray: 40 GeV
— shower inclination angle (zenith angle [ZA]): (&),@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 F[§.13)

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

10 p.e. is one of the minimum requirements to be recognizédigsal” after background
subtraction (see sectidnb.4 for "Image cleaning"). Sineewe interested in lower energy events
(hence, lower intense shower image), such a "low signalditimm was selected. Two integration
time conditions were also considered: 20 ns and 5 ns, camelspg to the integration times for
FADCs with 300MSample/s, and ZGSam[ﬁelespectively. Here, we defined the Signal to
Noise ratio ass/+/(S+N), in which Swas the signal intensity ard was the estimated intensity
of the NSB with a defined integration time.

The results can be seen in Tablel 5.2 and[Fig]5.16

22GSample/s FADCs have been used in the current MAGIC systera Bebruary 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.&ignificance
20ns (300 MSample/s) PMT 10 2.60 2.82
HPD ZA=0 211 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=0 211 2.25 4.37
HPD ZA=60 23.3 2.25 4.61

Spectral type ; 40 GeV, ZA = 0 deg I ’ Spectral type ; 40 GeV, ZA = 60 deg I

w
o

w
o

g 56 3% 56
=5 B¢ 2 25 HPD+2G HPD+300M
€ I  HPD+2G HPD+300M| < “°F A @ " Wile)
2 o0k A ‘"""'"""""7 u g,20; /'1
» 40 ®
15 e 15F e ~
[PMT+2G == 36 F PMT+2G =~ oY
10F v --== ./ 10 vr <=0
: PMT+300M 20 : PMT+300M 20
5F 5
: £26) : lo
0 o b b b b b b b L Ly Ol b L b b L L L L Lua
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
NSB [p.e.] NSB [p.e.]

Figure 5.16: Signal to Noise ratios in different conditionBhe condition of each point (the
type of detectors and sampling frequency of the FADCSs) iotshin the plot. The green lines
represent contours of the Signal to Noise ratio between lindte 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 LQNSgloperation, their photocath-
odes are required to maintain their sensitivity over sdyezars of operation. However, the type
of photosensors with a GaAsP photocathode has never bedmunder such conditions before.
Measurements were carried out in order to understand thmey ggoperties of the HPD. Here
we define the lifetime as the period after which the sengjtivegrades by 20 % from the initial
value.

5.12.1 Measurements

The photocathode aging tests were performed with 5 tubesgah @ tubes [tube serial# MHP51,
55, 67, 133] were measured at Hamamatsu Photonics and 1MHR100] at MPI. High volt-
age for the photocathode and bias voltage of AD were congtheing applied throughout the
measurements. The high voltage value was set to be -8 kVIfarkas, while the bias voltages
were adjusted for total gain to be50000 at Hamamatsu, andd5000 at MPI for each tube. A
halogen lamp (IWASAKI) without any filters was used as a lightirce and its intensity was
monitored by a pin-photodiode during the measurementsgarerstability of the light source.
The measurements were conducted under two different gonsliof light intensity at Hama-
matsu. For one tube [MHP51], the intensity was adjustedtiangial output current of the AD
at 10uA (with gain of 50000), which corresponds to an intensityai@times higher than that
of typical NSB conditions at La Palma-{2pA at photocathode. The calculation was based on
the measured LONS spectrum Hig. %.21 [56]). An initial ottpwrrent of 50xA (with gain
of 50000), corresponding to about 14 NSB level, was set fothaar 3 tubes [MHP55,67,133].
In the MPI measurement for one tube [MHP100], the initialppgtcurrent was 10QA (with
gain of 45000), corresponding to about 31 NSB. The outputeatrof the AD was recorded
for several thousand hours while the photocathode was aoihgtexposed to light. The total
exposure times were 5000h [MHP51], 2000h [MHP55], 2000h péd], 4500h [MHP133] and
350h [MHP100] (This difference is due to the measuremenipggs availability at individual
times.). In addition, gains (both of bombardment and awlah AD leakage current and QE
were measured each 600h, 1000h and 2000h of the exposurtotiMélP55, and, in addition,
the photocathode uniformity after an exposure of 4500h feifNI33 was also measured.

5.12.2 Results

The results of the AD output currents for each tube duringatliag measurement are shown in
Fig.[5.1T and summarized in Talplels.3. For comparison, silite are plotted in one figure with
a scaled exposure time by the same NSB intensity ilEigl 2L8ut one tube [MHP51, 55, 67,
133] reached 80% in their output current after more than Q®@irs of the scaled exposure time.
Given the fact that the estimation of the total operatioretoh IACTs is about 1000 hours in 1
year, we expect the HPDs to have lifetimes of more than 10sy&favperation with the MAGIC
telescope under the nominal NSB conditions at La Palma. dtaétharge on the photocathode
during a lifetime is estimated to be about 3.85mC on an aeeodd tubes. It corresponds to
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about 190 C in AD output with a gain of 50000. The remaining tutee [MHP100] did not
degrade enough for us to derive a lifetime value, but we camsémilar tendency as in the other
tubes in the output current curve in Fig. 3.18.

Fig.[5.19 shows results of gains, AD leakage current and Qact intermediate step (at 0,
600, 1000 and 2000 hours of exposure) of the measuremer#HB55. Degradation could be
seen in the bombardment gain and the QE, while the avalarahédept the same amplification
as the initial value. From our results, one can realize tiatirop of the AD output current after
long exposure to light is caused by not only the degradatidheQE (photocathode) but also
of the bombardment gain. The decrease of the bombardmentgaibe compensated by (1) an
increase in the voltage applied to the photocathode or (#)aaase in the avalanche gain. With
option (2), the signal amplitude resolution will become sedue to the lower amplification at
the first stage. This is, however, not a serious effect fotggensors of IACTs because they are
not used in photon-counting mode, and a slightly worse utol will not impair the telescope
performance.

The QE finally reached a level of about 80 % of the initial vadfter 2000 hours of exposure
time (Fig.[5.19-d), while the output current dropped to asds 68 % of the initial value. There-
fore, we can expect a longer lifetime if we estimate theilifet only from QE degradation (=
lifetime of the photocathode). For the MHP55 tube, for exkaplifetime estimated by QE only,
corresponds to 30000 hours of the scaled exposure time tBlU&NSI, while lifetime estimated
by the overall output current corresponds to 11000 hourss iSBue shall be investigated more
profoundly. In this thesis, conservatively, we regard tifetime estimated by the overall output
current” as "lifetime" of the HPD tubes.

The photocathode uniformity at the end of the measurementifdP133 is also shown in
Fig.[5.19-e. Interestingly, the degradation of the QE shibmdependence on the position on the
photocathode. A huge drop could be seen at the central pphatbcathode. One can assume
that the degradation of the QE is related to the "lon feed leffelct”. The "lon feed back effect”
causes molecules on the surface of the AD to be ionized byntheéngement of photoelectrons
with a certain probability. Due to the mechanical structame the electric field inside the tube,
one can expect that such ions would likely hit the centreh arfethe photocathode and damage
it.

AD leakage current was also measured as one can see iR E(H.11t was increasing
as the exposure time became longer. However, the absoluie (#a10 nA) is still negligible
compared to the estimated NSB contributieng few pA).
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a) MHP51. 10 uA (~3NSB) at Hamamatsu

b) MHP55, 50uA (~14NSB) at Hamamatsu
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Figure 5.17: Measured AD output current relative to thaahitalues of 5 tubes during the aging
measurements. On top of each plot, serial number of the tuitia] AD output current and the
corresponding NSB intensity, measurement place (HamanoatglPl) are denoted. The curves
describe the variations in relative value of the AD outputrent of each tube as a function of
exposure time (X-axis) to the light. The scale of the X-avffeds plot to plot. The horizontal
pink lines denote the "lifetime" of our definition. The Y-axs 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 Sstulbbhe exposure time (X-axis)
is scaled by the light intensity of the NSB contribution atRalma with the MAGIC telescope.
The horizontal pink lines denote the "lifetime" of our defion. The Y-axis is described in log
scale and the minimum value is 50%.

Table 5.3: Summary of the results of the aging measuremimss four tubes were measured at
Hamamatsu. The last one was measured at MPI. Descriptioolwinos: (1) Serial number of
the HPD. (2) Initial value of the output current of anode silgii3) Total gain applied during the
measurement. (4) Total exposure time to the light. (5) Fonéput current relative to the initial
value. (6) Corresponding NSB level of the input light intéyased for the measurement (1 NSB
= 72 pA at photocathode). (7) Estimated lifetime from the sueament result with respect to

the background light intesisty of the 1 NSB level. (8) Estietktotal charge at the photocathode
during the lifetime.

(1) (2) 3) (4) (5) ®) () (8)

HPD initial  gain total final | NSB lifetime total PhC charge
serial# | output exposure outpytlevel (with 1 NSB) during the lifetime
MHP51 | 10p4A 50000 5000 h 78.8% 2.8 11500h 3.0mC

MHP55 | 50puA 50000 2000 h 68.1% 13.9 11000h 2.9mC

MHP67 | 50puA 50000 2000 h 78.0% 13.9 23000h 6.0mC

MHP133| 50pA 50000 4500 h 52.0% 13.9 13500h 3.5mC

MHP100| 100A 45000 350h 92.0% 30.9 nl/a n/a
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Figure 5.19: Variation of the HPD performance [MHP55. MHB1sly for (e)] during the
aging measurements. (a): Bombardment gain (initial, 60080h, 2000h). (b): Avalanche gain
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5.12.3 Simulation with starlight for realistic conditions

In order to confirm the durability of HPDs with a GaAsP phothcale under the realistic condi-
tions of background light, a simulation with starlight an@MNS was performed with an imaging
camera composed of about 500 HPD tubes. Stars were selasutedive "Hipparcos Catalogue™
in sky fields around 10 typical observation targets as ligte@lable[5 4. Only stars brighter
than 11 magnitudes were used because stars with less tytdresn that magnitude contribute
less to the background light than diffuse NSB. As mentionefie, we assumed 1000 hours
of observation time per year; thus, 100-hour observationgdcbe allocated for each source in
this simulation. The telescope motion for tracking the objgas also considered. Since the
telescope was installed with Alt-Az mount a star positiortloe camera is following a rotation
curve as described in Fig.5120. We also assumed that thectgle tracked each source up to
each maximum zenith angle defined in the Tablé 5.4. Intexssit starlight were simulated with
the following parameters.

e Black-body type spectral shape

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

e Apparent visible magnitude and wavelength. The absolutefftm a star of apparent
visual magnituden, = 0.00 at 550 nm : $4x 10°[J- s m2nm™?] [18€].

e Absorption in atmosphere by Rayleigh, Mie scattering arsbgition by Ozone. They are
estimated usin@ORSIKAcode (cf. section4.6.1)

e Efficiency of the detector responses: mirror reflectivitgnsmittance of Plexiglas, photo
collection efficiency of light guides and QE of HPD are incdd

An example of the simulated starlight can be seen in[Eig}Hh20This is the result of a stac*
Tauri", whose spectral type is "B4"; apparent visible magphe is "3.02" and location is 13° off
the Crab Nebula. In the figure, the starlight of (1) the odjspectrum (black-body with given
spectral type and apparent visible magnitude), (2) thetapacat 2200 a.s.l. (after attenuations
by the atmosphere) and (3) the final spectrum (includind Q#iof HPD) with the star location
at the zenith angle of 25n the sky are drawn. The final intensity corresponds to 1@6ns*
with 239 n? mirror.

Fig. 5224524 shows full simulation results using 10 nominal target§able[5%. The
distribution of the total charge of pixels, relative sengly and the charge distribution on the
camera plane are described. The relative sensitivity isutatied on the basis of the result of
our aging measurements (3.85mC in the photocathode for 2@¥adation). In the plot of the
camera plane, (c), one-bin size corresponds to 0.2xd@d deg area, which is almost equivalent
to the area size for one pixel of the camera. After one-yeapefation (FiglC5.22) none of the
tubes reaches its lifetime. Two peaks are evident in thegehdistribution on the camera plane.
They are caused by the light ¢fTauri, which is the brightest star in the simulation. After
years of operation (Fig. 5.23) , a few pixels will be dead. \&a easily exchange a few dead
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Figure 5.20: An example of starlight simulation wifkTauri. (a) Star position on the camera
during tracking the object (until ZA = 4%. Dots are plotted with a 4-min interval. (b): starlight
spectrum: original starlight with black-body radiationpéstral Type B4~ 17500 K) plue),
after attenuation by the atmosphegegen, final spectrum at the camenag).

pixels for new ones. Even after 10 years of operation (EiZ4p, only a small number of tubes
lose their sensitivity. Many may still possess more than 8 %eir initial sensitivity.

As a result, only bright stars like-Tauri will damage the HPDs in addition to LONS. In fact,
the expected number of such stars (brighter than 3.5 maig)itn the field of view of the HPD
camera £5 ded) is only 0.034. The results of this simulation indicate ttr&t HPD camera
can keep its quality over 10 years with only a small numberepfacements 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 Centef 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 scaleasverted to per pixel size of the
MAGIC telescope camera with 23%mirror
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Figure 5.22: Results of the starlight and NSB simulatioeraftyear of operation. (a) histogram
of relative sensitivity of each pixel. (b) histogram of tleéal charge of each pixel. The red line
indicates the corresponding total charge at lifetime. k@rge distribution on the camera plane.
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Figure 5.23: Results of the starlight and NSB simulatiorrablyears of operation.
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Figure 5.24: Results of the starlight and NSB simulatiorraf0 years of operation.
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5.13 Test operation

A test operation of HPDs has been planned in the second MAG#&S¢ope camera. At the first
stage, PMTs will be used as photosensors in the camera ottomd telescope. To facilitate
an upgrade to HPDs, the camera is designed with cluster medubrder to have compatibility
between PMTs and HPDs. Each cluster consists of 7 pixels.cllister modules allow us to
exchange the photosensors easily. We are considering steps for installing the HPDs in
the MAGIC camera as shown in Fig_5125. In the first step, (alu6ters (42 HPDs in total)
will be installed outside the effective camera area of PM{Ehere are some free spaces at
the edge of the camera due to its geometry). During this stagewill try to define and solve
all problems that might possibly occur in when using HPDs lagt@sensors in the MAGIC
camera. In the second step, (b) we plan to arrange 19 cly&t&3spixels) for both HPDs and
PMTs symmetrically with respect to the camera center. Qdasieins will be conducted with
this configuration to detect cosmijeray events (e.g., from the Crab Nebula) for comparing HPD
and PMT performance. Finally, (c) upon successfully conmpiethese tests, the whole central
region of the camera with 61 clusters (427 pixels) will beippad with HPDs instead of PMTSs.

b) step-2

a) step-1 c) step-3

Figure 5.25: Planned HPD arrangements in each step (lagtg for the field test in the camera
of the second MAGIC telescope. A black hexagon represergsHi?D cluster. The brown
colored area represents the effective camera area.

5.14 Summary

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

A total gain of several tens of thousands could be achievewminal operation voltages.
The avalanche gain showed a strong temperature depende®&e/(1°C). However, installing
a "temperature compensation circuit” based on a "thermiistothe HPD system, we could
reduce the dependencet®.3% / *C.
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The tube showed a fast response to light. An output signalreesrded with 2.1 ns of
FWHM. Clear peaks up to 4 p.e. could be resolved in the signgdlitude resolution. The
output signal area kept its linearity up405000 p.e. of the input light intensity.

An 18-mm effective area in the diameter of the photocathods wonfirmed with a 15%
fluctuation at peak to peak. The peak of the QE spectrum reaa#fb around 500 nm and the
tests of the WLS technique demonstrated an increase otiségsn the UV region and provided
an additional improvement of 3-9% for total Cherenkov ligBtompared to the currently used
PMTs in MAGIC-I, the overall Cherenkov photon conversiofiocgéncy would be improved by
a factor of 2. This can be seen as equivalent to increasingitrer diameter from 17 m to 24
m.

Aging test measurements showed that the GaAsP photocatiandiee expected to have a
lifetime of more than 10000 hours for the MAGIC telescoperafien. Realistic simulation
studies of background light including starlight based cal starfields showed that only bright
stars would damage HPD pixels. The expected number of sughtlstars (brighter than 3.5
magnitude) in the field of view of the HPD camera¥ ded) is only 0.034. Therefore, the
results of our simulation indicate that the HPD camera camtaia its quality over 10 years
with only a small number of replacements of dead tubes dadhagentense light from bright
stars.

The new type of HPD with an 18 mm GaAsP photocathode is realdg tsed in IACTs with
low threshold settings. After some field tests planed in 20@8intend 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 ansiigsilescribed. The software pack-
age is called the standard MAGIC Analysis and Reconstrn@iaftware (namedVARS").

6.1 Charge and arrival time reconstruction

6.1.1 Signal extraction

The MAGIC telescope uses a 300 MHz FADC system to sample awshsignals. Charge and
time information of the signal is extracted with the aim ohimizing the effect of the night sky
background (NSB). For that purpose, didital filter" signal extractor, defined as the standard
signal extractor in MARS, is applied. In tlogital filter, the signal is calculated as the weighted
sum ofn consecutive FADC slices, i.e. the number of slices to be sedhap into a tuneable
parameter of the extractor. Since the pulse shape is doadifgtthe electronic pulse shaper, a
numerical fit is possible. The weights are determined byn@gkiato account the expected pulse
shape known from the pulse shaper and from M&mulations. 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 NSBsante accidental light (e.g. ar-
tificial light from a bypassing car, stray light). Since thetput pulse signal of the PMT is

AC-coupled, the NSB does not change the pedestal level dfAIREC. Instead, the NSB inten-

sity can be estimated by fluctuation of the pedestal becéesiuictuation is proportional to the

square root of the NSB photoelectron rate. It should be nibtatinoise from readout systems
can also contaminate the FADC signal. In our system, howévemMNSB is usually a dominant
component for the pedestal fluctuation.
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Figure 6.1: FADC signals. The signal in the high gain readtainnel is drawn as a black line.
The low gain readout signal is in blug.eft](a); The signal in the high gain readout channel was
saturated. The signal of the low gain readout channel was {R&ght](b); No signal was seen
in the low gain readout channel, so the FADC slices in thisialkeaare used for the evaluation of
the pedestal and the pedestal fluctuation.

The pedestal and the pedestal fluctuation in the MAGIC daéidysis are evaluated in two
different ways: (1) By estimating from a dedicated pedesial in which no cosmic signals
are expected to be caught by the random trigger. (2) By usiegdgion of the last 15 slices.
This region is allocated to the low gain readout channel. &l@x; if no saturation occurs in the
high gain channel (as happens for most of the events), theg&wpulse cannot be seen there.
Consequently, in that case there is no signal contributiothis region (see Fig._8.1). During
observations, the average mean pedestal for each pixel yvasnically evaluated from 2000
measurements each.

6.2 Calibration

The integrated charge of the extracted signal is given itswfi FADC counts. In addition to
the relative calibration of the pixels for obtaining a umiforesponse for a given input light,
an absolute calibration is needed to compute the convefaaors from FADC counts into the
number of photoelectrons (p.e.) arriving at the first dynofithe PMTs. Dedicated calibration
runs are used and the conversion factor is calculated wathRH-actor" method. In this method,
assuming a Poissonian variance of the number of photoeteatriving at the first dynode of the
PMTs, a uniform photoelectron detection efficiency, and @stant excess noise introduced by
the gain fluctuations, the mean number of gre, e reaching the first dynode is given hy [178]

<n>p.e4 = FZM (6.1)

3=0?

with the mean charge of the distributio@), its standard deviation3, the pedestalP) and the
erroro3 introduced by NSB fluctuation, electronic noise and extraghcertainties (all in FADC
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units). The excess noise factéris defined as
F=y/1+ = (6.2)

This factor originates in the statistical fluctuations ie implification of the electrons in the
PMT dynode system{G)? andc2 can be measured in the laboratory by using the single photo-
electron response of the PMTs. Based on the measurement4Tsf 6f the MAGIC telescope,
this value is adapted at 1.15 [105].

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

Moo _ _o((Q)~(P)
Q-P) " 3= (6:3)

ConV:ADC—>pAe. =

Bad pixel treatment: Typically about 4% of the pixels cannot be correctly calibchbecause
of hardware problems or contamination by the strong ligbtfioright stars. These pixels are
tagged as "bad" pixels and have to be specially treated éoautlalysis because their information
is wrong and can distort the images. The criteria for the tifieation of bad pixels are: (a)
pixels with no PMT existing (a central pixel, blind pixel¢h) pixels showing large fluctuations
in the extracted signal or too low values of the fluctuatig¢ogpixels with a large deviation of the
pedestal RMS with respect to the mean value for the entireecanor (d) pixels illuminated by
very bright stars, which results in an increase of both ttleeptal fluctuation and the DC values.
Instead of excluding those bad pixels from analysis, thiginas 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 ovéigiht collection efficiency of the
MAGIC telescope can be monitored using isolated muonsgittie reflector [115]. The geom-
etry and the energy of the muons are reconstructed from thsumed ring images and compared
with Monte Carlo (MC) predictions. The amount of Cherenkight produced by muons can
be modeled with small systematic uncertainties. Muon nmgges are recorded during normal
observations with a rate of about 1 Hz. A continuous calibratan therefore be performed
with no need for dedicated calibration runs. These momitpresults are available in every ob-
servation. The PSF calculated from Muon rings agrees weH thie one measured from star
images. So far, the PSF showed some small changes causedrbgatéons (possible damage
due to heavy snow or simple aging effects) or by improvemgntisnsive works for adjustment
of the mirror alignment or upgrading of the active mirror tohsystem). The parameters of the
MC simulation samples are adjusted based on these resulise MAGIC data center, several
types of MC samples which were generated with differenteslof PSF are available. The best
matched type of MC samples among them can be selected aogdodihe telescope conditions
in each observation period.
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Figure 6.2: Measured shower images on the MAGIC camerat][Lelibrated images (before
image cleaning). [Right]: cleaned images (after imagersteg). The color bars are defined by
a relative scale in each eveltrom Top to Bottomy)-like, hadron-like .:-like shower images.
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6.4 Image cleaning

In obtained camera images, many pixels contain only fluioatof the light of the night sky
(LONS). Those pixels have to be rejected for the reconstmicif an air shower image. It is
essential for parameterizations of the image to employ th@ysignal content of the pixels. This
procedure is calledmage cleaning It is achieved by applying a two-stage tail cut procedure.
The first iteration keeps those pixels with a charge ampdifadger than the first tail cut. These
pixels are calleccore pixels In the second iteration, neighbors of core pixels are msadt
they pass the second tail cut. These pixels remaboasdary pixels. As an example, Fig. 6.2
demonstrates the calibrated images (before image cleaaimdjcleaned images (after image
cleaning) of air showers by-ray, hadron and muon candidates.

The tail cut levels are defined in the absolute p.e. scale. #taradard value, 7 p.e. for the
core pixels and 5 p.e.for the boundary pixels are defined.sd kalues were used in most of
the analyses in this thesis. The combination of 10/5 p.eddoe/boundary) is also used as a
conventional standard value.

Another, advanced, method uses arrival time informatiahefight in the pixels in addition
to the amplitude information. The method is based on thetiolsa shower image of Cherenkov
photons fromy-ray should spread within a few ns while the NSB can reachdhgeca randomly.
This method with an extra coincidence requirement allowtuswer the tail cut levels of the
signal amplitude. It results in retrieving some faint imsgehich originate from low-energy
primary particles. Detailed information on the algorithhttes method can be found in[190,43].
In this advanced method, 6 p.e. for the core and 4 p.e. fordemynand the coincidence of arrival
time within 1 FADC slice (= 3.3 nsec) are required. This optieas 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 qualdgkc The event rate is the most
useful indicator for weather conditions and possible pFotd in the hardware or the software.
Ideally, it needs to be stable over the whole observatior tiithin statistical fluctuations (apart
from a small dependence on the zenith angle). Bad atmospbeniditions can be detected
by low rates. Technical problems normally result in unstaiates. Extraordinarily high rates
indicate software instabilities or some accidental stiggiy, like a car flash.

6.6 Gamma/hadron separation

In measurements with IACTSs, the number of hadron (backgibewents in the recorded data
is typically about 1000 times or more higher than thatyafay events. Efficient methods for
separating y-ray like" events from the dominant "hadron-like" events #nerefore urgently
needed. As described in detail in secfiod 3-8ay induced showers and hadron-induced shower
have a number of different features. One of the most effiaieethods to characterize these
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is the parameterization of the image on the camera. By mefathe®e image parameters, the
"Random Forest method" is adapted for thieadron separation as a standard method in the
MAGIC analysis program. In this section, the details of imagrameters and the "Random
Forest method" are described.

6.6.1 Shower Image parameters

After image cleaning, the shower image on the camera is septed as the number of photo-
electrons for each pixel. For further analysijgh@adron separation and energy reconstruction) it
is useful to characterize the image by simple parametersos&ible set of parameters are the
2nd and 3rd moments of the shower image, which were first meghby Hillas|[130].

Fig.[623 shows the definitions of the image parameters. Taeréwo kinds of parameters:
one is the so-called "image shape parameters” and the sttsurce dependent parameters”.

Image shape parameters: These parameters describe the shape of the shower image on th
camera, They can therefore be defined independently frometaeence 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 #sagvhich is a
measure of the longitudinal development of the air shower.

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

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

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

LEAKAGE: Fraction of photoelectrons contained in the outermostoirqgxels of the camera.

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

DIST: Distance from the center of gravity of the shower image tderesce point.

ALPHA («a): Angle between the shower image major axis and the line cdimgethe image
center of gravity with the camera center.

DELTA (6): Angle between the shower axis and the x-axis of the camera.
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Fig.[64 and 85 compares distributions of shower imagenpeters of MC~y samples and
OFF data (= hadrons) samples. Higl 6.4 represents the lof @iZge (150 p.e< SIZE < 250
p.e.), corresponding to a peagkray energy of about 120 GeV with a spectral photon index of
-2.6 (see Fig 816). Fi¢.8.4 shows the higher SIZE rangeES1Z350 p.e.), corresponding to a
peak~-ray energy of about 250 GeV.

While in the high SIZE events the differences in the distiims of the parameters are sig-
nificant (see Fig_8l5), they shrink in the low SIZE regione($ég.[6.4) when approaching the
threshold because the image parameters are influenced HBydheations of the shower devel-
opment and Cherenkov photon statistics. In addition, indineSIZE region, the following con-
tributions become larger than in the high SIZE events. (10pks with large impact parameters
produce image shapes similarteray shower images in that SIZE range. (2): Shower branches
produced byr® (electromagnetic components) in a hadron-induced shoa@srbe more dom-
inant. The distinction between hadron-induced showersramtiuced showers becomes less
significant. (3): Fraction of electrons in cosmic-rays bmaes larger because cosmic-ray elec-
trons have softer spectrum index (-3.2 [5]) than that of thentc-ray protons. An air shower
induced by an electron shows features (only electromagascade) identical to that ofra
induced shower, so that it is impossible to distinguishés/éen them by means of the shower
image shape on the camera.

y ¥-%o)

A

[ —
>

XO | (X_Xo)

X

Figure 6.3: Definition of the shower image parametersy)(are coordinates in the original
camera systemxg, Yo) is a reference point, for example the source position océmger of the
camera.
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Figure 6.6: Energy distribution of M@ammarays with a spectral photon index of -2.6, using
events with 150 p.e< SIZE < 250 p.e. greer), using events with SIZE- 350 p.e. ¢range.

6.6.2 Random Forest Method

In order to reject most hadronic background events while&nserving the majority of the
~v-candidates, a multi-tree classification method callednt®an Forest (RF)" method [[711, 66]
was used for the/hadron separation.

The Random Forest method is based on a collection of decistes, built up with some
elements of random choices. Like many other classificatmhragression methods, a Random
Forest is constructed on the basis of training samplesideifar the application.

As training samples, we use MC simulategday samples fory events, while real data are
used for the hadron samples. On the other hand, it is usudgable not to use MC hadrons,
since hadronic showers are difficult to simulate very pedgigunlike v showers, which have
a pure electromagnetic cascade). OFF data, which do nodicoay~ candidate events, are
used for hadron samples, if available. It is also possibles® observational data with a small
contamination ofy-rays (< 1%) for the hadron training sample, because this level ofythay
contamination does not affect the results. Usually, olsemal data contains much less than 1
% of gamma-ray events. (e.g. even in the data taken for thie Redoula, which is one of the
brightest TeV sources, the fraction gfray events in the observational data are less than 1%).
Therefore, in most cases we do not need to take additional dafd for the hadron training
samples.

Each event is characterized by image parameters, whichsarkas input parameters for the
RF method. From the training samples, a binary decisiondagebe constructed, subdividing
the parameter space first in two parts depending on one ofaremeters, and subsequently
repeating the process again and again for each part.

To understand the classification process, a completelyrgh@e may serve as a starting point
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Figure 6.7: Sketch of a tree structure for the classificatiban eventy with the components
Ulengthy Uwidth, Vdist. ONe can follow the decision path through the tree as it Iéad$assification
of the events as hadrons.

\Y

(see Fig[&l7). The task is to classify an event charactéhbye vecton in the image parameter
space.v is fed into the decision tree; at the first (highest level)enttkere is a split in a certain
image parameter (e.g. 'length’). Depending on the compbfierage parameter) ’length’ in,
the event proceeds to the left noded,qin <length cuj or to the right nodeengin >length cuy

at the next lower level. This node again splits in some otbeby chance the same) component,
and the process continues. The result is thfallows a track through the tree determined by the
numerical values of its components and the split valuesefréte nodes, until it will end up in a
terminal node. This terminal node assigns a class lafoet, which can now be denoted k&),
wherei is the tree number. The vectowill be classified by all trees. Due to the randomization
involved, different trees will often give different ressiihence the name 'Random Forest'.
From these results, a mean classification is calculated:

Seeli(v)
ntree

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

The splitting process is somewhat randomized by a featuledceandom split selection.
The parameter candidates for a split are chosen randomiy fine total number of available
parameters. Among the candidates, the parameter and ponciag cut value to be used for
splitting are chosen by the minimal Gini index. In the casénaf classes, the Gini indeQgini
can be referred to as a binomial variance of the sample stathd interval [0, 1]. The Giniindex
can be expressed in terms of the node class populatgrs, and the total node populatidi

4 N, Ny

N,(N—-N
Qgini = N Tbinomial = 4WN = 4%

h(v) = (6.4)

[0,1] (6.5)
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Figure 6.8: Importance of RF input parameters measured bynthan decrease in Gini-
index. "Density" is defined as log(SIZE/(WIDTH.LENGTH)), "Asym" is M3LONGx (sign
of DELTA). The most important parameters are related to WHCahd LENGTH.

Choosing the smalleSgin corresponds to minimizing the variance of the populationsoand
hadrons, and naturally purifies the sample. Minimizationhaf Gini index provides both the
choice of the image parameter and the split value to be uskd.RF method for the MAGIC
experiments is discussed in more detailin [44].

The relative discrimination power of the individual pardere can be characterized by the
decrease of the Gini index (Fig_6.8). As expected from tluperties of electromagnetic and
hadronic air showers, WIDTH and LENGTH are the key paransdiar discrimination ("Den-
sity" is a combination of WIDTH and LENGTH). Prior to the tnémg, the SIZE distributions of
the two training data samples are adjusted to be equal, sathhe SIZE parameter does not
contribute to they/hadron separation but is only used for scaling the otharpaters. It should
be noted that the combination of input parameters in[Eigiued for the "ALPHA analysis
(cf. section[8.7]1)". In the "DISP analysis (cf. sectlon.B)7 the source dependent parame-
ters (DIST and ASYM in Figl.6818) should not be used as RF inpuameters so thathadron
separations can be applied independently from the arrix@ttion of they-ray events.

Fig.[6.9 shows the distribution of the HADRONNESS as a fuorctf the SIZE parameter
for two test samples of MGs and OFF data [hadrons]. HADRONNESS assigns to each event
a number between 0 and 1, which specifies the event to be mag like (close to "0") or
more hadron-like (close to "1"). One can see thsiand hadrons are well distinguishable with
respect to the HADRONNESS parameter. However, in small Sidldes (log(SIZE)X 2.5),
the separation of the HADRONNESS distribution is less cléfris is due to the differences
of image parameter distributions betweeand hadron becoming less significant in low SIZE
events, as discussed in secflon@.6.1 (see als@Flg. 6[4@nd Gerefore, the power afhadron
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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 th&Z5 parameter in a MCy
sample [eft panel] and in an OFF data (hadron) samplght panel]. In each bin, a horizontal
black line denotes the average value of the HADRONNESS aneltécal line represents the
RMS of the HADRONNESS distribution.

6.7 Gamma-ray signal extraction

After ~v/hadron separation, the data contain the evenisraly candidatesloy as well as a num-
ber of remaining background events witHike image parameterSorr. The number of these
background events is estimated by using independent OFpleaand applying the same cuts as
for v/hadron separation in HADRONNESS. The OFF samples shoubihtaened from observa-
tions of aregion in the sky that presumably contains+ray source under the same observational
conditions (same LONS, zenith angle range and telescopditom s) as ON observations. The
number of reaty-ray from the sourceé\, is given as the excess of the ON samples over the scaled
number of background:

N’y = Non —aNorr (6.6)

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

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

14T Non Nef 12
S=\/§(N In{ ( )}+Neff In[1+F <i 6.7

wherel’ andNgT_ are effectives values proposed by [195] aiming at takingetiner of number
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of the background eventa\(Norr) into account. They are derived as follows:

TN = Norr (6.8)
I N(e)flf:F = ANOFF (69)

Therefore, the variablesgt - andI" are given by the following expressions:

N 2 (ANogr)?
Nef_ = (ﬂ) and I'=a-— 2 6.10
OFF \ ANorr Norr (6.10)

Note that in the case of estimatidgNorr by a Poisson distribution, thus\Nore = +/Norr, then
N(e)flf:F = Norr andl’ = a.

In the following, two analysis methods are developed forlweing the~-ray signal: the
ALPHA analysis and the DISR)?) analysis. In this thesis, the ALPHA analysis was used for
the data taken by the ON/OFF observation mode while the Difély/sis was used for the data
taken by the Wobble observation mode.

6.7.1 ALPHA analysis

One way to determine the normalization constant between@N2EF samples is by means of
the distribution of the image orientation angle "ALPHA". slsown in the bottom right panel of
Fig.[6.4 and €15, any-ray signal should appear as an excess at small ALPHA valleseas
for background showers the ALPHA parameter is distribut@tbumly in first order between®
and 90. In our analysis, the following cuts based on the DIST patamare applied before the
final signal evaluation

e DIST> 0.3°, DIST< 1.05+0.4(log,,(SIZE) -3), DIST> 1.2°

Events with large DIST values are affected by selectiondsiasie to the limited trigger area (the
radius~ 1°) in the camera (the radiusl.75°), which may lead to some deviations from the flat
shape in the ALPHA distribution for the background eventadigs with MC~ samples indicate
that most triggered-ray events are mostly triggered "ring" area inside the camé&hese cuts,
therefore, eliminate only a small amountpfay events. Most of the eliminated events have
large impact parametersg; (120 nﬂ), which contribute less to theray signal excess because of
their small and faint images.

Fig.[610 shows an example of the ALPHA distribution of ON &igF data taken for the
Crab Nebula with ON-OFF observation mode at a zenith angle 86°. In this plot, a lower
SIZE cut of 350 p.e. was applied. Effective observation tmhé€@N data is 0.77 hours and
additional dedicated OFF observation samples were usdtddrackground estimation. Based
on MC ~-samples, one can expect that there is only a negligible sumby-ray events with
ALPHA values above 20for the images above 350 p.e.. The ON and OFF distributions ha
been normalized in the region 26 ALPHA < 80°. In order to estimate the error of the number

li.e. outside the main area of the Cherenkov light pool geadray ay-ray induced shower.
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of background events, a fit to the OFF data distribution frorec@LPHA < 80° by a second
order polynomial without linear terms is used instead ofribmber of background events. It is
an advantage to improve the statistical precision of thé&dpacind events. For this procedure,
one needs to assume that background events have the saraetehstics over the ALPHA
range. Since background events are isotropically digiidbin ALPHA, it is true the ALPHA
parameter is independent from the characteristics of theon& (background) air showers. This
method is valid as far as the ALPHA distribution of backgrd@vents can be fitted well by this
function.

Cut optimizations

In order to maximize the significance of the signal excesslémnonstrations, optimal values of
cuts in SIZE, ALPHA and HADRONNESS are checked using othéa damples ("reference
data") than analyzed data ("main data"). The referencestaiald containy-ray signals, thus
Crab Nebula data samples which were taken under similarittonsl to the main data are nor-
mally used for this purpose. The optimum values of the patarsere determined with the
following strategies.

SIZE: As shown in Fig[l&9,/hadron separation power becomes poor for low SIZE events
(SIZE < 300 p.e.). Hence, the significance of the excess decreasesiriclude such
low SIZE events. At the same time, due to the negative phaotdex of the spectrum, the
number ofy-ray events increases as the energy goes down. Consequbkatielection
of events with the lower SIZE cut of 350 p.e. can maximize igaifcance of the signal
excess.

ALPHA: The width of the ALPHA distribution fory-ray depends on the SIZE parameter. A
fit to the ALPHA distribution with a Gaussian centered at zéegree yields a sigma in
the range from~ 2° (for SIZE > 1000 p.e.) to larger than 1Qfor SIZE > 100 p.e.).
Usually, to achieve the highest significance, the cut in ABRiduld be adjusted to be a
factor of about 1.8 larger than the sigma of theay 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 bedédfesent train
samples are used in the RF method both forntlsample (according to the observed zenith
angle range and the PSF of that observation period) and éohdldron sample (As dis-
cussed in the RF section, a part of observational data tHeessare used.). Exactly the
same procedures as employed in the RF method (using the smsamples) are applied
to assign HADRONNESS for both reference and main data. TimepHADRONEESS
value is then found in the reference data with 0.01 binningudlly, the optimum value
can be seen at between 0.05 and 0.15 for SIZ80 p.e..

Finally, the selection condition of ALPHA< 9° for events with SIZE> 350 p.e. yields
an excess of 222+ 17.7 v-ray candidate events of the ON data over%84.6 normalized
background events, corresponding to a significance of a@®shown in Fid. 6.10.



6.7 Gamma-ray signal extraction 121

|[ALPHA| plot
..9 n
5140* Crab Nebula
(@] i |ALPHA| cut
0120 2005 October 05 (On-Off mode)
B | Effective observation time: 0.77 hours
100 fT Zenith angle: < 30 deg
80 T Background events (Normalized): 68.9 + 4.6
B Excess events: 222.1+ 17.7
60 Excess significance: 16.0 0
40

20; Hi*i‘**‘i%ﬁ ......... +;+:t +i'+ ﬁi¢+

............................ | I AR
% 10 20 30 40 50 60 70 80 90
|ALPHA| [deq]

Figure 6.10: ALPHA plot of Crab Nebula observations takethwdn-Off mode in October
2005. The filled circles represent the ON-data. The lightses correspond to the normalized
OFF-data. In each data point, a horizontal bar denotes azgrasd a vertical bar denotes 1
uncertainty. A dotted curve describes a second order poljaldit to the distribution of the
OFF-data. The vertical line indicates the ALPHA selectiondition (< 9°), which yielded a
total excess of 222 events at a significance level of 6.0
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6.7.2 DISP Analysis

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

WIDTH

= + '
DISP=A(SIZE)+B(SIZE) LENGTH+17(SIZE) x LEAKAGE2

(6.11)

This parameterization includes a second order polynonejéddence of tha, B andy pa-
rameters on the logarithm of the total image SIZE. LEAKAGE2 iparameter which represents
the ratio between the charge content in the TWO outermosér@apixel rings. Optimal values
for the DISP parameter functio®( B, ) can be determined from M@ events. A detailed
discussion of this parameterization can be found.in [90].

The DISP calculation of Eq. 6111 can provide two possiblec®positions along the shower
major axis. As the image in the camera can also record thenafiion of the shower develop-
ment in the atmosphere, photons from the upper part of theeshcreate a narrower section of
the image with a high photon density (head), while photoamfthe lower part of the shower
normally generate a much more widely spread image end.(fHigrefore, information of the
asymmetries in the charge distribution of the image carcatdithat "head"-"tail" direction. In
the analysis of this thesis, the "M3LONG" parameter is usedHis purpose.

Using the DISP parameters, one can define the parameter wegthibes the angular dis-
tance between the source position in the sky and the recotetr arrival position of the air
shower as#". Fig.[6.11 shows an example of thé distribution of ON and OFF taken for the
Crab Nebula in wobble mode for 3.3 hours at a zenith angle 86°. In order to maximize the
significance of the excess, only the events with S}ZB50 p.e. are used for this figure. For the
data with wobble observation mode, the normalization faitset to be 13, because 3 OFF
regions are extracted for the OFF data samples.

The width of the#? distribution represents the PSF of the telescope and gumels tar3-~
(0.1°)2. As mentioned in the previous section, the optimized vaduexktracting the signal can be
a factor of 1.8 larger than the sigma. We therefore seleotahee of 003[ded](~ (0.1 x 1.8)?)
in 62 for the final cut.

The selection condition of? < 0.03 ded yields an excess of 89636.3 y-ray candidate
events of the ON data over 31610.3 normalized background events, corresponding to a signif-
icance 30.% as shown in Fid.6.11.

Finally, it should be noted that, in the flux calculation ts&tl6.9), looser cuts are applied to
keep low energyy-ray events and a sufficiently highcut efficiency. The lower value of the SIZE
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Figure 6.11:6? distribution of Crab Nebula observations in September 26@6n with \Wob-
ble mode. The filled circles represent ON-data. The lightses correspond to normalized
OFF-data. In each data point, a horizontal bar denotes aibenand a vertical bar denotes
10 uncertainty. The vertical blue line indicates tfeselection condition<€0.03 ded), which
yielded a total excess of 869 events at a significance lev&d afo.

cut is selected to be between 100 and 200 p.e.. The values PHAIY? and HADRONNESS
cuts are determined by-cut efficiencies for each energy bin. The cut efficienciesestimated
using MC~-ray samples.

6.8 Energy reconstruction

The energy of the-ray events was also reconstructed by means of the RF metiiodAE -
samples. The RF method can also be used to construct antlifgdor estimating a continuous
guantity. A MC~-ray data set with a known simulated energy of primargvents is filled in
fine bins of a logarithmic energl;. For each of those bins, respectively, a classifier is tchine
to discern events that belong into that particular energy DPhe parameters given to the RF for
training are:

e log(SIZE), DIST, WIDTH, LENGTH, log(SIZE/(LENGTHKWIDTH)), CONC, LEAK-
AGE, and the zenith angle.
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Figure 6.12:(a): Relation between-ray energy estimated by the RF meth&gd4;) and MC
simulatedy-ray energy Errue). (b): Energy resolution. Each number in the plot indicates the
RMS of the distribution in each bin.

After training, each classifiarshould recognize a specific energy range for each parameter
and yield a parameté\.

(6.12)

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

Fig.[612-(a) displays the distribution of the MC simulatetkrgies Errue) vs. RF recon-
structed energiesEfsy). There is a sizable bias towards higher estimated enefgies low
energy range 100 GeV). This is a consequence of the trigger which, closeakhreshold,
selects only images with fluctuations towards a higher SE&[6.12-(b) shows the energy reso-
lution ((Eest— Errue)/Errue) for each energy bin (0.2 in lo&(rue)). The value indicated in the
figure is the RMS of the resolution. Apart from the lowest gydrin (<100 GeV), this results
shows an energy resolution with about 30% RMS.

6.9 Flux calculation

The differential energy spectrun-ddE of a source is defined as:

dN,  /_dN
T (: E) (6.13)
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As this formula shows, in addition to the numberefay eventsi,), (1) "A«", i.e. the effec-
tive collection area, (2)t", i.e. the effective observation time, have to be derivettiie flux
calculation.

6.9.1 Effective Collection Area

The effective collection area is the area in which the MAG#@s$cope can detegtray shower
events. The area can be described using the detection rdfycieof the ~-ray shower with
parameters of the primary energy-gfay E, the shower impact parametgrthe azimuth angle
¢, and the zenith angkas follows:

2w inf
Aer(E. 0) = /0 /0 ¢(E, 0, &, bybdbdo (6.14)

In our analysis, the effective collection area for MAGIC ebstions can be computed using
MC ~ samples:
Nf/urvwed(E, ¢7 9)

Acr(E,0) = Niimulate({E,gb,H)

X Asimulated (6.15)

whereNs'"""dis the number of surviving-ray samples after all cuts amf™"@"*dis the number
of v-ray samples simulated by MC. Our MGsamples were generated up to 300 m for the impact
parameter, which is a large enough range to apply[Eq] 6.1§.[6EL3 shows the calculated
effective collection area by MC samples in the zenith anglege of 8 to 30°. One can see
points in two colors, blue and red. The blue points repregentollection area just after image
cleaning. The red points show the area after applying afl tuevaluatey-ray signals. These
cuts comprise: (1) leakage EL(K 0.2), (2) SIZE cut ¢~ 100 p.e.), (3) HADRONNESS cut (85
% for v cut efficiency) and (4§? cut (70% fory cut efficiency). At low energies, the effective
area shows a sharp drop as the energy decreases. For thesedmergies the effective area is
limited by hardware trigger during the observations andShE cut during the analysis. For
larger energies, there is a slow variation of the effectoléection area with energy. Only for the
largest energies the effective area drops due to leakagpe shibwer pictures out of the MAGIC
camera.

6.9.2 Effective Observation time

Since dead time in the hardware system is inevitable, tleetfe 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 Porsglistribution. Thus, in the
ideal case of a detector with vanishing dead time, the Higion of time differences between

2 This cut is applied for excluding events with shower imagely @artly recorded on the camera ("leaked"
images). Due to their incomplete image shape, image paeastn not be derived for them precisely. This usually
happens if the shower image is too big with respect to the casiee. Thus, this cut mostly affects high energy
events.
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Figure 6.13: Effective collection area gfray events in small zenith angles’ (@ 30°. mean-
19°). Blue points represent the collection areas after imaganthg (no SIZE cut). Red points
are the collection areas after applying all cuts for the spetcalculation.

successive events can be described as:

%\l =Np - AexpAt) (6.16)
where\ is the ideal events rate.

In the experiment the distributioN\j/ dt of time differences between successive events can
be measured. The ideal event rate can be determined by thierexperimental distribution with
the expressiong- A - exp(At)], in the regiont > dyax. dmax IS the maximum value of the dead
time in hardware and can be understood as the time differ@noee which 8l /dt behaves like
an exponential.B and \ are free parameters to be determined in the fit. Using thé rtedh
number of recorded shower eventéeorqed, the effective observation tingy is given by:

tor = Nrec;)rded (6.17)

Fig.[6:14 shows a typical distribution of time differertcaong with a fit between 0.003 and 0.07
[s]. The effective observation time was determined td.pe 18192+ 4.8 s.

The estimated energi.; is not exactly identical to the true energy,e of the v-ray and
shows some distortions (see Hig.6.12) because of biasesasurements and the finite reso-

lution of the detector. We therefore apply tHénfolding” procedure in order to convert the
distribution of excess events in the estimated energy irds@ibution of excess events in the
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Figure 6.14: Determination of the effective observationetiby a fit to the distribution of the
event time difference. The resulting inverse event rate\lwhen multiplied with the number
of events, yields the effective observation time.

true energy for final results of theray spectrum. The unfolding can be understood as a reshuf-
fling of events from the bins dE.s; and into the bins ok The effective collection areas in
the new bins ok, e are computed again under the same conditions as the exmeairdestribu-
tion. A detailed discussion of the unfolding procedureslierMAGIC experiment can be found
in [458]. Three methods are available for the unfolding poge in MARS. In the analyses of
this thesis, the scheme proposed by Bertero (1988) [58] sed.u

Fig.[615% shows the final result (after unfolding) of the eliéintial energy spectrum of the
Crab Nebula observations in September 2006 (The data ssiamaéhe same as those for e
plot of Fig.[6.11). The result was fitted with (1) a simple povesv and (2) a variable power law
with a variable photon index.

(1) simple power law:

dN,
dEdAdt

X2IN.D.F = 81/7.

E -2.424+-0.05 v
— 10
=(5.3+0.2) x 107 ( 53 TeV) Ve e (6.18)

(2) variable power law with variable photon index:

dN,
dEdAdt

X?/N.D.F = 7.6/6.

7
TeV cn? s (6.19)

E )(—2.35i0.11)—(0.11:l:0.16)><Ioglo(ﬁ)

- —10
= (5.4+0.3) x 10 ( EE Y

These results agree well with previous measurements takeiEGRA [27] (indicated by a
dashed line in the figure) and MAGIC observation results iD52[23].
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Figure 6.15: Measured differential energy spectrum of treb@lebula. The data were taken in
September 2006 by the MAGIC telescope at a zenith angle rainge30°. Black points denote
data points from the MAGIC observations. Horizontal blacgksrepresent energy ranges of
bins, and vertical black bars areslerror bars of data points. The results of fits of the MAGIC
measured data points both with a simple power |lblud¢ Eq.[6.I8 ) and a variable power law
(pink, Eq.[6.19) are shown. The spectral model fit to the previousserement 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 anglesray shower passes through a longer
distance in the atmosphere, hence the intensity of the Gkevdight from the shower at the
ground is reduced more due to the absorption and scattaritigei atmosphere. As a result,
energy thresholds can increase with larger zenith anglereasons. On the other hand, the
telescope can gain a larger acceptance at a larger zenié dung to the geometry of the atmo-
sphere. This effect can lead to increasing the sensitivibypeervations. Our MG samples were
generated continuously in wide zenith angle ranges so thatould select appropriate samples
according to the zenith angle range in each observationiglibEL, the effective collection ar-
eas after all cuts in two different zenith angle ranges aserilged. One can see that with a large
zenith angle condition the effective collection area atragergies is bigger, while it becomes
significantly smaller as the energy decreases.

Here, we demonstrate analysis results of the Crab Nebwdalatn for 0.87 hours in Septem-
ber 2006 with a zenith angle range from 36 to 43.5. Eig.16. bivstthe results of a differential
energy spectrum from these Crab Nebula observations. Iheditted by a simple power law:

dN,
dEdAdt

-2.4440.14
— (4.9406)x 1080 ( & S — (6.20)
0.3 TeV TeV cn¥é s

x?IN.D.F = 26/4.
The result is consistent with the previous measuremenhtBkeHEGRA (a dotted line in the
figure) and the result of small zenith angle observations.

This zenith angle range is equivalent to the range of 1IESA85® observations in chapter 9.
Some parts of the observations in chapter 10 for Mkn421 acecarried out with a larger zenith
angle.

6.10 Light curve

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

The ~-ray flux from the Crab Nebula should be stable (cf. ChapterTherefore, the LC
of the Crab Nebula is well suited to show the stability of tekescope and the data analysis
performance. Fid_6.18 shows the LC-ofay above 200 GeV with a 15-min binning for 3 days
(21st, 24th and 25th of September, 2006). A fit to the data witlonstant value gave a result
with x?/N.D.F = 7.6/13 as follows:

F(E >200GeV) = (221+0.11) x 10 [cm™s™] (6.21)

This value is also consistent with the results from the MAGKServation in 2005 [43].
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Figure 6.17: Measured differential energy spectrum of treo@ebula from larger zenith angle
observations. The data were taken in September 2006 by tl@l®lfelescope in a zenith angle
range between 3@nd 435°. Black points denote the data measured with the MAGIC telesc
Horizontal black bars represent energy ranges of bins, arictal bars are I=error bars of the
data points. The fit to the larger zenith angle observatida déth a power law (Eq_6.20 ) is
shown by a green line. For comparison, a dotted purple linews the fit by a variables power-
law to the small zenith angle observation by MAGIC (see[Ef@@&nd Fig[6.119). The fit to the
previous measurement by the HEGRA collaboration [27] is al®own by a gray dotted line. All
spectra show good agreements within statistical errors.
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6.11 Systematic errors

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

The main sources for errors in the energy reconstructian are

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

Light losses in the telescope optical systen 0%

The telescope optical system consists of mirrors, the caraptrance window and the
Winston cone light guide. Degradation of their reflectegtimay cause additional losses
of the Cherenkov light. The overall light loss in the optisgistem is adjusted in the
MC simulations to dedicated measurements and monitorebdéogntion calibrations (see
sectiorL&.B). However, there may be errors in the simulagéddistribution on the camera
(e.g. the size of the PSF and halos of the focused spot on theraga and in improper
simulation for the light guide. The systematic errors onrgmnstruction energy may be
10%.

Performances of PMT: 13%
Because of the calibration error of reference photo-diaidle QE measurement, un-
certainty in the quantum efficiency is 2%. Degradation ofdbating enhancing the UV-
sensitivity may cause the uncertainly of 3%. The PMT has @&uainty in the photoelec-
tron collection efficiency of 10%. Uncertainties of F-factaised to calibrate the recorded
signal is estimated to be 8% [105]. In total, the systematiore of PMT performances
lead to 13%.

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

A continuous monitoring of the atmosphere with complemnitastruments and methods
like LIDARS, Bolometer and absolute measurements of thmetion coefficient, would reduce
the uncertainties caused by atmospheric conditions to gofeent. A proper simulation/ray
tracing of the light guide and PMT cathode would reduce threesponding uncertainties to the
level of one percent on the expense of a larger computateff@t. The uncertainty of the F-
factor method can be avoided using a different calibratiethods, 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 ofdsulation caused by the deter-
mination of effective collection area.

Camera acceptance:5%
In the MC simulations a camera with homogeneous acceptarstmulated. Defect PMTs
and trigger inefficiencies may introduce a systematic esf&®o of the flux level.

Estimation of efficiencies for~-ray events: 10%

The trigger efficiency and the cut efficiency in the analyigio for~-ray events are esti-
mated by MC simulated-ray samples. Differences between the real and simulatages
of v-ray showers (partly due to difference of the real and sitedlaptical PSF of the tele-
scope and the earth’s magnetic filed) may introduce systeerabors. Overall uncertainty
can be estimated by applying different cut values in e.gZESind HADRONNESS for
the data in the analysis chain. The overall efficiency iswated to be uncertain by about
~ 10%. In addition, different analysis parameters (e.gfetght signal extraction methods
(ALPHA or DISP), image cleaning parameters) may introdystesnatic errors, although
they showed only minimal changes in the results by 2%.

Those effects introduce a systematic uncertainty in thedtate by 11%. The effects could
increase in low energiess(150 GeV). Camera inhomogeneities could show up on the ldvel o
up to 20% in low energies because of low SIZE values for thevehamages. The effective
area degreases rapidly in the low energies while it charagasmslowly in higher energies (see
Fig.[6.13). Hence, the effective areas in the low energiesansitive to differences between the
real and simulated images ofray showers. The uncertainty may increase up to 30% for the
lower energies. Consequently, the systematic uncertairttye flux scale below 150 GeV may
increase up to 36%.

Finally, there are also effects which result in a distortdbthe energy scale. They are caused
by non-linearities in the PMT gain, the amplifiers, the ogtitansmission (transmitter/receiver)
and the FADCs. The overall non-linearity is about 10% estaaidrom the characteristics of the
VCSELSs that are used in the optical transmission and cari&imost to the non-linearities [190].

Based on experience with previous Cherenkov telescopesystematic error on the slope
of the measured-ray spectrum is 0.2.[29].
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Chapter 7

Discovery of VHE ~-ray emission from BL
Lacertae

7.1 Introduction

BL Lacertae (1ES2200+420, R.A."T2"43.3%, decl.+42°1640" [J2000.0],z = 0.069 [176])
is the historical prototype of a class of powerfiray emitters so-called "BL Lac objects”.
The mass of the supermassive black hole in the center of Blentae is estimated to be
108M,, [251].

BL Lacertae is classified as an low-frequency peaked BL L&l jlobject (see Chapter 2)
with a synchrotron peak frequency aP2« 104 Hz [216], and is one of the best-studied objects
in the various energy bands. No VHEray emission from any LBLs was ever confirmed before
this work.

Figure 7.1: Images of BL LacertadlLeft] 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 (E100MeV) light curves of BL Lacertae during the EGRET observa
tion. (a): Complete time history of EGREJ-ray observations. Until January 1995, this source
had not been detected. The arrows represent 95% confidepeelupits. (b): Optical top) and
~-ray (bottom) light curves for the 1997 July flare. Both plots show that¢heas a peak on July
19. The dashed vertical line crossing both plots shows thdeéthe~-ray flare, for comparison
with the optical flare. Detailed information can been foum{64]

Villata et al. (2004)[243] have presented long-term liginves in optical and radio emission
over 30 years and reported cross-correlation between theabjight curve and hardness ratio
with some delay in radio emission. They have claimed evidesfca~ 8 year periodicity in

radio but less evidence in optical. Several authors (€182, 225]) have also reported periodic
and quasi-periodic variations in the optical and radiotligirves.

Gamma-ray observations by EGRET (see sedfigh 1.3) resoittlydn an upper limit of 1.4
x 107 cm st until 1995. In 1995, EGRET observedrays above 100 MeV at a flux level
of (4.0£1.2) x 107 cm™ s with 4.4 ¢ significance![75]. During an optical outburst in 1997,
a y-ray flare was measured with X0 significance by EGRET at a flux level of (1F#0.42)
x 10® cm™? s, 12 times higher than the previous upper linit/[64]. The Ex&k inverse-
Compton model has been suggested for the interpretatidreottay emission in the 1997 flare
(e.g., [167) 208]). The Light curves of EGRET measurementh bomplete period and 1997
flare period are shown in Fig_T.2.

In the VHE ~-ray range, the Crimean Observatory has claimed a detegitbn7.2 o sig-
nificance [182], while HEGRA, observing during the same @arobtained only a significantly
lower upper limit [152] (see Fid. 4.3 and section 7.4.1). étpast observations of this target
resulted in upper limits only [75, 152,112, 136].

In this Chapter | report about the discovery of VHEay emission from BL Lacertae in
2005. Simultaneous observations in the optical band in 20@b62006 permitted a search for
correlations between optical and VHEray activities.
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Figure 7.3: Comparison of the BL Lacertae light curve of VHiay emission £ 1 TeV) in
July-August 1998 as measured by the Crimean Astrophysibaef atory (left, in counts per
minute) and HEGRA CT1 (right). (the figure taken fram [152])

7.2 Observations and Data Analysis

BL Lacertae was observed with the MAGIC telescope in 20052006 to search for VHE-ray
emission from this target.

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

7.2.1 The 2005 observations

The source was observed for 21.3 hours from August until Bxes 2005. Previous BL Lacer-
tae observations had indicated a correlation between eebaoptical activity and high energy
~-ray emission (see Fig—1.2). Therefore, a part of ViHEay observations were triggered as a
Target of Opportunity (ToO) after enhanced optical agtiuit addition to the scheduled obser-
vation in 2005. The observations were carried out in ON/OB$eovation mode. The telescope
was pointing directly onto the object, recording so-call@d-data. The background was esti-
mated from observations of regions where1icays are expected, so-called OFF-data, which
were taken with similar sky conditions to ON-data.

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

Imore information at http://users.utu.fi/kani/1m/
2http://lwww.astro.Isa.umich.edu/obs/radiotel/indéxp



138 7. Discovery of VHE~-ray emission from BL Lacertae

Data runs with anomalous trigger rates due to bad observatioditions and a short sample
taken at large zenith angle-(30°) were rejected from the further analysis. The observatgn |
in 2005 is summarized in Table¥.1.

The remaining ON-data corresponded to 17.8 hours, whileéORE-data corresponded to
57.2 hours, both between 1@and 30 zenith angle. Shower image parameters of the raw data
were calculated and compared for the ON and OFF data in avddrelck their consistency; ex-
cellent agreement was found in both the lower SIZE event8 {15IZE < 250 photoelectrons)
as shown in Fig_714 and the higher SIZE events360 photoelectrons) in Fig.—1.5. They show
Hillas shower image parameters of LENGTH, WIDTH, DIST andESkeparately. In addition,
CONC2, log(SIZELENGTH x WIDTH), and the event distribution on the cameragir{an-
gle between camera X-axis and line joining camera centdr kmage Center of Gravity), and
HADRONNESS are represented in the Figures. The selectedsdatples before/hadron sep-
aration are completely dominated by hadron events and thecéxd admixture of-ray events
are below the statistical fluctuations of the data. Adtéradron separation by the Random Forest
(RF) method, ALPHA analysis method was applied for the firghal evaluation.

7.2.2 The 2006 observations

Follow-up observations were carried out from July to Sefen2006 for 26.0 hours, using the
wobble observation mode, where the object was observed@fanffset from the center of the
camera. The data were analyzed using MARS package. 25.8 bbthe data passed quality
selection criteria for the analysis. The observation 108006 is summarized in Tab[e¥.2.

The RF method was used for théhadron separation. The source dependent image param-
eters (DIST, MBLONG) were not used as input parameters lsecdne DISP method was used
for the final signal evaluation.

7.3 Results

7.3.1 The 2005 results

In Fig.[Z.8-(a), the ALPHA distribution is shown. The OFFalate normalized to the ON data in
the range between 2@nd 80. The number of background events was determined by a second
order polynomial fit (without linear term) to the ALPHA digiution of the normalized OFF-
data. An excess of 216 events over 1275.6 normalized bagkgrevents yields a significance
of 5.1 ¢ for data with SIZE above 350 photoelectrons. The corresipgngeak in the energy
distribution is about 200 Ge¥-ray energy (see Fig._1.6-(b)).

Fig.[Z1 shows the local sky map for the 2005ay candidates. The map was produced from
the excess events distribution smoothed with a 2-D Gauséi@ri°. The black cross marks the
nominal position of BL Lacertae. The small offset and theeagton of the image are comparable
to the telescope point spread function (PSE>Yand the telescope pointing error)2

The 2005 VHE~-ray above 200 GeV as well as hard X-ray (by SWIFT—EA‘IX-ray (by

3http://swift.gsfc.nasa.gov/docs/swift/results/tianss/
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Figure 7.4. Comparison of the shower image parameters bet@&l and OFF data using events
with the event 150< SIZE < 250 photoelectrons before théhadron separation. The area of
each distribution is normalized to 1 with respect to theltotenber of events. Red lines indicate
the distributions in ON-data, while blue histograms repntghe OFF-data. The Red lines in-
clude the errors, which can not be recognized due to smaiésgalThe parameters are LENGTH,
WIDTH, DIST, SIZE, CONC2, log(SIZELENGTH x WIDTH), and the event distribution on
the camera i (angle between camera X-axis and line joining camera centerimage Center
of Gravity), and HADRONNESS
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Figure 7.5: Comparison of the Hillas parameters between @NCGFF data with the event SIZE
> 350 photoelectrons before thghadron separation. The area of each distribution is nozedhl
to 1 with respect to the total number of events.
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Table 7.1: Summary of the MAGIC observations for BL Laceita005. Description of columns: (1) Start time of the MAGIC | w
observation in UTC. (2) Zenith angle range during the oletésn. (3) Mean value of the zenith angle. (4) Total numbervants Y
in the data. (5) Observation time. (6) Data taking rate. (@)alrate after the SIZE cut above 100 photoelectrons. (&ckfe 2
observation time of the data used for the analysis. (9) Abdity of optical data from Tuorla. The "(+/-1day)" indies that | ®
optical data taken next/before day of the MAGIC observateguasi-simultaneous optical data) are available.

1) (2) (3) (4) ) (6 (7) (8) 9)

Observation ZA mean #Eve. Obs. Rate[Hz] Rate[Hz] ¢ [h] availability of

start time (UTC) range [deg] ZA[deg] [#D T[h] (before) (SIZE-100) (used) optical data

02.08.2005 02:05:45 13.5-18.0 14.7 1.02 129 220.0 131.0 28 1. Yes (+1day)

04.08.200501:47:09 13.5-18.4 14.9 1.28 159 2239 130.7 58 1. Yes

08.08.200501:28:45 13.5-16.0 14.3 087 1.15 210.2 119.6 15 1. Yes

10.08.2005 01:15:00 13.5-16.3 14.4 1.01 128 2205 130.0 28 1. Yes

03.09.2005 00:09:39 13.5-18.6 154 0.38 092 1136 63.5 ovordte) —

04.09.2005 23:46:17 13.5-18.5 15.3 0.55 093 164.6 92.6 owordte) —

10.09.2005 23:37:03 13.5-145 13.8 0.37 0.67 153.2 86.1 ovordte) —

25.09.2005 23:36:45 15.9-25.9 20.9 0.76 1.08 196.0 130.3 07 1. Yes

28.09.2005 22:35:39 13.4-27.2 17.6 1.03 173 164.3 118.5 73 1. Yes

05.10.2005 23:07:03 17.1-25.0 20.8 049 089 1551 114.0 89 0. Yes

25.10.2005 21:43:30 16.5-24.1 20.0 0.66 087 2134 143.1 87 0. Yes

28.10.2005 00:15:14 43.6-54.4  48.8 0.62 091 188.6 113.9 high ZA) -

28.10.2005 19:49:11 13.5-24.8 17.5 1.08 1.38 218.0 141.6 37 1. Yes

29.10.2005 21:05:37 14.3-22.9 18.9 045 0.64 196.3 127.6 60 0. No

31.10.2005 20:48:34 13.6-24.6 18.0 1.04 134 216.2 143.1 34 1. Yes

19.11.2005 19:40:02 14.2-18.8 16.2 0.58 0.71 228.0 148.3 71 0. No

20.11.2005 20:36:11 19.7-28.9 25.0 0.57 0.72 2194 141.6 72 0. Yes

24.11.2005 19:40:39 15.9-28.9 22.2 055 126 1222 97.9 6 1.2 No

26.11.2005 19:43:24 17.2-28.4 22.7 065 1.10 163.5 111.4 10 1. No

02.12.2005 19:38:20 19.7-28.8 24.1 0.61 0.88 190.6 125.2 89 0. Yes (+1day)

Total 1458 21.34 17.85

-
a




Table 7.2: Summary of the MAGIC observations for BL Laceita2006.

(1) (2) 3) (4) G) (© (7) (8) 9)
Observation ZA mean #Eve. Obs. Rate[Hz] Rate[Hz] ¢f[Rh] availability of
start time (UTC) range [deg] ZA[deg] [¥D 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 59 0. Yes
25.07.2006 03:32:13 14.3-19.4 17.0 0.24 0.45 151.8 88.6 0 0.3Yes
26.07.2006 03:23:35 14.2-27.3 20.1 0.86 1.51 159.9 94.3 1 1.5Yes
28.07.2006 04:19:11 21.9-32.0 26.8 0.54 0.78 192.2 119.7 52 0. Yes
01.08.2006 04:32:41 26.9-35.2 31.1 0.27 0.38 197.3 126.2 14 0. Yes
03.08.2006 03:18:46 16.2-29.6 23.1 0.61 0.91 186.8 113.0 85 0. Yes
04.08.2006 03:07:16 15.8-29.5 22.2 0.83 1.40 165.2 97.7 5 1.3Yes
05.08.2006 03:03:43 15.9-295 223 1.01 1.38 202.2 123.7 33 1. Yes
06.08.2006 03:02:10 16.1-20.4 17.6 0.22 0.34 186.1 117.7 34 0. Yes
20.08.2006 01:54:12 14.3-28.8 215 0.74 1.02 2011 125.5 02 1. No
21.08.2006 01:44:35 14.3-30.3 20.7 0.85 1.20 197.3 124.1 07 1. No
22.08.2006 01:34:15 14.3-29.5 20.9 1.23 1.77 193.8 122.4 73 1. Yes
23.08.2006 01:00:27 13.5-29.5 19.6 1.42 2.09 189.3 121.3 00 2. Yes
24.08.2006 01:24:27 13.5-30.2 20.6 1.10 1.59 192.2 121.9 48 1. Yes
25.08.2006 00:52:22 13.5-27.1 18.2 1.24 2.03 171.9 108.9 03 2. No
27.08.2006 00:51:51 13.5-28.5 20.2 0.98 158 172.2 110.9 58 1. Yes (+1day)
16.09.2006 00:21:57 16.3-24.6 20.4 0.53 0.92 163.3 103.1 92 0. Yes (-1day)
16.09.2006 23:51:34 14.3-29.7 20.9 1.06 1.76 166.6 105.5 70 1. No
18.09.2006 00:06:40 15.9-27.9 20.3 0.27 0.52 142.4 89.9 2 0.5No
19.09.2006 00:14:58 16.8-28.3 22.1 0.68 1.12 170.6 106.8 12 1. No
20.09.2006 00:08:33 16.1-29.6 22.4 0.79 1.35 162.0 102.8 30 1. Yes
21.09.2006 00:23:33 19.0-27.3 23.2 0.45 0.82 1514 96.5 2 0.8No
23.09.2006 00:19:57 20.2-28.0 23.6 0.49 0.75 184.3 120.0 75 0. Yes

Total 16.96 26.41 24.98

A"
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RXTE-ASI\/E), optical and radio light curves are shown in Hig.17.8. Na#igant evidence
of flux variability in VHE ~-rays was found in the 2005 data. A fit for a constant flux yields
a x?/N.D.F = 163/15. The small excess around MJD 53669-53675, also coingidith a
significant optical excess, is below 3 sigma. The derivedameintegral flux is (B + 0.2) x
10 cm? s, which corresponds to about 3 % of the Crab Nebula flux as meady the
MAGIC telescopel[245]. In the optical light curve, the caloition from the host galaxy (1.38
mJy [184]) was subtracted. The optical light curve showsra #aound the end of October 2005
(around 53670 in MJD). Also, radio light curves at 37 GHz [1&3d 14.5 GHz show enhanced
activity starting November 2005. No significant excess ddad found in both X-ray bands.
The reconstructed differential energy spectrum (Eid. is.9)ell described by a simple power
law:
dN,
dEdAdt

E -3.6+0.5
0.3 Tev) TeVcen?s

=(19+05)x 10 < (7.1)

7.3.2 The 2006 results

Fig.[ZI0 shows thé? plot for 2006 data using events with SIZE above 350 phottelas. With
the final selection of? < 0.03 ded, only 17 excess events were obtained, which corresponds
to a 0.320 excess significance. In Fig._¥.8-(b), the light curve of VhH{Eay above 200 GeV
is compared with light curves in X-rays and optical. The dalrVHE ~-ray data are in good
agreement with statistical fluctuations around Zero. A tamtdit to the data resulted in. (@7 +
0.2) x 101 cm™ s, No significant excess in VHE-ray emission could be found in the 2006
data. The optical light curve also shows a lower intensigntim 2005.

An upper limit of the integrated VHE-ray flux above 200 GeV in 2006 was derived using
the Rolke approach [213]. The upper limit in the number ofems; calculated with the Rolke
approach, was converted into flux units using the effectotkection area and the effective ob-
servation time. We obtained the upper limit of 125.9 evemthie number of excess with a 95%
confidence level, which corresponds td®x 10! cm s for the flux upper limit.

The observation results in 2005 and 2006 are summarizecoie[Ya3.

Table 7.3: Summary of the BL Lacertae observation resul20b and 2006
year On. T Obs. mode

2005 17.8 On-Off

2006 25.0 Wobble

year Excess Off event excess VHE flux300 GeV) optical
events  (Normalized) significance [chs™] flux [mJy]

2005 216+43 12756+19.7 510 (0.6+0.2)x 101 9.2

2006 17455 18256+341 0320  <0.46x 10 (95 % C.L.)* 4.2
(*) the average value derived by a fit to the light curve ikt 0.2) x 10711

http://xte.mit.edu/ASM_Ic.html
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Figure 7.6: (a): ALPHA-distribution of the 2005 data frometBL Lacertae observations by
MAGIC using events with SIZE above 350 photoelectrons. Thedficircles represent ON-
data. The light crosses correspond to normalized OFF-ttatzach data point, a horizontal bar
denotes a bin size and a vertical bar denotearicertainty. The dotted curve describes a second
order polynomial fit to the distribution of the OFF-data. Nwegtical line indicates the ALPHA
selection, which yields a total excess of 216 events at dfgignce level of 5.15. (b): Energy
distribution of MC~-rays with a spectral photon index of -3.6 using events witESabove
350 photoelectrons (after applying the same cuts as for ttleHX-distribution of (a)). The
corresponding peak is about 200 GeVay energy.

DEC (J2000) [deg]

22.05
R.A. (J2000) [h]

22.1

22.15

22

Figure 7.7: Sky map of the region around the position of BLdrtae (black cross) for recon-
structedy events with> 350 photoelectrons from the 2005 observations.
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Figure 7.8: Light curves of BL Lacertae in the various endsgynds in 2005 and 2006. [from
Upper to Lower panels]: (1) VHE-ray (> 200 GeV) flux as measured with the MAGIC tele-
scope. Dotted horizontal lines represent the average fleadh year. (2) Hard X-ray of 15-50
keV in one-day average flux by SWIFT BAT detector. (3) X-rayef0 keV in one-day average
flux by RXTE-ASM detector. (4) Optical (R-band) flux as measlwith the 1.03 m Tuorla and
the 35 cm KVA telescope. In the optical light curve, the fillgoints represent the optical flux
at times when simultaneous MAGIC observations were caoigd The measured average flux
of those points is 9.2 mJy for 2005 and 4.2 mJy for 2006. (5)i&R#Hdx with 4.8 GHz @reer),
8.0 GHz (ight blue) and 14.5 GHzred) measured with UMRAO. [Left panels (a)]: the 2005
data. [Right panels (b)]: the 2006 data.
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Figure 7.9: Differential energy spectrum of the 2005 BL Lrié@e data in the VHE-ray band as
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7.4 Discussions

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

The Whipple 10 m telescope observed BL Lacertae for 39.1shivut995 and derived a flux
upper limit (99.9% C.L.) above 350 GeV at 3.8% of the Crab fleogresponding td-(E >
350GeV)< 0.4 x 10! [cm™ s71] [1.36]. The HEGRA stereoscopic CT system derived an upper
limit (99% C.L.) above 1.1 TeV at 28% of the Crab flux, corrasghag toF(E > 1.1TeV) <
0.41x 10 [cm™ s, with 26.7 hours observationh [12]. These upper limits aresistent with
our results. On the other hand, Nespher et al. (2001) [182)cVHE ~-ray detection using the
GT 48 telescopes of the Crimean Astrophysical Observatom their observations in the sum-
mer of 1998. The reported integralray flux isF(E > 1 TeV) = (214+0.4) x 10! [cm™ s},
which is two orders of magnitude higher than the extrapdlasdue from our MAGIC result.
During the same period, July to August 1998, no significagniai was found by HEGRA-CT1,
and their reported flux upper limit in the same energy bandtism@s lower than the Crimean
result [152] (see also Fif._1.3). Given the locations of lietescopes, the VHE-ray detection
reported inl[182], cannot be explained without a remarkablye and a very rapid flux variation
offset by a few hours in consecutive nights from the HEGRAt@bservation. In case of a
leptonic origin of they-ray emission, such a flare would possibly coincide with raghvity in
optical as in the outburst of July 1997, when the increaseikwilas observed both in the optical
and X-ray tovy-ray bandsl[64, 233]. However, no increased optical agtiwias detected dur-
ing the Crimean observation period (optical magnitude5134.6, while 130-14.6 in 2005).
Throughout the EGRET observations for BL Lacertae, suchtaliphuge and rapid flare fea-
ture was never reported in high energyray emission, which may be considered to have the
same origin as the VHE-ray emission.

7.4.2 Correlation between VHE~-ray and optical fluxes

In Fig.[Z38, filled circles in the optical light curve repressimultaneous observations with the
MAGIC telescope, accepting-al day offset with respect to the MAGIC observations. In 2005,
there were 12 out of 16 nights with simultaneous observatjamerage flux: 9.2 mJy), while 16
out of 23 nights in 2006 (average flux: 4.2 mJy) have coingjdibservations.

The correlations of our observed VHEray data with optical data are shown in Hig.1.11.
We fit the data of the diurnal flux with a constant and with adintinction. The results of both
fits show the nearly equal and reasonable probabilities fydnests. The fit results are shown
in Fig.[ZI1. From the statistical tests, no significant elation between VHE-ray and optical
flux could be found. It should be noted that the measuremegsrtainties of VHEy-ray fluxes
are relatively large, which makes it difficult to apply themdation studies.

On the other hand, in the yearly scale, the optical flux in 280%.2 mJy on average over
the 12 days which coincide the MAGIC observations. The aptwerage flux in 2005 shows
a significantly higher value than that of 2006, which coroeggs to 4.2 mJy. The absence of a
significant excess of VHE-rays in the 2006 data indicates that the average flux of VHBgy
flux in 2006 was significantly lower than the average flux in2Q€ee Tabl&713).
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a linear fit (the fit probabilities are also given).
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In summary, although there is no significant correlatiomftbe statistical point of view, our
results show similar tendencies both in the optical and tH& -ray flux variations. Similarly,
the v-ray activity seen by the EGRET observations in 1997 showstiang correlation with
optical activity (see Fid.712). Such a correlation is falae to leptonic origin scenarias [64].

7.4.3 Spectral energy distributions

As our measurement shows results favorable to leptonicnosicenarios, we discuss here the
spectral energy distribution (SED) with the leptonic moftem previous studies. Fig._712
shows the SED of BL Lacertae with data in 2005 and some hestiodiata together with model
calculations by Ravasio et al. (2002) [208]. The VHEay points are corrected for the extra-
galactic background light (EBL) absorption using the "It®/- EBL model of Kneiske et al.
(2004) [148]. Our optical and VHE-ray points agree well with the solid line, which was
derived using a one-zone synchrotron self-Compton (SSQ)etnon the 1995 data, whereas
some deviations can be seen from the dotted line, which itbesdhe 1997 flare data and involves
SSC as well as external Compton (EC) components [208]. lergérit is necessary to introduce
the EC component to explaipray emission from LBL objects [109]. However, to descrilug o
result such an additional EC component is not necessaglyined.

— [ T T T T T T T T T v v v T
i\
n X
« -9r -
E L
o L
(@] L
E L . P e
—_10 7 N Optical -
- B P
= [ YKVA) )
N—r \
Y— 3 \
> i
N—r
S L
> 111
— L Radio
i (]
121 o
- @ h . from archive New data in 2005
- ! :1995 ® UMRAO, Metsahovi,
e ) ! 11907 KVA, MAGIC
-13F
o 1 i i i 1 i i i 1 i i i 1

12 16 20 24
log, (v [Hz])

Figure 7.12: SED of BL Lacertae in 2005 and some historicgh.dd he black filled circles
represent data taken by KVA and MAGIC as well as radio data RNRBO and Metsahovi from
the year 2005. Gray points describe previous data (taken A8DC [The ASI Science Data
Center: http://www.asdc.asi.it/], see also in the inlaye lines are taken from _[208]. The solid
line represents the one-zone SSC model for the 1995 datdpttexl 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 Decer20@5 and for 26 hours from
July to September 2006. The source is the historical prptgognd eponym of a class of LBL
objects.

A VHE ~-ray signal was discovered with a 5zkexcess in the 2005 data. Above 200 GeV, an
integral flux of (06+0.2) x 10'* cm s* was measured, corresponding to approximately 3% of
the Crab flux in this energy range. The differential spectbatween 150 and 900 GeV is rather
steep with a photon index ef3.6 +- 0.5. The light curve shows no significant variability during
the observations in 2005. For the first time a clear detecti®HE ~-ray emission from an LBL
object was obtained with a signal below previous upper smihe VHE~-ray emission obtained
by our observations can be described with a one-zone SSClrasd#escribed for previous
studies of they-ray emission observed by EGRET in 1995. An additional ECpament, which
has to be used to explain theray flare observed by EGRET in 1997, is not necessarily redui
for the VHE ~-ray emission in our case. On the other hand, the 2006 data sbaignificant
excess. This drop in flux follows the observed trend in opacévity.

The results of this thesis suggest that ViHEay observations during times of higher optical
states can be more efficient for this source. Future long teomitoring of VHE~-ray emission
could provide detailed information of a possible periotjigbredicted by e.g., [225], and correla-
tions with other wavelengths. Due to the observed steeprspeclowering the energy threshold
of IACTs (e.qg., with the upcoming MAGIC-II project), wouldgmificantly increase the detection
prospects for this new class of sources.



Chapter 8

Multiwavelength observations of
Markarian 501

Mkn501 (R.A. 1653"52.2%, decl.+39°4537.0” [J2000.0]) first appeared in a catalog of 1515
strong UV sources. In 1972, a radio counterpart could betiiiksh [83], which shortly after-
wards was classified as a BL Lac object and measured to hadslaifteéoz = 0.034 [239].
Mkn501 is the second established TeV blaizar [205] after Min4ig [8.1 shows the overall
light curve of Mkn501 in the VHEy-ray band since the year of discovery of the TeVay
emission, 1996. In 1997, this source went into a state ofrsimgly high activity, and became
close to 10 times brighter than the Crab Nebula in the TeVediiyy In 1998-1999, the mean
flux dropped by an order of magnituce [8]. In 2005, rapid fluxiadaility with a few minutes
time scale in its flare activities was reported by the MAGIQatmoration [41]. Although several
multiwavelength studies for this object [144, 154, 1235,]]16ave been reported, data taken
simultaneously both in X-ray and VHfzray in its low state of activity were not yet available.

8.1 Longterm light curves in 2005 and 2006

Fig.[8:2 and_8I3 show diurnal light curves of the VHEay emission above 200 GeV, X-ray
between 2 keV and 10 keV and optical R-band in 2005 and 2086¢entively. The VHEy-ray
data were obtained with the MAGIC telescope. Detailed tesuld discussions for the 2005 data
including the flare activities can be found in[41]. Partshef 2006 observations were carried out
within the TeV blazar "monitoring" program [116] of the MAGlelescope. These observations
have been regularly performed for short observation tirygsgally 20~ 60 min) every several
days by the MAGIC telescope as long as the source was vistiieh observations can alert us
to a high activity state of the source, whose occurrenceatarapredicted. This information is
extremely useful for launching planned target of oppotiuiioO) multiwavelength campaigns
for such a high state. In addition, these unbiased samp®s ak to investigate the general
features of source activities.

The X-ray data were taken by RXTE/ASM, which is the X-ray Baefor all sky monitoring
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Figure 8.1: Overall light curve of Mkn501 in the VHizray emission between April 11, 1996,
and September 20, 2006. 1996 data taken from [151], 1994-@8ta taken from_[113], 2005
data taken from [41], and 2006 data from this work. The 20@52006 data in red points were
measured with the MAGIC telescope. Note that the data hdterelt energy thresholds and
are, therefore, presented in Crab Nebula units at the tbiésbf each data.

observations. The data are available in the Webﬂ)iaglelediately after the observations. Optical
R-band observations were provided by the Tuorla Obseny&tiazar Monitoring Prograﬁwith
the 1.03 m telescope at the Tuorla Observatory, Finland tlaa@5 cm KVA telescope at La
Palma, Canary Islands. The magnitudes were then convertatear fluxes using the formula
F[Jy] = 30800 x 107 (Ma¢25) jn R-band (640 nm).

In 2005, two huge flare activities (June 30th and July 9th)ewsdrserved in the VHE-ray
band with the MAGIC telescope (Fig_8.2). Details about ¢hiéares are also discussed|ini[41].
On the other hand, no corresponding huge flare could be sdba X-ray band. However, this
does not indicate that no counter X-ray flare took place duthiese TeV flare activities, because
of (1): A relatively poor sensitivity of the instrument fdneg X-ray monitoring (RXTE/ASM).
The instrument does not have sufficient sensitivity for ditg significant signals during a low
state of activity. The distinction of the flux levels betwdew and high states is not so clear.
(2): Poor time coverage. Although the RXTE/ASM satelliterisnitoring all sky, it observes
each source once in every orbit @0 min) for only a short time of exposure. On the other hand,
the observed 2005 flares were recorded only for about one foowach flare activity. Only
a few samples of data were available as simultaneous oligervasults. Due to these facts,
it is necessary to organize multiwavelength (MWL) obseoret with other dedicated X-ray
satellites.

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

http://xte.mit.edu/ASM_Ic.html
2more information at http://users.utu.fi’/kani/im/
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We organized a MWL campaign in July 2006 for this source whth Japanese X-ray Satellite
"Suzaku", which has a high sensitivity in the widest eneagyge among current working X-ray
satellites. In the VHEy-ray light curve of 2006 the data points during this MWL camgpa
correspond to the first three points. This campaign was Imetthe of the lowest states of this
source during these 2 years in the VHEay band, as one can see in the figures (Eig. 8.2 and
B.3). It provided us with simultaneous data samples in Xaray VHE~-ray during a low state of
activity that previous MWL campaigns had not been able t@blugue to the limited sensitivity

of ~-ray telescopes.

In this Chapter, | present observations and results of tkisnsive MWL campaign and
discuss the relevant multi-energy bands data.

Markarian 501, 2005
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Figure 8.2: Diurnal multifrequency light curves during tNRAGIC observations of Mkn501
in May-July, 2005. [Top]: VHE ~-ray above 200 GeV as measured by MAGIC (taken from
[41]). A horizontal dotted line represents one flux levelltd Crab Nebula in this energy range.
[Middle] : X-ray by RXTE/ASM.[Bottom]: optical R-band by KVA.
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| Markarian 501, 2006
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Figure 8.3: Diurnal multifrequency light curves during tMé&GIC observations of Mkn501 in

July-September,

2006Top]: VHE ~-ray above 200 GeV was measured by MAGIC within the

scope of this thesis. Red points indicate the MWL campaigienfation. Dark red points show
the data taken during "monitoring observation" [116]. Aikontal dotted line represents one
flux level of the Crab Nebula in this energy rangliddle] : X-ray by RXTE/ASM.[Bottom]:
optical R-band by KVA.

Table 8.1: Summary of the MAGIC observations for the MWL cangp in July 2006.

Observation

(UTC) ZA range Obs. Rate [MHZz]Eff. Obs. T2

day (start) start - end time [deg] (mean) T[h] (aftercut) (iged)
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 a#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 VHE v-ray with the MAGIC telescope
Observations

Observations for the multiwavelength campaign were cotadlit the nights of July 18th, 19th
and 20th, 2006, for 10.5 hours, in wobble mode, where thecbhjas observed at and offset
from the camera center. Detailed information on the obsiemais summarized in Table8.1.

After rejecting the data with low trigger rates due to badewbation conditions and a high
zenith angle rangex 35°), the remaining data of 9.1 hours were processed for asalyidie
analysis was basically performed with the standard arablaitware "MARS" as described in
Chapter 6. In order to improve the analysis performancdi®data, the arrival time information
of the Cherenkov light was used for the image cleaning psoessan advanced option. This
option allowed us to use lower tail cut levels: 6 p.e. instedd p.e. for core pixels and 4
p.e. instead of 5 p.e. for boundary pixels. Based on the DISthadl, the) parameter was used
for the final cut to evaluate theray signals.

Results

The observed excess signal of 522 events over 939 normdlaekyround events belo#f <
0.03ded corresponding to 13.4 excess was observed in the total campaign data of 9.1 hours
observation as shown in Fig._8.4. Events were selected ooty the data with SIZE above 350
p.e..

The upper panel in Fig._8.6 shows the light curve with a 1-todoming during this campaign.
The average integrated flux above 200 GeV i§440.4) x 10t cm?s? (y?/N.D.F=101/10),
which corresponds to about 23% of the Crab Nebula flux as measuith the MAGIC tele-
scopel[43]. No significant variability was found. Howeveaugdo the low source flux level, we
could only have seen variability of a factor of 2-3.

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

dN, —2.85+0.14 0
dEdAdt TeVcen?s

The flux level and the photon index of this measured spectmenc@mpatible with those in the
lowest state among 2005 MAGIC observation results, whicrewierived by the night-by-night

basis analysis (d,/(dEdAdt) = (1.3640.21) x 107°(E/0.3 TeV) ~"***° [41] ) for this object.

=(1.244+0.11)x 10™°(E/0.3 TeV) (8.1)

8.2.2 X-ray observations with the Suzaku satellite

X-ray observations by Suzaku were carried out between JRily, 2006, 18:33:00 UTC and July
19th, 2006, 17:27:00 UTC (sequence number 071027010). 8trexposure time after screening
was 35 ksec in both XIS and HXD detectors. HXD/GSO data weteused in the following
analysis, since the performance and background of the G&&tilunder study.
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Figure 8.4:02 distribution of Mkn501 from the 2006 MWL campaign obsergat with events
above 350 photoelectrons. A cut@¥ < 0.03ded (dashed blue line) yielded the signal of 522
events over 939 normalized background events, corresgorad$3.40 excess.
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Figure 8.5: Differential energy spectrum of the VHEay emission of Mkn501 averaged over
3 days during the MWL campaign as measured with the MAGIGtalpe. Blue line shows the
fitting line with a simple power law. The fit parameters aréelikin the figure. For comparison,
the measured MAGIC Crab spectrum![43] is shown by a red ddsgied
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The light curve of Mkn501 recorded with the XIS detectors<@® keV) is shown in the
middle panel of Fig[8l6. The flux level was gradually growihging the observation and an
increase of about 50 % can be seen between the beginningeeddiof the observation.

A joint XIS and HXD/PIN (0.5-50 keV energy band) fit was perfaed using a model with a
broken power law and a fixed column density, (= 1.5 x 10°°cm™) for the galactic absorption
(using the commandwabs*bknpower " on the analysis program deSPEC'E). Best fit
parameters with associated errors drg= 2.17+0.01,I', = 2.334-0.01, Epyeax= 1437352,
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Figure 8.6: Light curves of Mkn501 in different energy bamtising this MWL campaign in
July 2006. [Top]: VHE ~-ray measured with the MAGIC telescope. A dotted horizolited

represents the average flupMiddle]: X-ray net data with Suzaku XIS detectorfBottom]:
Optical R-band flux measured by KVA.

8.3 Spectral energy distributions

8.3.1 Comparisons with previous measurements

Fig.[B1 shows measured spectral energy distributions §$BfMkn501 in the VHEy-ray band
obtained during this MWL campaign as well as the spectra oredsby MAGIC in 20051[41]
and by CAT on April 16th, 1997 [89]. The CAT data were taken pravious MWL campaign
with the BeppoSAX X-ray satellite when the source showedyh fiux. Spectra in the MAGIC

3http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/



158 8. Multiwavelength observations of Markarian 501

2005 observations were derived from the low-, medium- aghHfiux data sets based on the
flux levels and the flare data of June 30th. The correlatiowden the power law spectral index
and integrated intensity above 150 GeV is shown in Eigd. &&his figure, results of MAGIC
2005 observations were obtained on a night-by-night bamityais. Two days of the flare data
(June 30th and July 9th) were split into two samples for etables and variable parts (detailed
information can be found in Albert et al. (2007) [41]). Indlag the new result of 2006 obtained
in the work of this thesis, Fid._8.8 consists of 27 points. sTigure indicates that the spectral
slope is getting harder as the flux is increasing. The 2006fdathis MWL campaign represents
one of the steepest photon indices and the lowest fluxeslewaipared to the published data of
Mkn501 in the VHEy-ray band so far.

The spectra of Mkn501 in the VHE-ray band show a strong variability, but the variability
shows different features depending on the energy bandsigli@H, the difference in flux at
1 TeV is almost two orders of magnitude, while close to 100 ®@ely a difference of a factor
2-3in flux can be seen. These features are associated witfetiteof anti-correlation between
the spectral index and the intensity. The spectral peak¢iwinay correspond to the inverse-
Compton peak, can be seen only in the highest flux statesl(®gth, 1997, by CAT and June
30th, 2005, by MAGIC) in this energy range (LO0 GeV).

The spectrum obtained by Suzaku on July 19th, 2006, durimgMW/L campaign is de-
scribed in FigC8 together with historical X-ray data bg BBeppoSAX satellite (taken from
ASDCH). X-ray data also show a strong variability. The differemcéux is no more than one
order of magnitude in the soft X-ray banet (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 a$luk increases. In particular, in
the highest flux ever recorded (the data of April 16th, 198719, synchrotron peak reached an
extraordinarily high energy around 100 keV.

As one can see in the comparison of these X-ray spectrd (g tBe Suzaku data represents
a spectrum in a low X-ray state of this source as well as the MA@ata taken for the 2006
MWL campaign represents the spectrum in a low state of the WH&y band. Finally, it is
worth mentioning once more that the CAT data in Eigl 8.7 ardchighest flux of the BeppoSAX
data in Fig[8.b (data on 16th of April 1997) were taken sismgtously.

8.3.2 SSC model

Fig.[B.I0 shows an overall SED of Mkn501 together with dat@ioled during this MWL cam-
paign and some historical datal[41, 235]. The "de-absorfietd'in blue points at the VHE=ray
band were corrected for the extra-galactic background ([EBL) absorption using the "low-
IR" model of Kneiske et al. (2004) [148]. In optical, the hgstiaxy contributions (18 4+ 0.3)
[mJy] [184] have already been subtracted.

Assuming a uniform injection of the electrons throughoubanbgeneous emission region,
we applied a one-zone SSC model for our campaign data toastipysical parameters of the
emitting region using the code developed by Tavecchio ¢R8K,1235]. The details of the SSC

*http://lwww.asdc.asi.it/
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Figure 8.9: X-ray data of Mkn501 in different activity statby Suzaku (this work) and by
BeppoSAX (taken from ASDC).

model are described in section213.1. Briefly, a sphericagbslfblob) is adopted for the emission
region with a radiusR, filled with a tangled magnetic field with an intensi®y An electron
distribution is described by a smoothed broken power-laergyn distribution with slopes,
from vmin to the break energy, andn, up to a limit of y,ax and with a normalization factds.
The relativistic effect is taken into account by the Dopjleaming factob.

Ris selected to be & 10" 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 elyai@nges of spectra can be seen
both in the X-ray and VHE-ray bands;mi, andymax are fixed at 1 and TQrespectively. First,
we applied the SSC model for the low state SED which was obtasiuring our MWL campaign
in 2006. The one-zone SSC model can reproduce well the @utairray and VHEy-ray spectra
in this low state of activity of the source. However, it is apgnt that the model underestimates
the optical flux. This can be explained by the assumptionttfeaémission from radio to UV has
a different origin than the high-energy emission. Thisiptetation has already been applied to
previous SEDs of Mkn501 by [145]. We also tried to reprodute $ED obtained during the
flare on June 30th, 2005, using this SSC model. Unfortundtedye was no simultaneous X-ray
data other than RXTE/ASM available at that time. Howeves, RXKTE/ASM flux point (black
triangle in Fig[8.10) shows a compatible level in the X-rpgstrum taken by BeppoSAX (cyan
dots in FigBID) on April 16th, 1997. In addition, the VHEay spectrum taken by MAGIC on
June 30th, 2005, was almost equivalent to the spectrum mezhby CAT on April 16th, 1997,
as they are shown in Fig_8.7. Therefore, we used these Béppefectrum as a guide for the
X-ray spectrum during the VHE-ray flare on June 30th, 2005. Finally, we could reproduce thi
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SED in a high state only by changing the Lorentz factor of tleeteon at break energy in the
electron spectrumy,. These SSC models for the low and high states of Mkn501 aresepted
by dotted lines in Fid_8.10. The derived parameters forgl®3C models are listed in Tablel8.2.

In Table[8B we compared some results of previous SED stidiesd on SSC model for
Mkn501. All of them were derived from applying one-zone SSQuels for real observational
data. Not all studies used the simultaneous X-ray and Ry data. In fact, the data simul-
taneously taken were available only for high flux stateseeisly during the huge outbursts in
1997. Nevertheless, SSC model parametersaridB derived from our 2006 MWL campaign
show values similar to those of previous works with différax states, except for models of
Tavecchio et al. (1998) [234] (loweérand higheB) and Konopelko et al. (2003) [150] (high&r
and lowerB) (Both of them are the models for the 1997 high states.) Ngé&nathat only our
work used simultaneous X-ray and VHEray data for a low flux state.

Tavecchio et al. (2001) [235] could model different emissstates of Mkn501 in 1997 and
1999 by mainly changing the break energy of electrons, glighodifying its spectral slopes
and number density, and by keeping other parameter unctiarRjan et al. (1998) [199] also
could reproduce different flux states by just changing tleetebn distribution with same values
for others. In these frameworks, the electron spectrum twag&ey component representing the
different activity states of Mkn501; especialy,eaxcould play a main role there.

Table 8.2: SSC model parameters of Mkn501.

data R 0 Ymin Yor Ymax B K m N
cm Gauss particle/ctn

2006 (low) 103x10"™ 20 1 6&7x10* 1x10° 0.27 1x 10° 2

2005 (flare) 103x 10 20 1 1x10° 1x10° 0.27 1x 10° 2

4
4

Table 8.3: Comparison of the SSC model parameteBandR to previous studies for Mkn501.

5 B[G] R[cm]  flux staté reference
15 0.8 5% 10®°  H,M(1997) and typical L  Pian et al. (1998) [199]
8-20 0.1-05 79x10% typicallL Tavecchio et al. (1998) [234]
7 1 25x 10" H (1997) Tavecchio et al. (1998) [234]
15 0.2  45x 10" L (1996) Kataoka et al. (1999) [144]
12-36 0.07-0.6 N/A H (1997) Bednarek & Protheroe (1999) [54]
14 0.15 29x 10 H(1997) Katarzynski et al. (2001) [145]
14 0.15 42 x 10" M (1997) Katarzynski et al. (2001) [145]
10 0.32 19x 10 H, M (1997) and L (1999) Tavecchio et al. (2001) [235]
11 0.2 10x 10 typical low state Kino et al. (2002) [147]
50  0.04 35x10° H(1997) Knopelko et al. (2003) [150]
20 027 103x10'S H (2005) L (2006) this work

(1) H: High state, M: Medium state, L: Low state (among hittitata)
(2) Rwas not specified, but they modeled with variability timelead 2min to 2.5h
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Figure 8.10: Overall SED of Mkn501 as measured in July 20@bsaome historical data. Red
points are measured data from this campaign with the datagpby KVA (optical), Suzaku
(X-ray) and MAGIC (VHE~-ray). Blue points are corrected VHEray fluxes by the "low-IR"
EBL model of Kneiske et al. (2004) [148]. Green points areadaken on 30th of July 2005 by
KVA (optical), RXTE/ASM (X-ray) and MAGIC (VHE~-ray). Cyan points denote the X-ray
spectrum taken by BeppoSAX on 16th of April 1997. Grey poartshistorical data taken from
NASA Extragalactic database (radio-optical) and from [[{44ay data observed by EGRET).
The lines describe the SSC model developed by [234, 235héodata. Details of the model can
be seen in the text and in Talilels.2.
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8.4 Summary

| present first results of an MWL campaign for TeV blazar MkhS@iring its low state of activity
by MAGIC, Suzaku in July 2006. VHE-ray signals were clearly detected with a 6.3evel
from 9.1 hours of data samples during the MWL campaign.

The average integrated flux above 200 GeV wa$ £40.4) x 101t cmi? s, which cor-
responds to about 23% of the Crab Nebula flux as measured hatMAGIC telescope. No
significant variability was found. The spectrum in the VHEay band was well described by
a simple power law from 85 GeV to 2 TeV with a photon index-@8f85+ 0.14. The flux level
and the photon index of this measured spectrum were contgatith those found in the lowest
state 2005 MAGIC observation results, which were derivethieynight-by-night basis analysis.

The X-ray spectrum with the Suzaku Satellite was derivethfsub-keV to several tens of
keV in this campaign. The flux level in X-ray showed a low sw@itactivity as well as the VHE
~-ray flux showed a low state. The small increase in flux couldd®n in the X-ray band during
the observation.

Compared to previous measured spectra, both energy bandedta historically strong
variability. The variability contained different featwrelepending on the energy bands. In the
VHE ~-ray band there was an almost two orders of magnitude difterén flux at~ 1 TeV,
while close to 100 GeV a difference of only a factor 2-3 in flould be seen. Similar features
could be found in the X-ray bands. The difference in flux was linan one order of magnitude
in the soft X-ray ¢ 1 keV) band, but it became more significant at higher enewryiesreached
about two orders of magnitude around 100 GeV. These resudlitsate a trend of anti-correlation
between the spectral index and the intensity both in X-ray\dHE ~-ray bands. The spectral
slope is getting harder as the flux is increasing.

The overall SED in the low state taken during our MWL campaigas well represented
by a homogeneous one-zone SSC model. Based on the parafoetiis low state, the high
state SED in 2005 could be reproduced only by changing therterfactor of the electron at
break energy in the electron spectrum. Others showed sivalaes to the ones derived in
previous studies. This might suggest that the electronggregrthe spectral break could be the
key parameter to represent the different activity statedlaf501.
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Chapter 9
Observations of 1IES1959+650

9.1 1ES1959+650

1ES1959+650 (R.A. 1'$9"59.95°, decl.+65°0854" [J2000.0],z= 0.047) was discovered in the
radio band as a part of a 4.85 GHz survey performed with the NRAO Green Bank tele-
scope[119] 51]. In the optical band it is highly variable amdws a complex structure com-
posed by an elliptical galaxy plus a disc and an absorptist dune [127]. The mass of the
central black hole has been estimated to be in the range8ef4l4 x 10°M, as derived either
from stellar velocity dispersion or from bulge luminosifg]. The first X-ray measurement was
performed byEinsteirlPC during Slew Survey [93]. Subsequently, the source iseived by
ROSAT, BeppoSAX. RXTE, XMM-Newton. In the two BeppoSAX ptiirgs, for instance, the
synchrotron spectra peaked in the range of 0.1-0.7 keV weserged up to 45 keV. The peak
was moving to higher energy as with the flux increases [229].

9.2 Previous observations in the VHEy-ray band

The first VHE ~v-ray signal from 1ES1959+650 was reported in 1998 by the is&eéescopes
Array in Utah, with a 3.% significance![187]. Observing the source in 2000, 2001 anly ea
2002, the HEGRA collaboration reported only a marginal aigh37]. In May 2002, the X-ray
flux of the source had significantly increased. Both the Wleifjb34] and HEGRAI[10] collab-
orations subsequently confirmed a higher VhHEay flux as well. Further high-ray activity
periods were found in the same year, with some flares exogdu#Crab Nebula flux by a factor
of 2-3. An interesting aspect of the source activity in 20@&whe discovery of a so-called "or-
phan” flare (viz., a flare of VHE-rays not accompanied by correlated increased activityhatro
wavelengths), recorded on July 4th by Whipple [156]. Thighan flare, observed in the absence
of high activity in X-rays, is not expected from conventiboae-zone SSC models. On the other
hand, SEDs of other HBLs including the X-ray band and the VVHiEay band can successfully
be explained using models based on the SSC mechanism. Foiodervations of 1IES1959+650
are, therefore of special importance.

In September and October 2004, the MAGIC telescope obsertde v-rays from this
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source with a~ 8¢ significance of the excess in a relatively short observaimoe (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) [36le abntinued observations for
1ES1959+650 in the 2005 and 2006 seasons as well. Espeeiathe end of May 2006, we
organized simultaneous multiwavelength (MWL) observagitogether with the X-ray satellite
Suzaku in order to observe both the broad band X-ray continand wide range VHE-ray
emission with the aim of simultaneously obtaining the syatrion and IC components. In ad-
dition, another X-ray satellite, Swift, performed sevesbtervations with short exposure times
around this period. The source was also observed in theabfiRiband from ground optical
telescopes.

In this cheaper, | report the results of the MAGIC observatifor 1IES1959+650 in 2005 and
2006 and focus on the extensive MWL campaign for this sourdéay 2006.

9.3 VHE ~-ray with the MAGIC telescope

9.3.1 The 2005 observations

In 2005, observations of 1IES1959+650 with the MAGIC telgscavere carried out between
May and July. They were performed in the On/Off mode, and tdigervation time for ON data
was 22.3 hours. The zenith angles ranged from <3@which corresponds to the lowest value at
the culmination point of the source) to 46.3fter the standard quality selections and the zenith
angle cut € 43.5) for the data taking, 19.6 hours of ON data samples in totaévpeocessed
for further analysis. The zenith angle cut was applied tpkée zenith angle range in the data
samples at a moderate level, because at high zenith angkdsoawer properties change rapidly.
The ON observations are summarized in Tablé 9.1. The OFFsdatples were taken between
May and October independently from the ON observationswhilt similar conditions (same
zenith angle range and light of night sky) at a sky region wimery-ray emission was expected.
In total, 20 hours of the OFF data samples were used for baakgrestimation.

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

The final cut for they-ray signal evaluation was executed under ALPHA analysig.[@E1-
(a) shows the ALPHA distribution between ON and OFF datar dfftey/hadron separation cut
based on the RF method. Only data with SIZE above 350 phativefes were selected for the
plot and the OFF data were normalized with respect to the Q&lidahe range between 2and
80C°. With the cut of ALPHA < 9°, an excess of 275 events over 959 normalized background
events corresponds to a significance of6.3
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Table 9.1: Summary of the MAGIC observations for 1IES195@4632005

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

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) 1.80 116.9 141
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 99.1 220
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 1285 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 a#100 p.e..
(2) effective observation time of the analyzed data.

Table 9.2: Summary of the MAGIC observations for the 1IES¥#5® multi-wavelength cam-

paign in 2006
Observation
day (start)

Obs.
T [h]

Eff. Obs. T.
[h]ed}

(UTC)
start - end time

ZA range
[deg] (mean)

Rate [HZz]
(after)

21.05.2006
22.05.2006
23.05.2006
24.05.2006
25.05.2006
26.05.2006
27.05.2006

02:36:38-04:46:53
03:17:04-05:06:56
02:03:08-05:05:52
02:18:23-05:02:19
02:31:45-05:01:29
02:20:07-04:50:54
02:16:43-04:51:52

36.6—43.8 (39.6)
36.4-40.9 (37.9)
36.4-46.7 (39.9)
36.4-44.3 (39.5)
36.4-43.5 (38.8)
36.4-43.5 (39.1)
36.4-44.1 (38.4)

2.17
1.83
3.04
2.74
2.50
2.51
2.59

98.2 .052
99.8 .781
107.3 2.07
112.6 2.11
115.8 2.19
114.3 2.33
111.5 1.75

Total

17.4

14.3
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Figure 9.1:[Left] (a) : ALPHA distribution of 1IES1959+650 above 350 photoeleasran 2005
observations. The filled circles represent ON-data. Thekidaosses correspond to normalized
OFF-data and the dotted curve describes a second ordergmoigifit to the distribution of the
OFF-data. The vertical line indicates the ALPHA selectiondition, which yields a total excess
of 275 events at a significance level of .3[Right] (b) : 62 distribution of 1IES1959+650 above
350 photoelectrons in May 2006 observations. A cut?of 0.03ded (dashed blue line) yields
a signal of 324 events over 603 normalized background evamiesponding to a 104lexcess.

9.3.2 The 2006 observations

1ES1959+650 was observed with the MAGIC telescope on 7 siighin 21st to 27th of May,
2006, for 17.4 hours. These observations were performédnitie MWL campaign (see details
in section[@.1 in this chapter). The zenith angles duringehabservations ranged from.36
to 47. Observations were performed in wobble mode, where thecoijas observed at a®y
offset from the camera center. After the quality and zenithle cut & 43.5) for the data the
total effective observation time of the analyzed data wa8 héurs. The MAGIC observations
for the MWL campaign are summarized in Tablel9.2. In additorthe observations for the
MWL campaign in May 2006, this source was monitored with th&®IC telescope for 40 to 60
minutes in each observation at intervals of several days. artalysis was performed using the
standard MAGIC analysis software MARS. Theay excess was derived from thedistribution
based on the DISP method.

Fig.[2:1-(b) shows thé? distribution of events with SIZE above 350 photoelectroitsraa
~v/hadron separation cut based on the Random Forest methodHedata taken for the MWL
campaign. A cut of? < 0.03ded resulted in an excess of 324 events over 603 normalized
background events corresponding to a l9ekcess.
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1ES1959+650, 2005
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Figure 9.2: Diurnal light curves of 1IES1959+650 in 200B0p]: VHE ~-rays above 300 GeV
as measured by MAGIC. The horizontal blue line represestierage flux[Middle] : X-ray
by RXTE/ASM. [Bottom]: optical R-band by KVA.
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1ES1959+650, 2006
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Figure 9.3: Diurnal light curves of 1IES1959+650 in 200Bp]: VHE ~-rays above 300 GeV
as measured by MAGIC. Red points indicate the MWL campaigsentation for this work.
Dark red points show the data taken during "monitoring okegteyn” [116]. The horizontal blue
line represents the average flux during the MWL campaignrebtiens. [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 VHEy-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 tlee 2005 season in
Fig.[@.2 and for the 2006 season in Hig19.3. In 2005, the geeistegrated flux of the VHE
~v-ray band was (854 0.12) x 10 *'cm™s™ (x?/N.D.F = 10.2/16), which corresponds to about
7% of the Crab Nebula flux at this energy range [43]. In 2006,dbnstant fit to 7 nights of
the May data for the MWL campaign yielded.2Z+ 0.16) x 10 cm™?s™ (y?/N.D.F = 8.5/6),
which corresponds to about 10% of the Crab Nebula flux. The$ilts were consistent with
constant flux levels in both years. No flare activity could bend in the VHEy-ray emission
during these 2-year observations with the MAGIC telescope. the other hand, the average
value over the May 2006 observations showed a significamglydn (factor of 1.5) flux than that
derived from the entire 2005 observations. In fact, diffiér@nalysis methods were applied in
the final~-ray signal extraction for the 2005 data (by ALPHA analysisjl the 2006 data (by
6? analysis). The systematic error caused by this differefiemalysis 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 hifjethan in 2005. In addition,
a strong variability in the 2006 results could be found bywl#mJy between low and high state
even though the VHE-ray emission did not show any significant variability.

In the X-ray bands, the instrument’'s (RXTE/ASM) sensitivitas 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 wpeeately derived from the 2005
observations and the 2006 May observations, which can beis€ég.[9.4. Both derived spectra
are well described by a simple power law from 150 GeV to 3 TeV:

the 2005 resulty?/N.D.F = 2.20/4)

dN E -2.62+0.25
i d; 5= (1.64+0.3)x 1012 <ﬁ/) [Tevicm?s?. (9.1)
the 2006 May resulty?/N.D.F = 2.91/4)
dN E -2.58+0.18
iE d; g (274+0.3)x 1012 <ﬁ/) [Tevicm?s?. (9.2)

In Fig.[@.3, the average spectrum energy distributions (§HEdifferent years between 2004
and 2006 are represented. The SEDs of the 2005 and 2006 atiseswvere derived from this
work and the 2004 SED was taken from the paper of our MAGICabaitation [[36]. In the
normalized flux at 1 TeV, the 2006 SED show80% of the 2004 value and the 2005 result is
even lower, i.e. about 40% of the 2004 value, while the phatdices are compatible among
the SEDs in these three years. However, it is too early toladecthat 1ES1959+650 has a
different feature in SED from Mkn501, in which we can see aalation between the flux level
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and the photon index (see Chapter 8), because the 1IES195%e€1ts show only a factor of
2-3 difference in flux, while we can recognize more than orteepoof magnitude of difference
in the flux of Mkn501. The data samples obtained during flaagestin the VHEy-ray band
of 1IES1959+650 are highly desired and interesting for RIr8ED studies of this source in the
VHE ~-ray band.

s (a) 1IES1959+650 measured spectrum [ 2005 ] . (b) 1IES1959+650 measured spectrum [2006 May 21-27]
g 107 E &5 107 E;
g e, 1ES1959+650 (this worl K) g Fome, 1ES1959+650 (this worl k)
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Figure 9.4: Differential energy spectra of 1IES1959+65@: Blue solid line represents a power-
law fit to the measured spectrum. The fit parameters are listibe figure. For comparison, the
measured MAGIC Crab spectrum [43] is denoted by a red dasiedlleft] : average spectrum
over the 2005 observationfRight] : 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 1IES1959+650 betwegtB®3 of May 23rd and 04:07:24
of May 25th, 2006 (UTC). The total on-source time was 160 ksdte HXD/PIN light curve
showed a rapid increase of the noise after about 100 ksesijppslue to the unexpected in-
orbit radiatioﬂ) and the data after this event could not be used for analy$¥D/GSO data
were not used in the following analysis, since performamuklamckground of the GSO are still
being studied. After screening, the total net exposuredifoe XIS and HXD were 99.3 ksec
and 40.2 ksec, respectively. Detailed information abogiettalysis procedure used can be found
in [236,1230].

For the spectral analysis the XIS data were used in the ran@g&-d.0 keV. Below 0.7 keV
there were still unsolved calibration problems. The XISctzewere extracted fdr< 1° sec in
order to perform a joint XIS and HXD/PIN (0.7-50 keV energyndafit. Fitted with a broken
power law, the HXD/PIN points lay below the model, requirengteeper spectrum. A good fit

Isee http://www.astro.isas.ac.jp/suzaku/log/hxd/



9.4 Multiwavelength campaign in May 2006 173

1ESl959+650 Spectral Energy Dlstrlbutlon
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Figure 9.5: Spectrum energy distributions in the VHEay band of 1IES1959+650 in 2004
(blue), 2005 @reer), and 2006 |pink). Each line represents a fit by a simple power law
for each spectrum The fit parameters are listed in the ingetr{ormalized flux at 1 TeV
[x102TeViecm?s™], a: spectral index.). The 2005 and 2006 spectra were from thigw
and the 2004 spectrum was taken from the published MAGIQteef36].
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was obtained using a model with three power-laws (using ancana of* wabs* bknpower "
on the analysis program OD(SPEC'E). The best fit parameters with associated errorslase:
1.94+0.01,1',=2.195+0.002 '3 =2.7+0.03 E;1 = 1.83£0.03[keV], Ep 2 = 16+ 3 [keV].

9.4.2 Swift Observations

The Swift satellite![106], with its easy and flexible schedg] is excellently suited for the ob-

servation of bright blazars. It carries three instrumemtse Burst Alert Telescope (BAT) is op-

timized for 15-150 keV, while the X-Ray Telescope (XRT) isisiive in the 0.3 -10 keV band.

In addition, a UV/optical telescope can provide data in tli6-600 nm band. 1ES1959+650
was also observed with Swift around the Suzaku and MAGIC MWinpaign on 19th, 21st and
from 23rd to 29th of May, 2006, in target of opportunity ohsgions. In this thesis, only the

optical-UV data were used.

9.4.3 Light curves

The light curves of 1IES1959+650 in VHErays and X-rays as measured by MAGIC and Suzaku
during the campaign are shown in HIg.19.6.

The X-ray light curves consist of soft (0.2-2 keV) and hardl(®keV) X-rays, and the hard-
ness ratio (2-10 keV/0.2-2 keV) as recorded with the XISEkdetr. The data track a flare of
small amplitude £ 10%) with a rising time of, ~ 20—30ksec. The variability is faster in the
2-10 keV band than in the 0.2-2 keV band, which becomes evalsa in the hardness ratio. In
the light curves, particularly, the sudden drop is visilile-d.5 x 10°sec.

For the VHE~-ray emission, the diurnal integrated flux above 300 GeVpsagented. The
average flux during these 7 nights corresponds-th0% of the Crab Nebula flux as already
discussed in the previous section. This flux correspondseambthe lowest levels so far observed
in the VHE~y-ray band, about a factor of two lower than the lowest flux ckeig previously both
with HEGRA in the years 2000-2001 |10] and MAGIC in 2004|[3&hd well below the highest
level detected in May 2002 [156]. No significant strong MVaitity can be seen in the light curve
of the VHEv-ray band. However, due to the low source flux level, we coulg see variability
of a factor of 2-3.

9.4.4 Spectral Energy Distributions

The overall spectral energy distribution (SED) of 1IES13#03-as measured at the end of May
2006 is shown in Fid. 917, together with other historicakd@ee the figure caption for the de-
tailed information). During our multiwavelength campaige simultaneously observed the SED
from optical to UV, soft and hard X-rays and VHEray bands, monitoring both the synchrotron
and inverse-Compton components. The "low-IR" model of Kkeiet al. (2004) [148] was used
for the correction of the absorption of the VHEray emission by the extra-galactic background

2http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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Figure 9.6: Light curves of 1IES1959+650 during the MWL caigpén May 2006.[Upper]: X-
ray light curves obtained by the Suzaku XIS1 detector. Tihes=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 anddhdniess
ratio (2-10 keV/0.2-1 keV)[Lower]: Diurnal light curve of VHEy-ray (> 300 GeV) measured
by the MAGIC telescope. In each data point, a horizontal bprasents the observation window
and a vertical bar denotesdlerror bar. The dotted horizontal line represents the aectlag.
The dotted vertical lines show the observation window of$heaku pointing.
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light (EBL). In the optical R-band provided by ground teleges, the correction due to the galac-
tic absorption (0.473 mag [218]) and the subtraction of th&t lgalaxy contribution (1.7 mJy in
R-band [184]) were already applied. The same procedures agwpted for the Swift-UVOT
data, although the galaxy contribution was subtracted @mlyhe UBYV filter (for the galaxy
contribution in these filters the "standard” colors for dipgtal galaxy was used [102]). The
historical data in this figure show very strong changes in<dray band, while in the optical this
is much more attenuated.

During our MWL campaign the source was found to be in a higtestath respect to the
historical behavior both in X-ray and optical (e.q., [229%)though not at the highest state as
observed in X-ray (e.g.,.[134]). In the VHizray band, instead, the source was at one of the
lowest states recorded so far. The VHEay band historically also showed strong variability,
in particular if one considers that, in this band, fewer obstons have been carried out than
in the optical and X-ray ones. However, from our data we ditlsse strong (i.e. a factor of
2-3) variability in the VHEy-ray band. Our MAGIC data have probably recorded the pati®f t
SED slightly above the peak of the inverse-Compton comporidmerefore, one would expect
to see a high level of variability. The lack of variabilitytine MAGIC data and the low flux level
recorded both indicate that the source was not very actitl@srband at that time. All in all one
can say that during our campaign the source was quite siahlelid not change by more than a
factor of 2) from the optical to the VHE-ray band.

We modeled the observed SED with optical-UV (Swift), X-r&ugaku) and VHE/-ray ~-
ray (MAGIC) bands by using a one-zone SSC model develope@3y,235]. In old studies for
low flux states (e.g., SED in 2001 [229]), an assumed valuthismverse-Compton component
by a non-simultaneous VHE=ray spectrum was necessary for deriving the SSC physicahpa
eters. In this case, however, simultaneous observatiooptioal, X-ray and VHEy-ray bands
were carried out. The X-ray spectrum as observed by Suzakab@ut a factor of 2 higher than
the one measured with BeppoSAX in 2001 and the synchrotrak joeated a slightly higher
energy than in 2001. The optical fluxes were similar to thereperted for the SED in 2001.

In the one-zone SSC model, the source is a sphere with a r&lmeving with a bulk
Lorentz factor” and is seen at an angleby the observer, resulting in a Doppler beaming factor
0. The magnetic field is tangled and uniform while the injeatdtivistic particles are assumed
to have a (smooth) broken power law spectrum with a normadiza, extending fromymi,
to 7/max and with indicesn; and n, below and above the break &. Based on this model,
the SED of May 2006 could be well described using the paraméteTable[9.8. Comparing
these values with those derived from the SED in 2001, thenpetexs turned out to be very
similar. Apart from a lower value of the magnetic fieldg§0- 0.25 G), other parameters were
consistent or had only minor differences which did not leagignificant changes of the SSC
curve. (e.9.R:9x 10" — 7.3x 10*®[cm], 7 :5.0x 10* — 5.7 x 10% 6 : 17.8 — 18). Compared
to other HBLs, for instance, our result of Mkn501 (in the laktapter),ymax Showed a lower
value due to the presence of the energy cut-off in the hardyX-ainge (at several tens keV). A
larger value was selected f& because, unlike in Mkn501, rapid variability was not found i
1ES1959+650. Consequently, smaller electron normabzatilue was achieved. Nevertheless,
most parameters show similar values in general, which nsigbgiest that they are typical values
for HBL objects.
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Table 9.3: SSC model parameters of 1IES1959+650.
data R 0 Ymin “Yor “Vmax B K nl n2
cm Gauss particle/ci
2006 (thisthesis) Bx10® 18 1 57x10* 6x10° 0.25 22x10° 2 34

9.5 Summary

| present results of the observations with the MAGIC telpsdor the TeV blazar 1ES 1959+650
in 2005 and 2006. VHE-ray emission was clearly detected both in 2005 and 2006005 2ve
obtained a signal excess with a @.3evel from 19.6 hours of data samples and, in 2006, a 10.4
o excess was achieved from 14.3 hours of data samples. Eadtinspdoetween 150 GeV and 3
TeV could be derived from the data taken in each year.

Diurnal light curves of integrated flux above 300 GeV showedlare activity during these
two years. The average integrated flux was%a-0.12) x 10 'cms™? in 2005, and (127+
0.16)x 10'cm™s™ in 2006. The 2005 data showed a significantly lower flux than2606
data. Compared to the result of previous MAGIC observatinrZ004, the flux in 2005R;q0s)
is about 40% that of 2004§q04) and the flux in 2006H,q0e) is about 60% that of 2004404 :
Fao05: Foo06=1: 0.4 : 0.6). On the other hand, the photon indices are compatibledsetithree
years.

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

The X-ray light curve measured by Suzaku showed a small flaleam amplitude of~10%,
while no significant variability could be seen in the lightee of the VHE~-ray band measured
by MAGIC. However, due to the low source flux level, we coulddaonfirmed the variability
only in the case that the flux showed more than a factor of 2ratan in the VHE~-ray band.

The source SED during this MWL campaign showed the usual lddulmp shape. With
respect to historical values, during our campaign the soaxthibited a relatively high state in
X-rays and optical, while in the VHE-ray band it was at one of the lowest levels so far recorded.
The overall SED was well represented by an homogeneousame&SC model. The derived
physical parameters could suppose to be typical values af dtiects.
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Figure 9.7: Overall SED of 1IES1959+650 as measured at thefelkidy 2006, together with
other historical data. Optical-UV data are from on-grounga triangle) and UVOT/Swift
(blue triangles). The average Suzaku spectrum (red) an8hlife spectra (blue) taken on May
24 [higher] and May 29 [lower] are reported. Green pointse(ilcircles) show the observed
MAGIC spectrum, while the red points (empty triangles) h&e=n corrected for the extra-
galactic light absorption using the "low-IR" model of Kniegset al. (2004)[[148]. Historical
data are taken from [229] (radio-optical), [52] (X-ray, pL56] (X-rays, high), anc [10] (VHE
~-ray, high). The line refers to the one-zone SSC model forcmapaign data in May 2006
using the code developed by [234, 235]. See text for the farpaters. The historical spectra
for the X-ray and VHEy-ray bands correspond to the highest and lowest flux so farded for
this source in these bands.



Chapter 10

Monitoring of Markarian 421

10.1 Markarian 421

Mkn421 (R.A. 1104™27.25, decl.+38°1232.0” [J2000.0],z= 0.031) is the brightest HBL object
in the X-ray and UV sky and the first extragalactic source ctetbat TeV energies [204]. It is
the closest known and the best studied TeV blazar in all addesvavelengths from radio waves
to VHE ~-rays. In the VHEy-ray band, it is the most active and brightest TeV blazas theing
one of the few blazars that can be detected nearly all thewirtieCherenkov telescopes. It has
frequently shown flare states and strong flux variabilitygés than one order of magnitude in
flux amplitude, and occasional flux doubling times as shotfaminutes|[26, 103]. Variations in
the hardness of the Teyray spectrum during flares were reported by several graaps, (28,
157]). Simultaneous observations in the X-ray and GeV-Taxds show a strong evidence of
flux correlation (e.g., [63, 155]).

First observations with the MAGIC telescope were perforinetiveen November 2004 and
April 2005, just after the telescope started its scientifieration[45]. Clear signals witkk 500
excess were detected in the observations for about 15 hdulifferential spectrum was derived
between 100 GeV and 3 TeV, suggesting the inverse-Comp@npgak to be at around 100
GeV. The results of the MAGIC observations supported theltesf the spectral variation and
the correlation between the X-ray and GeV-TeV bands redantseveral previous studies.

10.2 Monitoring program

Mkn421 was observed with the MAGIC telescope under the "tooinig” program|[116]. The
observation strategy of this program is to evenly distelghort observations over the total ob-
servable period throughout the year. Usually, they arecatld at intervals of 3-4 days, but
during the presence of bright moon and bad weather conditioevitably some gaps occur. In
order to get a wide coverage, some observations can be detetiuing partial moon or modest
twilight. The source can be available with a zenith angleasf4t its culmination point. How-
ever, depending on the source visibility, some observatame performed with higher zenith
angle conditions 30°), which lead to higher energy thresholds than with low Zemaihgle
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conditions. This strategy allows for an extended obsewmdime coverage throughout the year.

For this program the wobble observation mode was selectede $he data samples can have
a wide variety of observational conditions due to the sgjig®e mentioned above, the wobble
observation mode can provide proper background samplesatdr condition.

Each of these sampling observations should be long enoudgtéat a given minimum flux
level taking into account the sensitivity of the telescopgpically, 40 to 60 minutes are allocated
to each observation. A 40-minutes’ observation with the MB&elescope corresponds to a
signal detection sensitivity of about 20% Crab flux levelhwét 5o significance. In fact, the
source had shown a flux higher than this level in most prevatnservations (e.g., [63, 46]).

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

10.3 Observations in cycle-ll

The monitoring program began in April 2006. However, duedadiwvare upgrade works at the
beginning of the cycﬂa some technical problems occurred which affected the deta result,
the data quality was poor until 20th of May, 2006. Here, thdata are used for informative
purposes only and are excluded from further discussion.

Table[IO.1l summarizes the monitoring observations for N&ndntil January 2007. Not
only the data taken during the commissioning phase (until @0May, 2006) mentioned above,
but also those recorded during some additional observatgs were removed because of the
poor observation conditions. Finally, 13 days were avélals acceptable quality data. Among
these 13-day observations, only the data of 11th of Janu@0y %vere taken under moderate-
moon condition, while other data were taken in normal dagkts. However, it is not necessary
to apply any special treatment to the data of January 11817, 20ecause this observation was
carried out within the acceptable conditions for applyirmgmal analysis procedure (with re-
spect to the discriminator threshold for the trigger andRiecurrent of the PMT) based on the
MAGIC technical paper for observations under moon condif#i]. All data were processed
with the standard MAGIC analysis tools and normal procesiwere applied for data with dark
night conditions. The zenith angle was ranging wider thaotier observations, i.e. from 16
47. The analysis was performed using proper M&amples with the same zenith angle range.
Upon the availability of MC, a zenith angle cut at°Abas applied, which, however, discarded
only a negligible amount of the data. Finallyfgarameter based on the "DISP" method was
used for the final cut to evaluate theray signal.

lUltra-fast FADCs (2GSamples/s) had been installed in AP006. However, data were taken with the (old)
300 GSamples/s FADCs until February 2007 when the UltraFA®Cs began to be officially used in normal
observations.
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Table 10.1: Summary of the MAGIC observations for Mkn421ynle-II

Observation ZA range Obs. Rate[Hz]Rate[Hzf Tex[min]® flux*
start time (UTC) [deg] (mean) T [min] (before) (after) (uyed state
21.05.2006 21:23:14 16.0-20.3(18.2) 20.3 197.0 122.8 176 H
23.05.2006 21:43:16 20.5-24.8 (22.7) 18.6 181.9 114.8 181 M
25.05.2006 21:24:41 19.0-27.7 (25.2) 42.2 198.9 122.0 180 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) 71.8 164.3 102.5 495 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 87.8 341 Ja n
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 aggdble

10.4 Results and discussions

10.4.1 Light curves

Fig.[IO.1 shows the light curve (LC) of the VHEray emission above 300 GeV as measured
with the MAGIC telescope between April 2006 and January 200e results from the data
taken on the days listed in talile_Tl0.1 are represented byaietspn Fig.[I0.l. The error bars
of these points include statistical errors only as in norphais. The results from the data taken
during the hardware upgrading work in April 2006 are alsdten in the plot in grey color. Due
to the low quality of those data, an additional error of 309 &edded into the statistical error in
guadrature for each point and each error bar was extendeddang to that value over the short
horizontal lines, which indicate the range of the stat&terror. There is one green point in the
LC. The quality of the corresponding data was as bad as tleeqiatity for other grey points,
but simultaneous X-ray data taken by the Suzaku satelliteadday are availalde

As the LC of Fig.[I0. shows, a clear excess of VHHEay signals was obtained in each
observation and strong variability could be found in the sueed flux of Mkn421. Especially,
in May 2006, the source showed a high state of activity andltixes both on 21st and 25th of
May reached about310°cm™s™, which corresponds to more than 2 Crab flux at this energy
range. Between those two days, the flux on 23rd of May washégjii but only almost half of

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

Mkn421 showed a relativity low state of activity between Mmber 2006 and January 2007.
In particular, the fluxes on 23rd of November, 20th, 24th a8ith»f December 2006 were only
3~ 4x10Mcem?s™, corresponding to almost an order of magnitude less thahiteest flux
in this LC. The flux on 23rd of January 2007 showed the highaktevin these 3 months and
reached (15+1.3) x 10 cm™?s™, corresponding to about 1 Crab flux. However, the next day,
i.e. on 24th of January 2007, the flux dropped to less thanthaltvalue of the previous day.
Despite the flux levels being lower than those in May, fastamlity 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 VHE-rays above 300 GeV of Mkn421 in 2006 as measured
by MAGIC. Red points that were taken after 21st of May are udsediscussions in this thesis.
The defined ranges of each high-, medium- and low-state éxsptlectral analysis are represented
by the color bands in red, green and blue, respectively. @aayts in the first sector of the
plot are the results that were taken during the hardwareadirgy. Due to the worse telescope
performance during that time, the quality of those data waw.pAn additional error of 30%
was added into the statistical error in quadrature for eadht pnd each error bar was extended
according to that value over the short horizontal lines,clvhindicate the I of the statistical
error. For the day denoted by the green point, simultanectsyXdata taken by the Suzaku
satellite are available.
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10.4.2 Spectra

In order to investigate the spectra at different flux levéig, diurnal data were combined into
three groups, according to the integral flux above 300 G&Wbcevin cm?s™ scale) as shown
in Fig.[I0J. The groups were defined as the low stat&fegycev < 6 x 1071 (< 0.5 Crab flux),

as the medium state for 2210! < F.3p0gev < 18 x 107! (1-1.5 Crab flux), and as the high
state for 24x 107! < F.zppgev < 30x 10711 (2-2.5 Crab flux). The range of each group was
defined with a gap between the states, as one can see In_EFlgwitB.color bands in order to
highlight the divergence among the groups. Consequehigydata on 27th of November and
11th of January were not used for the spectral reconstngtio

Based on this definition, the high flux data sets contain dafd st and 25th of May, 2006
(2 days), the medium flux date sets include those of 23rd of 2086 and 23rd January 2007 (2
days), and the low flux data sets consist of the data taken mha3November, 16th, 20th, 24th
and 28th of December 2006 and 15th and 24th January 2007 §J.day

The differential energy spectra for all three flux regiongetther with the fit results by a
power law (PL) are shown in Fig._10.2; the fit parameters ae kdted in Tabl€10l2. For fair
comparisons, the fits were applied in the same range from £EX0t&1.7 TeV for all flux states.
Fig.[I0.2 shows the differential energy spectra multipbgdE? in all flux states.

At 300 GeV, the difference in flux is about a factor 2 both betwéow and medium, and
between medium and high. At 1 TeV, the difference betweeriltixestates becomes more sig-
nificant, corresponding to about one order of magnitude éetwow and high state. Although
the photon indices between low and medium states are stiflistent within an error, the spec-
trum tends to harden as the flux increases, which can be ssefnahe Mkn501 results (see
Chapter 8). Such a correlation was also reported in a prexgtudy on Mkn421. [46], in which
the photon indices were derived by the fits to the spectradmtw00 GeV and 4 TeV.

It is interesting that the highest energy points of our Sj@eat the 2 TeV range represent the
comparable flux levels regardless of the flux states evergththe error bars are large in each
state of the spectra. This may suggest the presence of a glodxgy cut-off around 2 TeV in
this source, but further investigations are, of courseessary.

To see the intrinsic spectral features of the source, weeaptie correction for the absorption
due to extra-galactic background light (EBL). Hig._10.4w8hkdhe de-absorbed spectral energy
distributions (SEDSs), in which the "low-IR" model of Knegslet al. (2004).[148] was selected
as the EBL model for correction. Since Mkn421 is the closest Blazar ever detected, the
absorption effect is tiny at our observed energy range. €qnently, the spectral shapes do not
change so much from the original ones.

If we assume leptonic origin scenarios for emission modaks flat shape up to 1 TeV in
the high state SED may suggest that the IC peak could beesitirathe observed energy range.
The spectrum’s trend to soften as the flux decreases may suihge the IC peak position is
shifting towards a lower energy, just below 100 GeV alondgwiitedium- and low-flux states. A
discussion of the SED using a one-zone SSC model is presiertse next chapter.
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Mkn421 Measured Differential Spectra in 2006
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Figure 10.2: Differential energy spectra of Mkn421 in 2006 three different>- 300 GeV flux
levels as measured by MAGIC: high (red), medium (green) amd(blue). Vertical bars denote
1o uncertainties; horizontal bars denote energy bins. LihesvPL best fits in the range from
170 GeV to 1.7 TeV. The fit parameters are listed in the ingetr{ormalized flux at 300 GeV
[x10°TeVicm?s?], a: spectral index.). See also Table10.2 for detailed infoiona

Table 10.2: Mean spectral parameter of Mkn421.

state  Eff. On Exce$s fo a: photon index (PL9 2
time [h] o (at 300 GeV) (170-1700 GeV) for PL fit
Higher 0.63 10.0 D1+0.94 205+0.13 2.3/3
Middle 0.95 10.1 $4+0.74 256+0.18 2.8/3
Lower 5.25 10.4 52+0.30 272+0.17 0.72/3

(a) significance of detected signal for flux calculations (SEZB00 p.e.).
(b) scale is k10 TeVicm?s]
(c) the PL is defined af ( )

soosev)
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Mkn421 SED in 2006
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Figure 10.3: Measured spectral energy distributions of A8dnfor three different flux states in
2006. See details in the caption of the previous figure.
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Mkn421 SED (de-absrobed) in 2006
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Figure 10.4: De-absorbed spectral energy distributiondlaf421 for three different flux states
in 2006. "low-IR" model of Kneiske et al. (2004) [148] was dger the correction of EBL
absorption.
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10.5 Summary

We carried out monitoring observations of Mkn421 betweery @06 and January 2007 with
the MAGIC telescope. Each data sample was taken for a spamoot 40 to 60 minutes and
showed clear signals of VHE-ray emission. In the measured light curve above 300 GeV, a
strong variability with one order of magnitude differenaeaimplitude (up to more than 2 Crab
flux at maximum) and a time scale of less than a day could bedfoun

Spectral studies were performed between 170 GeV to 2.5 Te\y ubree different flux
groups, into which the data were combined according to tteggral flux above 300 GeV. The
spectrum was found to harden with the photon index changorg£2.724+0.17 to-2.05+0.13
as the flux increased. In the leptonic origin scenario thecspl behavior may suggest that the
IC peak could be situated arourdl00GeV and be shifting toward a lower energy as the flux
decreases.

The monitoring observation of Mkn421 is still going on; wevbabserved this source on
a regular basis in order to accumulate data. These data peeted to comprise various flux
states. Further investigations e.g., based on the diffitexstates including the lowest state, will
provide us with excellent knowledge about the activity & pit. In addition, MWL observations
with X-ray with various flux states are also important for 8t€D study.
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Chapter 11

Discussions

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

11.1 Synchrotron Self-Compton model for four TeV blazars

SSC model "grid scanning” for Mkn501

In individual chapters, the observed SEDs were discussad tiee SSC model (see details about
the model in section2.3.1) to derive the physical pararsétethe jets. Especially, for Mkn501
(in Chapter 8), we could reproduce the SEDs of Mkn501 in ciffe flux states (i.e. "high"
and "low" states) only by changing the electron Lorentzdaeit peak energy,. However,
due to incomplete information about the SED shape (i.ek peaitions of SEDs could not be
determined directly from the observed ones), we could notlcmle that the changing, was a
unique solution to describe different flux states of the SHD®rder to study the contributions
of other parameters in the SSC model for describing the MkrfSBDs in different flux states,
we produced a large number of samples of photon spectra @r8SC model by changing each
parameter in a certain range with a fixed interval. Then wepared those spectra to observed
SEDs. Here, this procedure is called "grid scanning". Th€ 8®del 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" statese selected following
the discussions in Chapter 8 (see also Eig.]11.3-(a)).

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

1. Based on the discussion in Chapter 8, several parameggesfixed in advancen; = 2,
M =4, Ymin = 1, Ymax= 1 X 107,

2. The size of the emission regioR)(was selected (X 10* [cm] or 2x 10 [cm]).

3. Photon spectra were simulated using the SSC model (beretifese spectra are called
"SSC spectra™) by changing each of the parametgysB, K andJ, individually. The
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intervals were almost constant in the log scalejfpB andK, and in the linear scale far.
The scan range and the number of steps of each parametenareaszed in Table 1Tl 1.

4. Every simulated SSC spectrum was applied for the obse3tt of Mkn501, and a re-
duced chi-squarg? (= x?/N.D.F) was evaluated in each comparison between a SSC spec-
trum and the observed SED.

5. For each parametery, B, K, 6), their distributions weighted by/%2, were plotted. For
example, when a SSC spectrum which was derived wigh"1 x 10°" provided "10" for
X2q a value of "0.1 (=1/10)" was added to the bin of*1C°" in ~, (="5" in log~y).

As discussed in Chapter 8 (see alsa [41]), the size of enmigsgionR was constrained to
be 1x 10" [cm] by the fast variability observed during the high stabm the other hand, such
a fast variability was not found during the low state. Assogntihat the size of emission region
can vary, hereR= 2 x 10'° [cm] was also considered for the low state.

The "grid scanning" was performed for each observed SEDtHedow state, it was also per-
formed for eachR-value separately. Therefore, three attempts of the "gaahising" procedure
were performed in total. (i.e., (1) for the high state SEDwRt= 1 x 10, (2) for the low state
SED withR=1x 10, (3) for the low state SED witR =2 x 10').

The parameter distributions were compared between thestagd withR= 1 x 10'° and the
low state withR= 1 x 10'° in Fig.[IT.1, and between the high state vth 1 x 10" and the low
state withR= 2 x 10" in Fig.[TT.2.

As one can see in Fig.11.1, the distributiongfshows the most significant difference
between the high and the low states among four parametebdisdns. The other parameters do
not show pronounced distinctions in their distributiomsFig.[I1.2, the differences in the other
parameters become more obvious than in Eig.]11.1. Howeyestill clearly shows different
distributions between the high and the low states. Frometli@sts, we would conclude the
parameter oy, could play an important role in the one-zone SSC model reptex) the physical
conditions in the jet linking between the high and the lowestaf activity.

SSC model parameters

Here, applications of the SSC model for the observed SEDslksf421 and BL Lacertae are
discussed in order to derive the physical parameters of j@isi (SSC model parameters). The
SSC model parameters for Mkn501 and 1ES1959+650, for whighhave simultaneous X-
ray and VHE~-ray data, were already derived in each dedicated chapmer@sapters 8 and
9). At the end of the section, the derived SSC model paraséberall four TeV blazars are
summarized.

Mkn421: The SSC model was applied for the observed SEDs of Mkn42lhnviecdiscussed
in Chapter 10. There are no corresponding X-ray data takeualsineously with our VHE-ray

data. Alternatively, an X-ray spectrum measured by Suzaképuril 28th, 2006, was available.
It was observed when the source showed a flux state compdcatiie "medium” state of our
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Table 11.1: Summary of the SSC model parameters used intidestanning”. In total, 38912
2 SSC spectraq{2 means two values @) were produced.

parameter range of value condition
~Ymin 1 fixed
“Ymax 10’ fixed
ny 2 fixed
n, 4 fixed
b (7x10°-7 x 10°) 19 steps (in log)
B [G] (0.05--0.7) 8 steps (in log)
K[ecm™@] (500-1.5x 10°) 16 steps (in log)
o (10-55) 16 steps (every 3)
R[cm] 1x10% for the high state SED

R[cm] 1x10'%,2x10% forthe low state SED
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Figure 11.1: Distributions of the SSC model parameters hteijby /2, R=1x 10" [cm]
were considered for both the higred) and the low blue) states. (a), in log scale, (b):B in
log scale, (c)K in log scale, (d)9 in linear scale
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Figure 11.2: Distributions of the SSC model parameters hteijby 1/ x2,. R=1x 10" [cm]
for the high stateréd) andR = 2 x 10 [cm] for the low statel§lue) were considered.
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definition in the VHEy-ray band (see Fi§._10.1 in Chapter 10). Therefore, we ddd¢mase this
X-ray spectrum for describing the "medium" state SED of MKh4

Based on the fast variability with a time scale of less thaaurlever observed in Mkn42{1 [103],
a nominal value of the emission region sRe 2 x 10* [cm] [166] was adapted. Thegy, and
n; were pre-assigned to be 1 and 2, respectively, as well agiattter blazars. As a result, the
SED of the "medium"” state with the VHizray and the X-ray bands could be reproduced by the
SSC model with parameters listed in Table11.2. The resshasvn in Fig[ZIT13-(c).

Since Mkn421 showed a trend of spectral hardening with arease of flux like in Mkn501
(see Chapter 10), the framework discussed in the last sete, changingy, for describing
different states of SEDs) was also applied for the SEDs of A24n The VHE~y-ray spectrum
in the low state could be reproduced by just changipdrom the value in the medium state:
4 x 10 — 2.5 x 10* (medium—low). On the other hand, the high state VHEay spectrum
could not be described within that framework. Even adddl@mall changes of the other pa-
rameter values did not succeed in describing the By spectrum in the high state. No strong
conclusion can be drawn here because the high state SED ises\pnly the VHEy-ray band
(no data in other energy bands). Nevertheless, it mightestghat emission in the high state
would originate from much different conditions of the jeaththose in the medium/low flux
states.

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

No simultaneous X-ray data were available for this sourc20@5. However, for LBLs like
BL Lacertae (see sectign 2.2 about the sub-class of blazhesjlux information in the optical
band is useful for one-zone SSC models, because in LBLs ti@abpand is located around the
peak of synchrotron components in their SEDs. In additioa aptical emission shows rapig (
1 day) and strong (more than one order of magnitude in anad)tvariability, as one can see
in the high energy emission. It suggests that the opticatla@dhigh energy emissions originate
from the same emission regton

Parameters of the SSC model were based on the previous 208} Which was cited in
Chapter 7 for comparison to our observed SED in 2005. The satue for the size of emission
region was used® = 7 x 10'® [cm], because no information about the time scale of vaitglfor
this source was available in our data samples taken in 2004ally; the following small changes
from the original values were applied for the other paranseté&(20 — 17), v,(3.5 x 10° —
5x 10%), Ymad5 x 10° — 2.5 x 10°), B(0.2 — 0.15), ny(3.8 — 3.6). The derived SSC spectrum
could reproduce the observed SED with the optical and the WH&y bands in 2005 as shown
in Fig.[T13-(d).

1As we discussed in Chapter 8 on Mkn501, in HBLs optical emissiould be generated from a much larger
region than the emission region for X-ray and VHEay. This assumption was supported by the fact that optical
emission is rather stable and only shows slower varialitigyn X-ray and VHEy-ray emission in HBLs
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Table[IT.P summarizes the physical parameters derived diffedent SEDs; (1) Mkn501-
high (high flux state), (2) Mkn501-low (low flux state), (3) $E959+650 (for the MWL cam-
paign in 2006), (4) Mkn421-medium (medium flux state), (5)riMR1-low (low flux state), (6)
BL Lacertae. Compared to these SSC parameters derived oD8 §Bur TeV blazars), the
magnetic field strengttB, and the jet beaming facto¥, show similar values among all SEDs
(B:0.15-0.27[G], § : 17—-28). On the other handy, vmax andK, which represent the electron
spectrum, show differences among the SEDs of more than alee of magnitude. This might
suggest that the electron spectrum of the source would Ipomsgble for the observed SED
rather than the magnetic field strength or the jet beamingifac

Table 11.2: Summary of the SSC model parameters of four Ta¥as. (1)-(3) were derived
using simultaneous VHE-ray and X-ray data.

data R ) Yor Ymax B K nl n2
cm Gauss particle/ctn

(1) | Mkn501 (low)  103x 10 20 67x10° 1x10 027 1x10° 2 4
(2)| Mkn501 (high) 103x 10 20 1x10° 1x10° 027 1x10F 2 4
3) 1ES1959+650 Bx10® 18 57x10* 6x10 0.25 22 x 1C° 2 34
@) | Mkn421 (medium) % 10° 28 4x10° 5x10° 026  3x10° 2 35
(5)| Mkn421 (low) 2x 1015 28 25x10* 5x10° 026  3x10* 2 35
(6) BL Lacertae 10 17 5x10° 25x10° 0.15 89x10* 2 3.6

vmin = 1 for all cases

11.2 Photon and Electron spectra for four TeV blazars

In this section, photon spectra of the four TeV blazars (&spgand their electron spectra of
the sources derived by the SSC model (see parameters inNllBR)are summarized.

Photon spectra

In Fig.[IT.4, all photon spectra of four TeV blazars in the ViHEay band are directly compared.
Fig.[IT.3-(a) shows 6 measured photon SEDs. Following tmadwork in[88], Figl-TT14-(b)
shows power spectra (bolometric luminosity) for the fouv Tdazars. The differential power
spectra were normalized by multiplying the "de-absorbéubtpn SEDs by #d?, whered? is the
luminosity distance. The "de-absorbed” SEDs were cordefttethe~-ray absorption by extra-
galactic background light (EBL) using the "low-IR" EBL mdaé Kneiske et al. (2004) [148].
Measured photon SEDs (FIg._TIL.4-(a)) show differences iplituxe as they were observed.
The integral fluxes above 200 GeV were observed with aboutonders of magnitude differ-
ence between the highest spectrum (Mkn501-higld Crab flux) and the lowest spectrum (BL
Lacertae:~ 0.03 Crab flux). On the other hand, in the photon power spéetgal11.4-(b)), the
difference in amplitude among the spectra becomes smaber that in measured SEDs. The
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Figure 11.3: Overall SEDs of four TeV blazars. (a) Mkn50},1BS1959+650, (c) Mkn421 and
(d) BL Lacertae. Curves in plots represent derived SSC spémt observed SEDs. References

of the data points are given in FIg_8110 for (a), in [Eig] 9.7(fw), Fig.[IO4 for (c), FigZa2 for
(d). Gray points denote historical data.
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spectrum of Mkn501-high still shows a much higher power thway other spectra, and the spec-
trum of Mkn421-medium shows a slightly higher power thandh®ers. The other four spectra
show similar power levels. Itis interesting that all spaatould appear to reach almost the same
power level (2-3%10* [erg/s]) around slightly less than 100 GeV if the spectrasnettended to
lower energies.

Electron spectra

For describing the electron spectra of the sources, a sdbtioken power law has been adapted
in the SSC model, which is given by

N(y) = Ky™ <1+ l)m_nz exp( il ) (11.1)
b

“Ymax

The derived electron number density spectra using[Eq] Xtrh the 6 SEDs (four TeV
blazars) are shown in Fig_I1.5-(a).

Using the total energy density of relativistic electrapsthe total kinetic power of relativistic
electrond.qin is given by [1417]

4
Le7kin = §7TR2CUe(52
“Ymax (112)

Ue = / YMeN(y)dy

“Ymin

Fig.[I1.5-(b) shows differential kinetic power spectralettrons per logarithmic electron energy
interval (i.e., per log).

The electron kinetic power spectrum of Mkn501-high shoveshighest power in the high
energy range (log = 4.5). In fact, Mkn501-high shows the highest flux in the photpactra
among our data sets as well. The others show a similar etekinetic power in this range of the
electron energy as they show similar levels in the photonge@pectra in the VHE-ray range
in Fig.[I1.3-(b). Therefore, the high energy part of the etetkinetic power could represent
the output bolometric power of photons in the VHEay range. The source activity may be
attributed to how much the electron kinetic power is extagdo high energies.

In lower electron energies (log< 3.5), the kinetic power spectra show constant levels
with no difference between different states of the sourdess interesting that Mkn501 and
1ES1959+650 show almost identical electron kinetic poweels although these spectra were
derived independently from different data samples. Mkngl&dws a slightly higher power than
Mkn501 and 1ES1959+650. Note that the spectra of Mkn501 &®1959+650 were derived
by the data which were taken simultaneously with the ViHEays and the X-rays, while the
spectrum of Mkn421 was derived with non-simultaneous Xdata with the VHEy-rays. On
the other hand, BL Lacertae, which belongs to the LBLs, shewmgnificantly higher electron
kinetic power than the other HBLs. These arguments can asapplied for the total kinetic
power of relativistic electrons. The values derived by [EQd¥or 6 spectra are summarized in
Table[IT.B. The HBL objects, Mkn501, 1ES1959+650 and Mkretfiw similar values of the
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total electron kinetic power, irrespective of their fluxtsta The LBL BL Lacertae has a signifi-
cantly higher total electron kinetic power than the otheilldBThese facts may suggest that the
total kinetic power of relativistic electrons would be respible for the sub-classes of blazars.
This hypothesis may support a scenario proposed by [69kfala@ing the physical origin of the
sub-classes of blazars (see also se¢fidn 2.2), i.e., Bwtpwer to super massive black holes at
the core in LBLs is higher than that in HBLs, and then electroan extract more power from
the accretion power.
In summary, we would conclude that

e photon spectra could be attributed to the electron popuati the jet.
Especially,

— The kinetic power of high energy electrons (log 4.5) could be responsible for the
source activity of blazars.

— The total kinetic power of relativistic electrons could Esponsible for the sub-
classes of blazars.

Table 11.3: Total kinetic power of relativistic electroms 6 spectra of four TeV blazars
Spectrum Lekin [€rQ/S]

(1) Mkn501 (low) 28 x 10%

(2) | Mkn501 (high) 23 x 10%

(3) 1ES1959+650 ax10%

(4) | Mkn421 (medium) 5L x 10*

(5) | Mkn421 (low) 49 x 10%

(6) BL Lacertae % x 10*
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Figure 11.4: Photon spectra of four TeV blazars, Mkn501,11959+650, Mkn421, BL Lacertae.
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luminosity distance.
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Concluding remarks

A new Imaging Atmospheric Cherenkov Telescope (IACT), th&®IC telescope, began its sci-
entific operation in the fall 2004 and opened a new energy evinith very high energy (VHE)
~-ray astronomy. This thesis presented observations wgiMAGIC telescope in the new win-
dow of VHE ~-ray bands for four TeV blazars, including the discovery &HE ~-ray source.
Simultaneous multiwavelength (MWL) observations in thes vHE ~-ray and the X-ray bands
provided wide-range spectral energy distributions (SEiddhe blazars. The synchrotron self-
Comptom (SSC) model, which is the currently favored modekf@laining the origin of VHE
~-ray emission in blazars, was used for discussing these SBEiss section, my contributions
in this thesis are summarized together with outlooks foséhepics.

A new type of photosensor, the hybrid photodetector (HPDh an 18-mm diameter GaAsP
photocathode, was developed together with Hamamatsu Ribstas one of the key tasks within
the MAGIC-II project in order to further lower the energy ¢éshold. We successfully achieved
the target value in quantum efficiency (QE), which is the miwgiortant parameter in the de-
velopment of this new type of photosensor. The QE spectrumverage reached over 50% at
500 nm. An 18-mm effective area in the diameter of the phdtme was confirmed with a
15% fluctuation at peak to peak value. Compared to the PMTremily used in MAGIC-I, the
overall Cherenkov photon conversion efficiency would beriorpd by a factor of 2 with the new
photosensor. This can be seen as equivalent to increagngithor diameter from 17 m to 24
m. Other performance values also fulfilled the requiremenie met by photosensors in IACTS.
Durability against background light in the field for use it AGIC camera was also verified
by measurements and simulation studies. The results iedicat the MAGIC camera equipped
with HPDs can maintain its quality over 10 years with only eaimumber 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 pitbtmide, are ready to be
used in IACTs with low threshold settings. After my conttiiom, design studies of HPD pixel
arrays including their electric circuits for output signalere carried out by colleagues at MPI.
Based on these studies, the production of HPD pixel arraystait for field tests in the camera
of the second MAGIC telescope. After the field tests (planine2008), 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 observationsLof & ertae £ = 0.069) in
2005 and 2006. A VHEy-ray signals was discovered with a 5rlexcess in the 2005 data.
Above 200 GeV, an integral flux of (6+0.2) x 10! cm™ s was measured, corresponding to
approximately 3% of the Crab flux. The differential spectrbetween 150 and 900 GeV was
rather steep with a photon index€8.6 +0.5. The light curve showed no significant variability
during the observations in 2005. The VHEay emission obtained in our observations could be
described with a one-zone SSC model. Additional externad gotons for inverse Compton
scattering (EC component) were not necessarily requiredhi® VHE ~-ray emission in our
case. On the other hand, the 2006 data showed no significgat siT his drop in flux followed
the observed trend in the optical activity. The results o thesis indicate that VHE-ray
observations during times of higher optical states can beemificient for this source.

Including this new source, BL Lacertae, the number of Te\zéia increased from 7 (in
2004) to 19 (in 2007) in these years. Moreover, we also asteddl the BL Lacertae as a new
class of TeV blazars, "LBLs". Currently, BL Lacertae is thistfand only LBL among the 19 TeV
blazars. Recently (in 2007), a VHizray signal was also discovered from 3C279, an "FSRQ".
Now, VHE ~-ray emission was confirmed in all sub-classes of blazars.

In order to achieve wide-range SEDs with simultaneouslgnadata, we performed MWL
campaigns with the MAGIC telescope and the X-ray Satellitea®u for Mkn501 in July 2006
and for 1IES1959+650 in May 2006. In both campaigns, \AHiay signals from about 100 GeV
to a few TeV were clearly detected together with X-ray sgefrsm sub-keV to several tens of
keV. They were the first MWL campaigns for these sources irciWMHE ~-ray spectra below
300 GeV were obtained.

The MWL campaign of Mkn501 was performed during one of thedsistates of source
activity in both the VHEy-ray and the X-ray bands. We could obtain the first data sasrpla
low state which were simultaneously taken in the ViHeay and the X-ray bands for Mkn501.
The flux level (about 20% of the Crab flux) and the photon ind&x85+ 0.14) of the measured
spectrum were compatible with those observed in the lovtast during these two years (2005
and 2006). During the MWL campaign of 1IES1959+650, the soaxhibited a relatively high
state in X-rays and optical, while the VHE=ray flux was at one of the lowest levels so far
recorded, corresponding to about 10% of the Crab Nebula fN&vertheless, the first data
samples taken simultaneously in which the VHEay band showed its low flux state were
successfully obtained. In both campaigns, no significantkdity could be seen in the light
curve of the VHEy-ray band measured by MAGIC.

Monitoring observations were performed for the three brigVv blazars, Mkn501, 1ES1959+650,
and Mkn421. Their diurnal light curves during 1-3 year pdsof observations were discussed.
Apart from some huge flaring activities in July 2005, Mkn50dsthy stayed in a quiescent state
for two years (2005 and 2006). No flaring activity of 1LES19698 was found during three years
(2004 - 2006). On the other hand, the measured light curvekof421 in 2006 showed a strong
variability with one order of magnitude difference in thexfl(up to about a factor of 2 of the
Crab flux) and with a time scale of less than a day. These fadisdte that Mkn421 is the most
active source among TeV blazars in the VhiEay bands.
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Compared to previously measured spectra, both Ry and X-ray bands of the blazars
showed a historically strong variability. The spectral p&athe VHE ~-ray band could be
seen only in the highest state of Mkn501. In most cases, tak pesitions seem to be located
< 80 GeV, lower than our spectral analysis threshold. ThelteesfiMkn501 indicate a trend
of anti-correlation between the spectral index and thensitg both in the VHEy-ray and the
X-ray bands. The measured spectra of Mkn421 in the VHEay band suggested a similar
behavior, i.e., the spectrum tends to harden as the fluxasese On the other hand, the spectra of
1ES1959+650 derived on a yearly basis between 2004 and B00&d that their photon indices
were compatible during the three years. However, the diffee in flux between those spectra
was only a factor of 2, while the other two sources (Mkn501 nMIX1) showed a difference of
about one order of magnitude. Therefore, we could not caledlnat 1ES1959+650 had different
features than the other sources. The data samples of 1E838B®btained during its flaring
states in the VHE/-ray bands are interesting in this context.

The measured SEDs of the four TeV blazars in this thesis coaldell represented by a
homogeneous one-zone SSC model. Concerning the derivesttphgarameters of the jets, the
strength of the magnetic field8) and the Doppler beaming factof)(showed similar values
for all SEDs 8:0.15-0.27 [G],0:17-28). They might indicate typical values of the jets feVvT
blazars. On the other hand, the derived electron spectmeshtarge variations. This might
suggest that the electron population in the jet could beoresiple for the SED of a blazar. In
particular, flaring activity could be caused by increasimgltorentz factor of the electrons at the
break energy in the electron spectrum. Sub-classes ofrsladztween LBL and HBL objects
could be characterized by the total kinetic power of thetngkdic electrons. BL Lacertae, an
LBL object, showed higher total kinetic power than otherrses.

Despite the progress in understanding blazars based oewhebservation results presented
in this thesis, we still need to invest major efforts to find #nswer to the fundamental question
of AGNs, namely how the energy is extracted from the blaclke b particular, the following
topics are still open.

e Are there any AGNSs in which high energy photons are mainlyawfrbnic origin? If yes,
what conditions make the difference between "lepton acates” and "hadron accelera-
tors"?

e How do jets become active (flaring)? Which are the mecharisms

e How is the jet formed?

To find answers to these questions with the current instrtsngemather problematic.
For example, there is a huge gap of 6 decades in the measube] B&iween about 100 keV and
about 100 GeV, with the currently available instrumentsmiost observations, the peak energy
and total luminosity of the second (high energy) bump in SE®@dd not be directly determined
from the observations due to that energy gap. As a result,egd additional assumptions for
the emission models. In this thesis, | focused on leptonigimmodels, especially the SSC
model, because this model was favorable for most of the pusvbbservations of TeV blazars.
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In fact, it is still difficult to discriminate between hadierorigin (i.e. 7° decay) and leptonic
origin (i.e. inverse Compton scattering) with the currgiattailable SEDs.

Continuous observations are also important to determiaeSteDs in different flux states
because source activity states cannot be predicted in edva&urrent monitoring instruments
for high energy photons (above X-ray) do not have sufficiensgivity to detect signals except
for huge flaring states. Coordinated simultaneous obsenstan provide wide-range SEDs as
this thesis shows, but the time overlap covered in such vasens is too short{ several days)
to obtain spectra in various flux states, in particular, toltghe flaring states.

Applying emission models for complete SEDs in differenti\att states will give us pre-
cise physical parameters in the jet. Variation of thesematars could be associated with the
dynamical evolution of jet environments. Variability andrielation between different energy
bands can also constrain the emission models. For instahos,time variability would favor
leptonic origin scenarios and be associated with the eangsbm regions very close to the cen-
tral black hole. The variability time scales are attributedtructures of the jet, which may be
related to shock creation mechanisms in the jet. The memasunteof time delays between vari-
ations in different energy bands in the light curves canuglabout the physics condition of the
jets because the cooling process of relativistic particiag be energy dependent.

So far, discussions of emission models were performed ftyr @rfiew bright TeV blazars
(mostly for Mkn421, Mkn501, 1ES1959+650 and PKS2155-30&)alise wide-range SEDs
were taken only for those blazars. It is necessary to exteadliscussion to other blazars in
order to understand the fundamental physics of blazars.

The following future observations will contribute to ansimg these open issues:

e GLAST [200], a newy-ray satellite is planned to be launched in May, 2008. Thislkiz
will observe the energy range from 30 MeV to 300 GeV. This gneange is complimen-
tary to the IACTs’ range. In addition, IACT projects will bepgraded (e.g., MAGIC-II,
H.E.S.S.-1l). For instance, the MAGIC-II project is expattto improve the sensitivity of
the current MAGIC-I by a factor 2-3 by means of a stereoscopgervation mode with an
analysis threshold down to about 40 GeV.

Combining both instruments, GLAST and new IACTSs, can prexdadmplete spectra from
MeV to TeV with simultaneously taken data. This energy racmeers most of the second
(high energy) bump in the SEDs of blazars. Therefore, we cpect to obtain direct

information about the peak energy and total luminosity @f $kecond bump. This range
can distinguish between hadronic origin emission and l@ptorigin emission because,
in the former case, the spectrum may have a characteristip famound 100 MeV and a
power law for the higher energy range from the decay®f- .

If hadronic origin sources are identified, it will be the ficktar evidence of extra-galactic
sites of cosmic-ray accelerators. In addition, neutrifasud be accompanied by-ray
emission in the case of hadronic origin. Such sources cantbeesting targets for the
"ICE CUBE" project, which is searching for high energy cosmeutrinos. Discovery
of hadronic origin sources can provide an important gundefor a new astronomy, the
"high-energy neutrino astronomy".
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e The GLAST satellite will cover the whole sky region in 3 hotianks to its large field of
view (about 2 steradian). Hence, it will continuously olvgesources in the-ray range. In
the X-ray band, a Japanese group is planning to install "MA34] on the International
Space Station in 2009. This is a new all-sky survey instrumarich will have a sensi-
tivity which is one order of magnitudes higher than the coirial-sky survey instrument
(RXTE/ASM). The monitoring observation for bright TeV b&as in the MAGIC project is
also ongoing; we have observed the sources on a regularibasder to accumulate data.
These observations will provide us with spectra and long teght curves with various
flux states.

In addition, the long term light curves will allow us to coradwperiodic studies of the
emissions. Discovery of periodicities in the light curveayngive us new insight into the
jet and black-hole system (e.g., precession of the jetpinlack-hole system, etc.).

e Finally, the new projects will certainly increase the numdiey-ray blazars. For example,
new IACTSs, like MAGIC-Il and H.E.S.S.-Il, are expected tscbver about 100 sources
among the HBL objects. The GLAST satellite is expected teceteveral 1000 blazars,
mainly in LBLs and FSRQs. Such a number of samples may alloe psrform system-
atic studies to find the answer for the fundamental physitdazars.
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Number of Degrees of Freedom
Negative Electron Affinity
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VERITAS
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XRT
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Power Law

PhotoMultiplier tube

Point Spread Function

Pulsar wind nebula

Quantum Efficiency

Right Ascension

ROSAT All-Sky Survey
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Root Mean Square
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Synchrotron Self-Compton
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