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Abstract

At the beginning of regular observations with the MAGIC telescope in De-
cember 2004, all but one extragalactic sources detected at very high energy
(VHE) gamma-rays belonged to the class of high frequency peaked BL Lac
(HBL) objects. This motivated a systematic scan of candidate sources to in-
crease the number of known sources and to study systematically their spectral
properties.

As candidate sources for VHE emission, X-ray bright HBLs were se-
lected from a compilation of active galactic nuclei (Donato et al., 2001).
The MAGIC observations took place from December 2004 to March 2006.
The declination of the objects was restricted to values between —1.2° and
+58.8° corresponding to a maximum zenith distance lower than 30° at cul-
mination. Since gamma-rays are absorbed by photo-pair production in low
energy background radiation fields, the redshift of the investigated objects
was limitetd to 2 < 0.3. Under the assumption that HBLs generally emit the
same energy flux at 1keV as at 200 GeV, only the brightest X-ray sources
were observed, leading to a cut in the X-ray flux of F(1keV) > 2 ulJy.

Of the fourteen sources observed, four have been detected: 1ES 12184304
(for the first time at very high energies), 1ES 23444514 (strong detection in
a state of low activity), Mrk 421 and Mrk 501 (discussed in detail in Albert
et al. (2007c) and Albert et al. (2007g), respectively). A hint of a signal on
a 3o-level from the direction of 1ES 10114496 has been observed. In the
meantime the object has been confirmed as a source of VHE gamma-rays
by a second MAGIC observation campaign triggered by an optical outburst
(Albert et al., 2007e). For ten sources, upper limits on their integral fluxes
above ~ 200 GeV have been calculated on a 99 % confidence level.

To cross calibrate the different data samples, collected during 14 months,
bright muon ring images have been used, recorded as background events
by the MAGIC telescope. Based on the development by Meyer (2004), the
method has been improved and implemented into the automatic data analysis
as a continuous monitor of the calibration and the point spread function of
the optical system. While the ring images are generated by muons with small

8



ABSTRACT 9

impact parameters, it could be shown that the image parameter distributions
for muons with large impact parameters and gamma showers completely
overlap, revealing these muons as the dominant background for gamma-ray
observations below energies of ~ 150 GeV.

The sample of HBLs (including all HBLs detected at VHE so far) has
been investigated for correlations between broad-band spectral indices as
determined from simultaneous optical, archival X-ray and radio luminosities,
finding that the VHE emitting HBLs do not differ from the non-detected ones.
In general the absorption corrected HBL gamma-ray luminosities at 200 GeV
are not higher than their X-ray luminosities at 1 keV. Based on a complete X-
ray BL Lac sample, the Hamburg/ROSAT X-ray BL Lac sample (Beckmann
et al., 2003), the number of expected VHE sources has been estimated for
the performed scan, finding a consistent number under the assumption of
a ~37% completeness of the investigated sample and a 1keV-t0-200 GeV
luminosity ratio of 1.4. An upper limit on the omnidirectional flux at 200 GeV
has been calculated by interpolating the sum over the observed fluxes and
upper limits. Within the uncertainties, the result is in agreement with the
expectations derived from the X-ray luminosity function of BL Lacs.

For 1ES 12184304 and 1ES 23444514 the lightcurves have been derived,
showing evidence for flux variability on a time scale of 17 days and 24 h,
respectively. In the case of 1ES 12184304 variability has been reported for
the first time at VHEs. For both sources the energy spectra have been re-
constructed and discussed in the context of their broad band spectral energy
distribution (SED), using a single zone synchrotron self Compton model.
The SEDs are well fitted by the simulation even though the very high peak
frequencies at gamma-rays push the model to its limits. The parameters de-
rived from the simulation are in good agreement with the parameters found
for similar HBLs.



Zusammenfassung

Zu Beginn der regularen Beobachtungen des MAGIC-Teleskops im Dezem-
ber 2004 gehorten alle extragalaktischen Quellen, bis auf eine, von denen
sehr hochenergetische (VHE von engl. very high energy) Gammastrahlung
detektiert wurde, zur Klasse der sogenannten ”high frequency peaked BL
Lac”-Objekte (HBL). Dies motivierte eine systematische Durchmusterung
von Quellkandidaten mit dem Ziel die Anzahl der bekannten Quellen zu
erh6hen und ihre spektralen Eigenschaften systematisch zu untersuchen.

Als Quellkandidaten fiir VHE-Emission wurden réntgen-helle HBLs aus
einer Kompilation von aktiven galaktischen Kernen (Donato et al., 2001)
ausgewahlt. Die MAGIC-Beobachtungen fanden von Dezember 2004 bis
Marz 2006 statt. Die Deklination der Objekte war begrenzt auf Werte zwis-
chen —1.2° und +58.8°, entsprechend einer Zenitdistanz von weniger als 30°
an der Kulmination. Da Gammastrahlung durch Photo-Paar-Produktion
in niederenergetischen Hintergrundstrahlungsfeldern absorbiert wird, wurde
die Rotverschiebung der untersuchten Objekte auf z < 0.3 begrenzt. Unter
der Annahme, dass HBLs generell den selben Energiefluss bei 1keV wie bei
200 GeV emittieren, wurden nur die hellsten Rontgenquellen beobachtet, was
zu einem Schnitt im Réntgenfluss von F(1keV) > 2 pJy fiihrte.

Von den vierzehn beobachteten Objekten konnten vier detektiert werden:
1ES 12184304 (zum ersten Mal im VHE-Bereich), 1ES 2344+514 (klare
Detektion in einem Zustand niedriger Aktivitat), Mrk 421 und Mrk 501
(im Detail diskutiert in Albert et al. (2007c) bezichungsweise Albert et al.
(2007g)). Ein Hinweis auf ein Signal auf einem 3o-Level wurde aus der
Richtung von 1ES 10114496 beobachtet. Inzwischen ist das Objekt als
eine Quelle hochenergetischer Gammastrahlung in einer zweiten MAGIC-
Beobachtungskampagne, die durch einen hohen optischen Flusszustand aus-
gelost wurde, bestétigt worden (Albert et al., 2007e). Fiir die iibrigen zehn
Quellen wurden Obergrenzen an den integralen Fluss oberhalb von ~ 200 GeV
mit einer statistischen Sicherheit von 99 % berechnet.

Um eine Kreuzkalibrierung verschiedener Datensatze, genommen inner-
halb von 14 Monaten, durchzufiihren, wurden helle Bilder von Myonenringen

10



ZUSAMMENFASSUNG 11

verwendet, die als Hintergrundereignisse vom MAGIC Teleskop aufgenom-
men werden. Basierend auf der Entwicklung von Meyer (2004) wurde die
Methode verbessert und als ein kontinuierlicher Monitor der Kalibrierung
sowie der Punktbildfunktion des optischen Systems in die automatische Da-
tenanalyse implementiert. Wahrend die Ringbilder von Myonen mit kleinen
StoBparametern erzeugt werden, konnte gezeigt werden, dass die Verteil-
ungen der Bildparameter von Myonen mit groflen Stofiparametern und der
von Gammaschauern sich vollstandig iiberlappen, was diese Myonen zum
dominierenden Hintergrund fiir die Beobachtung von Gammastrahlung un-
terhalb einer Enegie von ~ 150 GeV macht.

Das HBL-Sample (inklusive aller HBLs, die bisher bei sehr hohen En-
ergien detektiert wurden) wurde nach Korrelationen zwischen den Breitband-
Spektralindices untersucht, die durch simultane optische sowie durch Ront-
gen- und Radio-Leuchtkrafte aus fritheren Beobachtungen bestimmt wurden,
mit dem FErgebnis, dass die VHE-emittierenden HBLs sich nicht von den
nicht-detektierten unterscheiden. Generell sind die absorptionskorrigierten
Gammaleuchtkrafte der HBLs bei 200 GeV nicht hoher als ihre Rontgen-
leuchtkréfte bei 1keV. Basierend auf einem vollstandigen Rontgen-BL Lac-
Sample, dem Hamburg-ROSAT-Réntgen-BL Lac-Sample (Beckmann et al.,
2003), wurde die Anzahl der zu erwartenden VHE-Quellen fiir die durchge-
fithrte Durchmusterung abgeschatzt, wobei eine konsistente Anzahl erreicht
wird, unter der Annahme einer Vollstandigkeit des untersuchten Samples
von ~ 37 % sowie ein 1keV-zu-200 GeV Leuchtkraftverhéltnis von 1,4. Eine
Obergrenze an den gesammten Fluss pro Raumwinkel bei 200 GeV wurde
durch eine Interpolation der Summe der beobachteten Fliisse und Fluss-
Obergrenzen berechnet. Innerhalb der Ungenauigkeiten ist das Ergebnis in
Ubereinstimmung mit den Erwartungen die aus der Rontgen-Leuchtkraft-
funktion der BL Lacs abgeleitet wurde.

Fir 1ES 12184304 und 1ES 2344-+514 wurden die Lichtkurven bestimmt,
welche Anzeichen von Flussvariabilitat auf einer Zeitskala von 17 Tagen
beziehungsweise 24 Stunden aufweisen. Im Falle von 1ES 12184-304 wurde
zum ersten Mal zeitliche Variabilitat bei sehr hohen Energien gesehen. Fir
beide Quellen wurden die Energiespektren rekonstruiert und im Kontext
ihrer spektralen Energieverteilung (SED) diskutiert, wobei ein ein-Zonen-
Synchrotron-selbst-Compton-Modell verwendet wurde. Die SEDs wurden
von der Simulation gut beschrieben, auch wenn die sehr hohen Energien der
Maxima im Gammabereich das Modell an seine Grenzen bringen. Die von
der Simulation abgeleiteten Parameter stimmen gut mit den Parametern, die
fiir ahnliche HBLs gefunden wurden iiberein.



Introduction

Astronomy was restricted to observations of visible light until the mid 20th
century. After the pioneer work of Karl Jansky in the 1930s and Grote
Reber in the early 1940s, radio astronomy became more and more successful
and established a new window to the universe. While visible light is mainly
produced in stars by thermal processes, the bulk of the observed radio waves
is produced by non-thermal processes, such as synchrotron radiation of non-
thermal particle species.

The new insights in the non-thermal universe led to the discovery of new
classes of objects. A landmark in this context was the optical identification of
the radio sources 3C 273 and 3C 48 in 1963. The measurement of their red-
shift revealed that they are located at cosmological distances and by that the
existence of very energetic objects with a star-like appearance, called quasi-
stellar objects or quasars. The name of another new but very similar class
discovered by radio observations is derived from BL Lacertae, the prototype
of the BL: Lac objects. Originally discovered in 1929 by Cuno Hoffmeister as
a variable star in the constellation of Lacerta (lizard), it was identified with
a variable radio source in 1968 by John Schmitt. Contrary to the formerly
detected quasars, BL. Lacertae showed neither absorption nor emission lines.
Later the diffuse nebula around BL Lacertae could be identified as a giant
elliptical galaxy which made the determination of the redshift possible.

In the 1960s a new observation window was opened in the X-ray regime.
As the earth’s atmosphere is opaque for X-rays, rocket flights were necessary
which could lift scientific payloads above the earth’s atmosphere. In the
1970s dedicated X-ray satellites, such as Uhuru, Ariel V, SAS-3, OSO-8 and
HEAO-1 developed this new field of astronomy at an astounding pace. In
1976 an X-ray transient at high galactic latitude, observed by Ariel V, was
identified with the BL Lac object Mrk 421. The total number of known BL
Lacs at that time exceeded 30. Only two years later, with the identification
of four more variable X-ray sources with BL Lac objects, it became clear
that BL Lacs constitute a new class of X-ray emitters.

12
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During the 1980s, the number of BL. Lacs was growing to more than a
hundred objects. Depending on the discovery in the radio or X-ray band,
they were referred to as radio selected BL Lacs (RBL) and X-ray selected
BL Lacs (XBL), respectively. At the same time models were developed to
unify different types of active galactic nuclei, such as Seyfert galaxies or radio
galaxies with BL Lacs and quasars, which are summarised as blazars. Today
BL Lacs are understood as the bright active nuclei of elliptical galaxies with
elongated radio jets closely aligned to the line of sight. The enormous energy
output is thereby generated by mass accretion onto a supermassive black hole,
like in all active galactic nuclei. The extreme apparent luminosities and the
short time variability, typical for the blazar phenomenon, are explained by
beaming effects, as the emission of the relativistic plasma is strongly boosted
in forward direction. The differences between RBLs and XBLs were found
to be related to intrinsic peaks in their broad-band spectrum, leading to the
physically motivated classification in low frequency peaked BL Lacs (LBL)
and high frequency peaked BL Lacs (HBL).

Another landmark in the study of BL Lac objects was the detection of
TeV photons from Mrk 421 with the 10 m reflector of the Whipple obser-
vatory. With the newly developed imaging air Cherenkov technique for the
detection of TeV gamma-rays from the ground the first TeV source has been
discovered by the same group in 1989 with the observation of the Crab Neb-
ula, a supernova remnant at a distance of 2 kiloparsecs. The technique uses
the faint Cherenkov light flashes produced by secondary particles to derive
an image of the particle shower initiated by the primary gamma-ray. During
the 1990s, the EGRET instrument onboard the Compton Gamma-Ray Ob-
servatory discovered 271 sources above 100 MeV in an all-sky survey, with a
large fraction of quasars and BL Lacs, including also Mrk 421. At the same
time ground based Cherenkov telescopes discovered six extragalactic sources
at much higher energies, all of them HBLs.

These observations revealed a population of objects in which the total en-
ergy output is dominated by the emission of TeV gamma-rays. The observed
short time variability down to several minutes yields sizes of the emission
region in the order of a few astronomical units. This makes them one of the
most extreme objects among astrophysical sources. In the recent years, imag-
ing air Cherenkov telescopes of the second generation, such as the H.E.S.S.
array in Namibia or the MAGIC telescope on the Canary Island of La Palma,
increased the number of extragalactic TeV sources to 20. This offers for the
first time the possibility to perform population studies of TeV gamma-ray
emitting BL. Lacs. The next major step is expected from the GLAST satel-
lite, to be launched in May 2008, which will perform an all sky survey above
100 MeV with a 50 times higher sensitivity than EGRET.
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In the following work, observations of a systematically selected sample
of X-ray bright HBL objects performed with the MAGIC telescope are re-
ported. The goal was to investigate if TeV emission is a general character-
istic of HBLs. Therefore the broad-band spectral properties of this sample
are studied and compared to all HBLs detected at TeV-energies so far in a
statistical way, including the radio, optical and X-ray fluxes. For two objects
of the sample, detected clearly at gamma-rays, the spectral energy distri-
bution is simulated with a state-of-the-art leptonic emission model and the
intrinsic source parameters are derived. Finally, the luminosity function at
gamma-rays is constrained by the comparison with a complete X-ray BL Lac
sample and the expected omnidirectional flux at 200 GeV is estimated.



Chapter 1

High energy astrophysics

The starting point for high energy astrophysics was in 1912, when Victor
Hess made his historical balloon flight to measure the dependence of ionising
radiation on the altitude (Hess, 1912, Nobel prize in 1936). At that time
radioactivity was a known phenomenon from matter. His results of an in-
creasing intensity of ionising radiation with increasing altitude showed that
there must be another contribution with extraterrestrial origin to the nat-
ural radioactivity, the cosmic rays. Later this radiation could be measured
directly in cloud chambers.

In the following chapter first the field of cosmic rays is briefly introduced.
In Section1.2 an overview of the current status of gamma-ray astronomy
and its future prospects is given. Section 1.3 describes the mechanisms of
gamma-ray production. The absorption of gamma-rays in low energy back-
ground radiation fields is discussed in Section 1.4. The chapter closes with
an overview of astrophysical gamma-ray sources in Section 1.5.

1.1 Cosmic rays

1.1.1 The cosmic ray spectrum

The spectrum of cosmic rays ranges from 10°eV to ~10?°eV. Below a few
TeV - where the composition is well understood - the cosmic rays consist
mainly of protons (85%) and He-nuclei (12%), but also of heavy nuclei (1%)
and electrons (2%). Below ~1GeV the spectrum is dominated by the solar
wind and therefore shows an 11-years modulation. From GeV energies up to
10'° eV the spectrum is well fitted by a power law with a spectral index of
—2.75 (e.g., Ghia, 2007). At 4 x 10 eV, the so-called "knee”, the spectrum
becomes steeper (index ~-3) and it is softening further at the ”second knee”,

15



16 CHAPTER 1. HIGH ENERGY ASTROPHYSICS

around 4 x 1017 eV, until it hardens at the ”ankle” around 5 x 10'¥eV (see
Fig.1.1). At the highest energies a cut-off is expected due to the interaction
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Figure 1.1: The cosmic ray spectrum from 108 eV up to ~10%° eV (www-01).

of cosmic rays with photons of the cosmic microwave background (CMB),
the so-called Greisen-Zatsepin-Kuzmin (GZK) cut-off (Greisen, 1966; Zat-
sepin and Kuzmin, 1966). After contradictionary results from different ex-
periments, using different detection principles, a cut-off is now clearly seen in
the first results of the Pierre Auger observatory, using both the fluorescence
and the surface detection techniques (see Figure 1.2). For a recent review of
ultra high energy cosmic rays see also Bergman and Belz (2007).

Due to the deflection of charged particles in the magnetic field of our
galaxy, cosmic rays loose their direction information. Only for the highest
energies, close to 102 eV, the effect of the magnetic field is small. Taking
into account the limited range of ~75Mpc due to absorption in the CMB
the search for point sources seems feasible. Recently the Pierre Auger col-
laboration reported the correlation of events above an energy of 5.6 x 10 eV
with nearby active galactic nuclei (Abraham et al., 2007). They rejected the
hypothesis of isotropy in the distribution of the arrival directions of cosmic
rays with the highest energies at a 99 % confidence level.
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Figure 1.2: The high energy end of the cosmic ray spectrum as measured by the Pierre
Auger Observatory (Yamamoto for the Pierre Auger collaboration, 2007). The flux is
multiplied by E3. The black triangles mark the measurement with the surface detector
(SD) with angles of incidence below 60°, the blue ones are SD data with incidence above
60°. The red circles belong to events which are detected by the fluorescence and the
surface detectors (Hybrid). The ankle is clearly visible at 10'8-5eV as well the cut-off
above 101%-%eV.

Below the knee, galactic accelerators like supernova remnants (SNR) are
believed to be responsible for the bulk of cosmic rays. From an energetic
point of view below 10'° eV, a Supernova rate of 1 per 30 years would be
sufficient to account for the observed cosmic ray energy density, assuming
an efficiency of 10% for the transition of the total energy of the outburst
to the cosmic ray acceleration. There are experimental indications that the
chemical composition changes from a proton dominated one around the knee
to a domination by iron and even heavier nuclei at the second knee. This
is expected in any scenario where acceleration is caused by magnetic fields
whose effects only depend on rigidity, the ratio of charge to rest mass. Above
the ankle the origin is supposed to be extragalactic, as the cosmic rays at
these energies are no longer confined by the magnetic field of our galaxy.
There are also scenarios in which the extragalactic component already starts
to dominate at lower energies around the second knee (Sigl, 2006).

1.1.2 Cosmic accelerators - the Hillas plot

A simple way to identify possible candidates for sources of cosmic rays was
proposed by Hillas (1984) taking into account the lamor radius of the ac-
celerated particles. He found out that the size L of the essential part of
the accelerating region must be greater than two times the lamor radius rp,
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yielding
2E5
A

BMG ch >

(1.1)

where Ly is the size of the accelerator in units of parsecs, B,g the magnetic
field in units of uG, Ei5 the energy in units of 10* eV, Z the atomic number
of the accelerated particle and [ its relativistic velocity in units of the speed
of light. Figure1l.3 shows the magnetic field vs. the size of the accelerator
together with the condition for protons (E = 10?°eV and 10*' eV) as well
as for iron nuclei (F = 10*°eV). It can be seen that several extragalactic
sources would fullfill the criteria, while SNRs can be clearly excluded for the
highest energies.
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Figure 1.3: The Hillas plot: magnetic field strength vs. the size of the source. The red
lines represent the required magnetic field depending on the source size for protons with
an energy of 102° eV (dotted line) and 102 eV (solid line). Sources below the lines are not
able to accelerate protons to these energies. The green line shows the same for iron nuclei,
which requires a lower magnetic field for the same size due to the higher electric charge.
The plot is taken from www-02.



1.1. COSMIC RAYS 19

1.1.3 Fermi acceleration

In the following a brief description is given about the most popular acceler-
ation mechanism for cosmic rays: the first order Fermi acceleration on non-
relativistic shocks (see also Ahn et al. (2001) for a more detailed description).
The model makes the following assumptions.

e A thermal plasma in supersonic motion experiences an adiabatic shock
with a supersonic upstream velocity u; > wvs and a subsonic down-
stream velocity up < vs2; vs12 are the sound speeds in the respective
regions.

e A population of suprathermal particles is transported by the plasma
flow.

e The plasma carries a frozen-in magnetic field with a regular and an
irregular component. The irregular component causes elastic scatter-
ings which result in an effective diffusion of the suprathermal particle
velocity distribution.

The idea is that the fast particles, which pass the shock front, gain energy and
get isotropised by scattering off the magnetic irregularities. Some particles
move behind the shock front, where they gain energy again (Fig.1.4). Since

u > vy = U < Voo =
o P>
B << P, B >> P

_

By Bp=By
By Bp=1By

Figure 1.4: Schematic view of a first order Fermi acceleration on a non-relativistic plane
shock front. On the left side is the upstream region (index 1), on the right side the
downstream region (index 2): w is the velocity, p the density, P the pressure, B; and B
are the longitudinal and the transversal components of the magnetic field and r is the
compression ratio (see text).

the flow is assumed stationary, the mass across the front is conserved, yielding

piul = P2up (1.2)
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where p; o are the densities in the respective regions. An important quantity
deduced from this relation is the compression ratio r:

P1 U 7&""1
A2 1.3
p2 Ul Yo— 1+2/M? (1.3)

r

where M = u; /v, is the Mach number and gives the strength of the shock
and 7, is the adiabatic index. For strong shocks (M > 1) and non-relativistic
plasma pressure (y, = 5/3) the compression ratio yields r =~ 4.

A particle with velocity v is crossing the shock front from upstream, scat-
tered downstream and coming back upstream. In each crossing the particle
gains energy resulting in the average gain per Fermi cycle of

4 Up — U
AFEege=-——"F 1.4
yel 3 v ( )
due to v > wu; the energy gain per cylce is small. There is also the probability
for the particle to escape in the downstream. The escape probability 7 is

given as:

i 4U2

n= o (1.5)

The probability P for a particle to pass n cycles is then P, = [IF="(1 — ng).
The resulting energy spectrum of the accelerated particles can be derived
from the probability for a particle to reach an energy larger than E. The
energy after n cycles is given as:

k=n

k=n 4y — —1
E,=E ] <1+u1 “2) = E [] <1+r m) (1.6)
k=1 3w k=1 3
From the following ratio

W(E,/Bo) v (14 5t) 71

one can obtain the probability for a particle to reach an energy larger than
E as

E -3/(r-1)
> . (1.8)

HZE&(%

After differentiation of Equation 1.8 one gets the energy spectrum as:

r4+2

F(E)x B ~ B2 (1.9)
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1.2 Gamma-ray astronomy

As a result of particle acceleration, photons are produced from the radio
band up to very high energy gamma-rays as well as high energetic neutrinos
(in case of pion production of relativistic protons). As these particles are not
deflected by magnetic fields, they are suitable for the search of point sources.

While neutrinos from the sun (see Haxton, 1995, for a review) as well
as from a nearby supernova explosion (SN1987A, Hirata et al., 1987) were
detected in the MeV energy range, the search for cosmic neutrinos at higher
energies resulted only in upper limits so far. By now the most stringent upper
limit on the diffuse neutrino flux comes from AMANDA-II, an ice Cherenkov
detector located at the south pole, in the energy range from several hundred
GeV up to 10° GeV (Hoshina et al., 2007; Gerhardt et al., 2007). Currently
IceCube, a neutrino detector with 1km?® detector volume, is under construc-
tion at the same site, planned to be complete in 2011 (Karle et al., 2007).
Since the southern neutrino telescopes observe the nothern sky, there are also
plans for a 1km?® detector in the Mediterranean sea, called KM3NeT (Katz,
2006). The prototype Antares is currently under construction, expected to
be complete in early 2008 (Kouchner et al., 2007).

The observation of gamma-rays challenge different kinds of detection prin-
ciples depending on the energy. Therefore the following overview is separated
in High Energy (HE) and Very High Energy (VHE) gamma-rays.

1.2.1 High energy: 500keV - 100 GeV

At these energies the gamma-rays are detected directly in space experiments.
From a few hundred keV up to several MeV Compton scattering is the dom-
inant absorption process and the total interaction cross-section reaches its
minimum. Above a few tens of MeV pair production becomes dominant,
and the cross-section increases again.

The first evidence for a diffuse source of gamma-rays in the energy range
from 0.1 MeV to 1MeV was shown by experiments on the lunar probes
Ranger 3 and Ranger 5 (Arnold et al., 1962). Between March 1967 and July
1968, the third Orbiting Solar Observatory (OSO-3) measured 621 gamma-
rays above 50 MeV with cosmic origin. Although they could not find discrete
sources, a clear excess was measured from the galactic plane with a broad
maximum towards the galactic center together with an isotropic component,
interpreted as an extragalactic origin (Kraushaar et al., 1972). At lower en-
ergies (0.25-6.0 MeV) diffuse emission was detected by the Environmental
Research Satellite 18 (ERS-18, Vette et al., 1970). The first discrete sources
at energies between 30 MeV and 200 MeV were discovered by the Second
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Small Astronomy Satellite (SAS-2) between November 1972 and June 1973
(Hartman et al., 1979). This sample was enhanced by the second COS-B
catalogue (Swanenburg et al., 1981) to 25 sources above 100 MeV, including
the quasar 3C273.

The next major step was in 1991 with the launch of the Compton Gamma-
Ray Observatory (CGRO). Onboard this satellite were four instruments, the
Burst And Transient Source Experiment (BATSE), the Oriented Scintillation
Spectrometer Experiment (OSSE), the imaging Compton telescope (Comp-
tel) and the Energetic Gamma-Ray Experiment Telescope (EGRET), cover-
ing an energy range from 30keV to 30 GeV. Comptel was exploring the sky
between 0.75 - 30 MeV. Beside continuum radiation from several galactic and
extragalactic sources, Comptel made also line detections in the light of the
1.809 MeV Al1% line, the 1.157 MeV Ti* line, the 0.847 MeV and 1.238 MeV
Co0” lines and the neutron capture line at 2.223 MeV (Schénfelder et al.,
2000). At higher energies (30 MeV - 30 GeV) EGRET detected 271 sources
(see Fig. 1.5), 170 of them unidentified (Hartman et al., 1999), which clearly
showed that the universe is full of high energy phenomena.

90

¢ Active Galactic Nuclei m Pulsars
o Unidentified EGRET Sources LMC
@ Solar FLare

Figure 1.5: The 3rd EGRET catalogue (Hartman et al., 1999). The 271 sources above
100 MeV include a single solar flare, the Large Magellanic Cloud, five pulsars, one probable
radio galaxy detection (Cen A), 66 high-confidence and 27 lower confidence identifications
of blazars, and 170 unidentified sources. The picture is taken from www-03.

In early 2008, the launch of the Gamma-ray Large Area Space Tele-
scope (GLAST) is scheduled. It will consist of two instruments, the Glast



1.2. GAMMA-RAY ASTRONOMY 23

Burst Monitor (GBM) and the Large Area Telescope (LAT). The GBM cov-
ers the energy range from 8keV to 25MeV with a field of view (FOV)
of 9.5steradians (~80% sky coverage) to detect very short transients like
Gamma-ray bursts. The LAT has an energy range from 20MeV up to
200 GeV with a FOV of 2.5 steradians. With its sensitivity of about 50
times that of EGRET at 100 MeV and even more at higher energies the de-
tection of a few thousand of new gamma-ray sources is expected. Figure 1.6
compares the EGERT sky map with the simulated sky map as anticipated
to be seen by the LAT. The simulated image includes several components
like a diffuse galactic background model, the 3rd EGRET source catalogue,
a galactic halo of unidentified sources, an additional distribution of uniden-
tified sources about the galactic plane and a diffuse isotropic background
represented as many faint sources with a flux distribution based on Stecker
and Salamon (1996).

Figure 1.6: Left panel: The sky in galactic coordinates as seen by EGRET above 100 MeV.
Right panel: A simulation of the sky as anticipated to be seen by the GLAST Large Area
Telescope above 100 MeV (www-04).

1.2.2 Very high energy: 100 GeV - 100 TeV

Above ~30GeV a measurable amount of Cherenkov light from secondary
particles, produced in electromagnetic cascades (so-called air showers, see
Chapter 3), reaches the ground. At higher energies even the produced elec-
trons and positrons can reach the observation level. Satellite experiments
suffer from the low fluxes at VHE (~ 107% photons m~2s™! for a strong point
source at a few hundred GeV) because of their limited effective area. Also
the detector mass and volume has to be larger to stop all the secondary
particles produced in the detector. Ground based telescopes can be build as
large arrays (if the secondary particles shall be detected directly) or make
use of the atmosphere as a calorimeter like air Cherenkov telescopes. With
the latter technique effective areas in the order of 10°m? can be reached by
a single telescope.



24 CHAPTER 1. HIGH ENERGY ASTROPHYSICS

Imaging Cherenkov telescopes - the first generation

In 1989, gamma-rays above 700 GeV were detected from the Crab Nebula as
the first VHE gamma-ray source by the Whipple 10 m imaging air Cherenkov
telescope (IACT)! (Weekes et al., 1989), followed by the first extragalactic
source, Mrk 421, in 1992 (Punch et al., 1992). The imaging air Cherenkov
technique provides large effective areas (10° m?), a good angular (~0.1°) and
energy (~ 25%) resolution and low costs compared to space experiments. The
drawbacks are the small FOV and a duty cycle of ~10% as observations are
restricted to clear moonless nights. During the 1990s an array of Cherenkov
telescopes was built on the Canary Island of La Palma. They were part of
the High Energy Gamma Ray Array (HEGRA) which included also particle
detectors to enhance the accessible energy range up to 10'°eV. The first
prototype CT1 was operational in 1992, the second one (CT2) with a larger
reflector of 8.5m? in 1993. In 1998 the system of 5 telescopes was complete
(CT2 -CT6, CT1 was still used in single mode) and performed successfully
observations above 700 GeV until 2002. It was the first time that the imaging
technique was used in stereoscopic mode, which enhanced the sensitivity, as
well as the spatial and energy resolution, by a coincidence trigger and the
reconstruction of the impact parameter of the primary gamma-ray (Daum
et al., 1997).

Also in 1992, CANGAROO-I (Collaboration of Australia and Nippon
(Japan) for a GAmma Ray Observatory in the Outback), the first Cherenkov
telescope in the southern hemisphere equipped with an 3.8 m reflector, started
operation in Woomera (Australia). It was complemented by a 7m telescope
in March 1999 (CANGAROO-II). Another southern telescope, the University
of Durham Mark 6 gamma-ray telescope, was comissioned in 1995. It was
equipped with three ~42m? mirrors on a single mount (one camera per
mirror).

Further TACTs on the northern hemisphere were the Cherenkov Array
at Themis (CAT, France), operational since September 1996 with a 18 m?
reflector, the Utah Seven Telescope Array in Dugway, Utah (USA), which
started observations in January 1997 with the first three telescopes (each with
a 6 m? reflector) and the TeV Atmospheric Cherenkov Telescope with Imaging
Camera (TACTIC), located at Mt. Abu (India, since 2001 with a 9.5 m?
reflective area). Due to the small FOV of all these telscopes, observations are
all performed in pointing mode. During the first 15 years of VHE gamma-ray
astronomy, detections of ten extragalactic and eight galactic sources above
several hundred GeV were claimed by different groups (Horan and Weekes,
2004), eight of them were confirmed by a second group at that time (see

'See Chapter 3.3 for a description of the detection principle.
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Fig.1.7). All discoveries were made by IACTs.
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Figure 1.7: The VHE gamma-ray sky in 2003 (Horan and Weekes, 2004). Confirmed
sources are drawn in red.

Wave front sampling

Instead of imaging the air shower, it is also possible to sample the incom-
ing wave front, using also the Cherenkov light of the secondary particles.
By the end of the last century, solar plants were used for the first time as
observatories, employing successfully the method of wave front sampling.
CELESTE used a former solar plant at Themis in the eastern French Pyre-
nees, equipped with 40 heliostats with a total reflecting surface of 2000 m? (de
Naurois et al., 2002). The Solar Tower Atmospheric Cherenkov Effect Ex-
periment (STACEE) is located at the National Thermal Test Facility near
Albuquerque, New Mexico (USA). It consists of 64 heliostats with a sur-
face of 37m? each and is fully operational since autumn 2002 (Hanna et al.,
2002). Both experiments reach very low energy thresholds of below 100 GeV
but suffer from a poor background rejection. Other heliostat arrays are the
Solar-Two power plant, located at Barstow, California (USA) and GRAAL
(Gamma Ray Astronomy at ALmeria, Arqueros et al., 2002), located in
Almeria, Spain. Another wave front sampling telescope, which makes no
use of a solar plant is PACT (Pachmarhi Array of Cherenkov Telscopes),
located at Pachmarhi, India (Bhat, 2002). It consists of an array of 25 tele-
scopes, each with seven mirrors and one photomultiplier tube (PMT) per
mirror, yielding an energy threshold of 900 GeV.
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Large field of view telescopes

At TeV energies (and high altitudes) a significant amount of secundary parti-
cles can reach the ground. Milagro, located in Jemez mountains of northern
New Mexico (USA, 2630m a.s.l.) uses the Cherenkov effect in water for the
particle detection. It consists of a 4800 m? covered water pond surrounded
by 175 instrumented water tanks resulting in a 40000 m? area with a FOV
of 2 steradians. The clear advantages of this technique are the large FOV
combined with a duty cycle of > 90%, while the main drawbacks are the
high energy threshold and the poor background rejection. Recently the Mi-
lagro group reported new VHE sources after more than six years of scanning
the northern hemisphere (Abdo et al., 2007b). Some of them are spatially
extended. A future experiment, called HAWC, is currently planned to be
built in Mexico at an altitude above 4000m. The high altitude combined
with a large covered water pond of 22500 m? will result in a 15 times higher
sensitivity compared to Milagro.

Beside the water Cherenkov technique, the incoming particles can also
be detected by a layer of resistive plate counters as successfully employed in
ARGO, located in Yangbajing, Tibet (China, 4300m a.s.l.). The 5800 m?
detector is fully operational since February 2007, yielding a threshold of a
few hundreds of GeV and a sensitivity 5 times higher than Milagro (Martello
et al., 2007).

There is also a new instrument combining the Imaging Cherenkov Tech-
nique with a large FOV camera, using fresnel lenses instead of reflectors.
GAW (Gamma Air Watch), located at the Calar Alto Observatory (Spain,
2150m a.s.l.), will consists of three telescopes, 2.13m in diameter each, with
a FOV of the detector of 5° in phase I (later enhanced to 24°), providing an
energy threshold of 700 GeV (Cusumano et al., 2007).

Imaging Cherenkov telescopes - the second generation

With the completion of the fourth telescope of the H.E.S.S. (High Energy
Stereoscopic System) array in 2003, the first IACT of the second generation
started regular data taking. Each of the four telescopes consists of a 108 m?
tesselated mirror and a camera with 960 PMTs. The array is located in
Namibia (23° 16’ S, 16° 30" O, 1800 m a.s.l.). In March 2004 CANGAROO-III
started with an array of four 10 m telescopes. At the former site of HEGRA,
the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescope fin-
ished its comissioning in October 2004. It is currently the largest IACT
with a 234 m? tesselated mirror, leading to a trigger threshold of 50 GeV. It
operates in single mode (see more technical details in Chapter3.4). With
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the inauguration of the Very Energetic Radiation Imaging Telescope Array
System (VERITAS) in August 2007 the last of the second generation IACTSs
went operational. It is located close to the Whipple site and consists of an
array of four 12m telescopes. Figure1.8 shows the location of the current
second generation TACTs.

Figure 1.8: World map with the locations of the second generation imaging air Cherenkov
telescopes.

Within the last four years the number of detected VHE gamma-ray sources
increased to 52 galactic and 20 extragalactic objects?. While several objects,
previously discovered, could be confirmed by the new experiments, the ob-
jects NGC 253 (the first starburst galaxy at VHESs) and 3C66A (the first
Low-peaked BL Lac object at VHESs) as well as the supernova remnant SN
2006 are in conflict with recent measurements (Aharonian et al., 2005¢; Itoh
et al., 2007; Aharonian et al., 2005c; Horan and Weekes, 2004). The strong
increase in the number of sources is mainly due to the lower energy threshold
of the new instruments as the fluxes always decrease with increasing energy.
In case of extragalactic objects the absorption of gamma-rays causes an ad-
ditional softening of the spectra (see Section1.4). In 2004 H.E.S.S. showed
with a scan of the inner part of the galactic plane that this region is rich of
VHE sources, some of them with no counterpart at other wavelengths (Aha-

2For an up-to-date list of VHE sources, see http://www.mppmu.mpg.de/~rwagner/
sources/
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ronian et al., 2005d). Figure 1.9 shows the current VHE gamma-ray sky with
72 objects in total.
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Figure 1.9: The VHE-sky: All VHE gamma-ray sources in galactic coordinates (status:
22.11.2007, www-05).

Future prospects

Currently under construction are H.E.S.S.II, where the existing array will
be complemented by a central very large telescope with a 600 m? reflecting
surface and MAGIC II, where a second 17 m telescope for stereo observations
is expected to be operational in autumn 2008. Both systems will then be able
to make steroscopic observations below 100 GeV, which will lead to a clear
overlap with the upcoming GLAST mission. A Future project, currently
under discussion, is the Cherenkov Telescope Array (CTA); it is planned to be
an array of tens of large Cherenkov telescopes for highly sensitive observations
above tens of GeV, supported by a large number of small telescopes, covering
the higher energies up to 100 TeV (Bernlohr et al., 2007).

1.3 Mechanisms of gamma-ray production

Exept for radioactivity, which can only account for emission lines in the
MeV energy range, all production mechanisms of gamma-rays require highly
relativistic charged particles.
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1.3.1 Bremsstrahlung

When a charged particle is scattered in the Coulomb field of a charged target
particle, bremsstrahlung is emitted. In case of non-relativistic particles, the
energy loss due to ionisation is much larger than due to bremsstrahlung. For
ultra-relativistic particles, the energy loss due to bremsstrahlung becomes
dominant. It can be written as (Jackson, 1982):

dE Ny [ 222 \° 233m E
ez +2) A () Bl (=2 = 1.10
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with o = e%/(4meghc) being the finestructure constant, m the mass of the
scattered particle and M, the electron mass, Ny the Avogadro constant and A
the molar mass of the target particles. The length X, (given in g/cm?) where
the energy of the scattered particle is 1/e of its initial value is called the radi-
ation length. For electrons in air the radiation length is Xy = 33.66 (g/cm?).
For heavier particles the effect is suppressed by 1/m?, but as the energy loss
increases linear with increasing energy it can also become dominant. On
the one hand the radiation length decreases for target materials with higher
atomic number due to the factor A/(Z(1+ Z)), on the other hand the length
of the path itself (given in cm) is strongly depending on the density of the
material. Therefore the effect can be even neglible in astrophysical sources
with low particle densities.

1.3.2 Synchrotron radiation

Synchrotron radiation is emitted when a charged particle travels through
a magnetic field with a field component perpendicular to the path of the
particle. The total emitted power of one particle is given as

2 5 9 247rB2 .9 e?
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(1.11)

where B is the magnetic field, § = v/c the particle’s velocity in units of the
speed of light, v the Lorentz factor of the particle and « the angle between
the velocity and the magnetic field, known as the pitch angle. This power
is emitted in a narrow cone of opening angle ~ 1/~ around the velocity vec-
tor. The radiation is polarised. If the particles’ velocities are distributed
isotropically, the average emitted power is

4
P = §0T06272UB, (1.12)
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where o1 = (87/3)(¢*/(4meomc?))? = 6.652 x 107* cm? is the Thomson
scattering cross-section and up = B?/(2u) is the energy density of the
magnetic field. The spectrum appears to be continuous with a maximum
at the critical frequency

B, 1 E \? B E \?
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with A = 1.61 x 103 for electrons and A = 2.58 x 10? for protons. It can
be seen that synchrotron radiation of electrons will generate photons from
the radio to the hard X-ray regime (assuming a magnetic field strength up
to ~G and electron energies up to TeV). There is also the possibility for
ultra high energy protons (E ~ 10'%¢V) in strong magnetic fields (B > G)
to produce gamma-rays up to TeV energies. In Section 1.1 it has been shown
that shock acceleration generates energy spectra, which follow a power law:

n(E) = CE™, (1.14)

where n(F) is the number density of the particles and C' and s are constants.
The radiation spectrum, produced by particles having the energy F, peaks
at the critical frequency v,. It can be shown that the emitted spectrum will
also follow a power law in the form of (e.g. Kembhavi and Narlika, 1999):
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2
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1.3.3 Inverse Compton scattering

The scattering of photons by electrons is known as Compton scattering. If the
electron is at rest, it will gain energy from the scattering as it requires a recoil
velocity to satisfy momentum conservation. The total cross-section, obtained
by using a quantum electrodynamic treatment, is given by the Klein-Nishina
cross-section:

307 {1 +x lzx(ux)
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(1.16)
with z = (hvy)/(mc?). For x < 1 Thomson scattering applies and the
Klein-Nishina cross-section reduces to the classical Thomson cross-section.
For x < 0.02 a serial expansion up to the first order is in good agrement with

the total cross-section:
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In the extreme case (z > 10) the Klein-Nishina limit holds:
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Figure 1.10 shows the variation of the total cross-section with energy, together
with the approximations for low and high values of x.
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Figure 1.10: The variation of the compton scattering cross-section with energy. The black
line indicates the total cross-section, the red line a series expansion up to the first order
and the blue line the Klein-Nishina limit for high values of = (hvy)/(mc?).

If the electron is already in motion before the scattering, energy can
either pass from the electron to the photon or vice versa, depending upon
the kinematical details of the collision. In case the photon gains energy,
it is called inverse Compton scattering. This is always the case for highly
relativistic electrons. For hv < mc?/y (Thomson limit) the energy of the
photon after the scattering is approximately ht' ~ y?hv, with v being the
Lorentz factor of the electron. Since the total energy has to be conserved,
there is an upper limit to the increase of the photon energy of Ahv < ymc?.
In the extreme Klein-Nishina limit (hv > mc?/~) the energy of the scattered
photon is hv' ~ ymc?; the electron loses its energy already in one scattering
process.

The power of a single Compton scattering is given as (e.g. Blumenthal
and Gould, 1970)

4
P = gaTcﬁznyUph, (1.19)
where Uy, is the total energy density of the electromagnetic radiation (target

photons). This expression is strikingly similar to the synchrotron power
output (Equ.1.12). The similarity arises because synchrotron emission can
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be considered to be the scattering by an electron off the virtual photons
of the magnetic field. Since in realistic cases the cross-section is reduced,
the Compton power from scattering in the Thomson regime can be seen
as a maximum power. See also Blumenthal and Gould (1970) for a more
general and detailed calculation of the Compton power, including thermal
and isotropic target photon distributions.

1.3.4 Pion decay

Another source of high energy gamma-rays is the decay of neutral pions
(mean life time 7 = 8.4-107'7s):

™ = v+

In the rest frame of the pion, both photons have the same energy of half of
the pion mass. In the observer’s frame, in case of a moving pion, the photon
emitted in the same direction as the path of the pion gets more energy than
the photon emitted to the opposite direction. This results in a flat spectrum
with a minimum and a maximum energy, given as:

max 1
B = §fym7ro(1 + )
min 1
ET = ifym,ro(l —0) (1.20)

For ultra-relativistic particles (v > 1, f ~ 1) the maximum energy is equal
to the total energy of the pion, while the minimum energy is zero. In a
logarithmic scale, the energy distribution is symmetrically around 1/2 moc?.
A spectrum of neutral pions therefore results in a gamma-ray spectrum with
a maximum at £, = 1/2moc?.

Neutral pions can be produced in proton(neutron)-nucleon interaction or
in proton(neutron)-photon interaction. As the astrophysical sites of pion
production considered in this work are much more dominated by radiation
instead of matter, the photo-pion production will be the more important
process. The threshold for the nucleon energy is given as (e.g. Ahn et al.,

2001):

E, =
th hv eV

where hv is the energy of the corresponding photon. Close to the threshold
energy, the cross-section is dominated by resonances (mainly the A(1232)-
resonance) and has a maximum. The incoming baryon is excited to a baryonic
resonance due to the absorption of the photon. Such resonances have very

—1
2
mx(my +mx/2) g s 1016 (hy> oV, (1.21)
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short life times and decay immediately into other hadrons. At higher ener-
gies the total interaction cross-section becomes almost energy independent
while the contribution of resonances decreases. At these energies the photon-
hadron interaction is dominated by inelastic multiple pion production (e.g.
Miicke et al., 2000).

Another, indirect production of gamma-rays arises from the decay of
charged pions into muons (or anti-muons), which can emit synchrotron ra-
diation up to high energies before they decay into electrons (or positrons).
These relativistic electrons and positrons can produce gamma-rays by inverse
Compton scattering off low energy photons.

1.4 Absorption of gamma-rays

Gamma-radiation from cosmological distances is attenuated by pair produc-
tion in photon-photon interactions with photons from low energy radiation
fields. This was pointed out first by Gerasimova et al. (1962), unfortunately
overestimating the low energy photon field by 3 orders of magnitude. Af-
ter the discovery of the microwave background in 1965, Gould and Schréder
(1967) and Jelley (1966) calculated the opacity of the universe for photons
with energies greater than 100 TeV. These calculations were generalised to
high redshifts by Fazio and Stecker (1970).

The pair creation cross-section has a maximum for hvy X hvg & 2(mec
(e.g. Stecker et al., 1992). For a given gamma-ray energy E., the wavelength
of the corresponding low energy photon follows as

2)2

E E
MNE,)) ~ hc—"-—> ~2.5—L um. 1.22
(E) C2(m602)2 Tev '™ (1.22)

Gamma-rays in the energy range accessible with current ground based tele-
scopes (mainly the 100 GeV to 10 TeV range) will interact mostly with pho-
tons from 0.25pum to 25um (IR - UV). To calculate the opacity for the
gamma-rays the exact energy density of the evolving metagalactic radiation
field (MRF) at these wavelengths has to be known. Unfortunately, direct
measurements are difficult because of the strong foreground radiation, in
particular in the IR due to the zodiacal light. The most robust lower lim-
its on the photon flux come from galaxy number counts, measured by the
Spitzer telescope between 3 ym and 10 um (Fazio et al., 2004) as well as
between 24 ym and 160 um (Dole et al., 2006), and by the Hubble Space
Telescope (HST) between 0.35 pm and 2.2 um (Madau and Pozzetti, 2000).

Since photons in that regime are mainly produced by stars, emitted di-
rectly or reprocessed to higher wavelengths by dust, the shape of the radiation
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field can be further constrained by star evolution models. A review about the
achievements in observations and theoretical modelling during the 1990s is
given in Hauser and Dwek (2001). Figure 1.11 shows the MRF at present day
(commonly referred to as extragalactic background light, EBL = MRF for z
= 0) together with the model taken from Kneiske et al. (2004). For the cal-
culation of the opacity for high redshift sources another problem arises from
cosmological evolution of the MRF. A semi-empirical model, based on star

light produced and reprocessed in evolving galaxies is presented in Kneiske
et al. (2002).
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Figure 1.11: The metagalactic radiation field (MRF) at present day. The most robust
lower limits come from galaxy number counts measured by HST (green triangles, Madau
and Pozzetti, 2000) and Spitzer (open red triangles, Fazio et al., 2004). The solid line
shows the best fit model from Kneiske et al. (2004). The dotted lines show a low and a
high density model derived by the same author.

Due to the absorption, a cut-off in the energy spectra of distant sources is
expected leading to a gamma-ray horizon. The cut-off energy is defined as the
energy where the optical depth 7 is unity. Figure 1.12 shows the cut-off energy
vs. redshift, also called the Fazio-Stecker relation (Fazio and Stecker, 1970;
Kneiske et al., 2004). It was argued by several authors (e.g. Stecker et al.,
1992; Primack et al., 1999) that measured cut-off energies for a set of distant
blazars, located at different redshifts, could provide strong constraints on the
MRF, in particular for its history where no direct measurements are possible.
This in turn requires a good understanding of the intrinsic blazar spectra,
which is still not the case. The VHE spectra of recently discovered blazars -
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up to a redshift of z = 0.212 - show no hint for a cut-off. Under assumptions
on the maximum hardening of the intrinsic spectra of two blazars (1ES 1101-
232 and H 2359-309), an upper limit on the energy density of the MRF in the
range between 0.8 um and 3.5 um was derived by Aharonian et al. (2006e),
which is close to the lower limit of the galaxy number counts.
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Figure 1.12: Fazio-Stecker relation: cut-off energy vs. redshift. The plot is taken from
Kneiske et al. (2004).

In this work, the "best fit 2006” MRF model (Kneiske, in preparation)
is employed to calculate the optical depths for the measured gamma-ray
energies. This model is an additional model to the ones introduced in Kneiske
et al. (2004), but for a new choice of parameters. The result is a high far
infrared intensity, while the near infrared intensity stays close to the number
counts derived by the Hubble Space Telescope (Madau and Pozzetti, 2000)
and above the ones recently published by the Spitzer telescope at higher
wavelengths (Fazio et al., 2004; Dole et al., 2006). To achieve this the infrared
and optical cosmic star formation rate is reduced to its minimum. The model
also includes the warm dust component and excludes the escape of ionising
photons from normal galaxies. Figure 1.13 shows the optical depth vs. energy
for the redshifts z = 0.044, z = 0.182 and z = 0.30.

The produced electron-positron pairs will comptonise photons from the
cosmic microwave background to high energies. These gamma-rays can pro-
duce pairs again, which leads to an electro-magnetic cascade where the pri-
mary VHE photons are reprocessed to lower energies (Wdowezyk et al., 1972).
Depending on the intergalactic magnetic field strength, the secondary radi-
ation could either get fully isotropised or could contribute to the measured
flux of the sources, variing the initial spectrum (Protheroe and Stanev, 1993).
It was shown by Aharonian et al. (1994) that cascade radiation could form
an extended halo (R < 1Mpc), observable at energies below a few TeV. So
far all detected extragalactic VHE soures are consistent with point sources
within their resolution of ~ 0.1°.
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Figure 1.13: Optical depth vs. energy for the redshifts z = 0.044 (blue), z = 0.182 (red)
and z = 0.30 (black) using the model from Kneiske et al. (2004)

1.5 Astrophysical sources of gamma radiation

It is clear that only extreme objects will be able to accelerate particles to
energies of 1012eV to 10?2 eV . In the Hillas plot (Fig.1.3) potential objects
are already shown with their general possibility of particle acceleration due
to the product of the size of the source and its magnetic field. In the following
a brief overview of known and possible sources of VHE gamma-ray emission
is given. Due to the observations of source candidates in pointing mode
and the good spatial resolution, most of the sources detected by ground
based gamma-ray telescopes are identified at other wavelength. Recently the
H.E.S.S. galactic plane scan discovered a large number of sources where no
counterparts at other wavelengths are known.

1.5.1 Galactic sources
Supernova remnants

Supernovae are powerful explosions with a total energy output of ~ 10%3 erg
within a few seconds. They are believed to be the sources of the galactic com-
ponent of the cosmic ray spectrum up to the knee (10 eV). The explosion
builds a shock front where Fermi acceleration of hadrons could take place.
So far there are seven VHE gamma-ray sources, identified as supernova rem-
nants (SNR). In 2004 observations of the SNR RX J1713.7-3946 revealed for
the first time the morphology of a SNR at VHEs (Aharonian et al., 2004b).
The gamma-ray image shows the shell structure of the SNR, which coincides
closely with the structures seen in X-rays.
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Pulsars and pulsar wind nebulae

In case of core collapse Supernovae (type II) a neutron star (pulsar) remains.
Such pulsars show pulsed emission with periods ranging from 1.4 ms to 11.8s,
masses in the order of 0.1 to 2 M, and radii of about 10 km. The extended
relativistic outflows from pulsars are called pulsar wind nebulae (PWN). The
emission process is still poorly known and it is even unclear if all pulsars ex-
hibit a PWN. As the pulsars are embedded in un-shocked ejecta from the
supernova explosion, the wind can form strong shocks in the ejecta at which
particles can be accelerated up to 10'° eV. Evidence for relativistic electrons
and positrons comes from the observation of continuum emission from the
radio to the X-ray regime, commonly accepted as synchrotron emission, as
well as from detections at HE and VHE gamma-rays. The PWNe are the
major galactic source population at TeV-energies with 18 identified objects
so far. The most famous example of this source class is the well studied Crab
Nebula, which is used as a standard candle in VHE gamma-ray astronomy
(and also in X-ray astronomy) because of the high and steady flux. Fig-
ure 1.14 shows a X-ray image of the Crab-PWN, taken by the X-ray satellite
Chandra. The structure of the PWN is clearly visible.

Figure 1.14: The pulsar wind nebula inside the Crab Nebula in X-rays as seen by Chandra
(25 arcmin side length, www-06).

Pulsed gamma-ray emission up to several GeV was seen by EGRET from
six pulsars. So far no pulsed emission is detected at higher energies. Recently
the MAGIC collaboration published an upper limit on the pulsed emission
of the Crab pulsar above 60 GeV (Albert et al., 2008a) as well as an upper
limit on the pulsed emission of PSR B1951+432 above 75 GeV (Albert et al.,
2007h). Compared to the ~10 times higher flux detected by EGRET at
lower energies, the upper limits require an exponential cut-off below 27 GeV
and 34 GeV respectively.
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Binary systems

Among the galactic VHE sources there are by now four binary systems.
These systems consist of a compact object like a neutron star or a black
hole and a high mass O or Be star (see Fig.1.15). In the case of PSR
B1259-63 a young millisecond-pulsar orbits with high excentricity a Be star
with a period of 1237 days. The gamma-rays can be produced in the shock
where the wind of the pulsar and the Be star collide (Dubus, 2006). For
LS T +61°303 and LS 5039 the situation is more complicated. Although
the periods are much smaller (26 and 4 days respectively), the behaviour is
similar to PSR B1259-63 indicating the same emission mechanism. But the
gamma-ray emission could also be related to the compact radio emission,
interpreted as a relativistic outflow (jet) driven by accretion of material from
the companion star (microquasar-type model, Bosch-Ramon et al., 2006).
Both sources show a clear orbital modulation of the VHE emission (Albert
et al., 2006f; Aharonian et al., 2006¢). Recently the MAGIC collaboration
reported the detection of VHE gamma-rays from the microquasar Cygnus
X-1 in a 79 min time slice within a 40 hrs observation campaign (Rico et al.,
2007).

BINARY PULSAR
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Figure 1.15: Schematic view of the emission models for a binary system (taken from
Mirabel, 2006). Microquasar-type (left panel): gamma-rays are emitted from the jet.
Binary pulsar (right panel): gamma-rays are emitted by interaction of the pulsar wind
with the companion outflow.

Galactic center

The galactic center (GC) is now confirmed as a VHE gamma-ray source
by various experiments (e.g. Aharonian et al., 2006f; Albert et al., 2006a).
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Nevertheless the nature of the source remains unknown. The location of the
source is consistent with Sgr A*. Recent studies with the H.E.S.S. array could
exclude the SNR Sgr A East by improvements in their pointing uncertainties
(van Eldik et al., 2007). The immediate vicinity of the black hole cannot
be ruled out, although the steady emission disfavores this possibility. There
are also more exotic explanations like gamma-rays from dark matter (DM)
annihilation. Most of these models predict curved gamma-ray spectra, which
was not seen (Aharonian et al., 2006f); indeed, the spectrum shows a clear
power law over two decades in energy.

Diffuse emission

A diffuse gamma-ray flux is expected from the galactic plane due to interac-
tions of cosmic rays with matter and radiation fields and was measured by
EGRET up to 50 GeV. It shows a maximum in the innermost part of galactic
plane (|b] < 2° and |I] < 60° ) (Hunter et al., 1997). At higher energies, dif-
fuse emission was reported for the GC ridge by Aharonian et al. (2006d) and
the Cygnus region of the galactic plane (Abdo et al., 2007a). Both detections
are spatially correlated with molecular clouds.

1.5.2 Active galactic nuclei

So far 20 extragalactic sources are known to be VHE gamma-ray emitters.
All of them belong to the class of (radio loud) active galactic nuclei, where
a supermassive black hole is surrounded by an accretion disc that feeds a
bi-polar relativistic outflow (jet). The jet is responsible for the observed non-
thermal continuum emission from the radio band up to gamma-rays, where
the most energetic radiation is supposed to come out of a small compact
region in the vicinity of the black hole, moving with relativistic speed along
the jet. A more detailed description is given in the next chapter.

Almost all of the detected sources (17) belong to the subclass of high
frequency peaked BL Lac objects (HBL), which show a pronounced peak
in their energy output at X-rays and a second one at VHE gamma-rays.
Recently the MAGIC collaboration reported the discovery of the first low
frequency peaked BL Lac object (BL Lac, Albert et al., 2007d) as well as the
first flat spectrum radio quasar (3C 279, Teshima et al., 2007). Both sources
are characterised by higher peak-luminosities at lower energies. Quasars are
the main extragalactic source class detected by EGRET (Hartman et al.,
1999), as they exhibit their peak energies in the EGRET energy range.

Despite all their spectral differences, they all belong to the class of blazars
(blazar = BL Lac + quasar), where the jet is seen under a small angle, lead-
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ing to an effective beaming of the observed radiation. With the confirmation
of VHE emission from the nearby giant radio galaxy M 87, the first extra-
galactic non-blazar source is established (Beilicke et al., 2004). However, in
the context of unified schemes for active galactic nuclei, M 87 can be inter-
preted as a "misaligned” blazar characterised by a larger angle between the
jet axis and the line of sight.

1.5.3 Unidentified sources

The number of unidentified sources has increased to 21, all of them located
in the galactic plane and therefore assumed to have a galactic origin. Beside
the evidence for ”dark accelerators” (Matsumoto et al., 2007), most of them
are supposed to be related with SNRs or PWNe. Intensive multiwavelength
studies, mainly at X-rays, are necessary to reveal the counterparts of the
gamma-ray sources.

1.5.4 Gamma-ray bursts

Gamma-ray bursts (GRB) are the most extreme objects among astrophysical
sources, completely dominating the entire sky at high energies for a short mo-
ment with luminosities up to 10°* erg. The gamma-ray durations range from
10735 to about 10%s with a bimodal distribution of long (¢ > 2s) and short
(t < 2s) bursts. The first GRB was detected in 1967 by the Vela satellite,
but the first step in understandig the GRB phenomena started 1991 with
the launch of the Compton Gamma-Ray Observatory (CGRO). The all-sky
monitoring with the BATSE instrument showed an isotropical distribution
of GRBs. The next major development came after 1997, when the first GRB
afterglow was measured in X-rays with the Beppo-SAX satellite. This led to
an improvement of the determination of the position and triggered further
follow-up observations with ground based telescopes. Measurements in the
optical and radio bands could finally confirm the cosmological distance of
GRBs. After the demise of CGRO and Beppo-Sax, the HETE-2 satellite
provided afterglow positions continuously for several years. By the launch
of the Swift satellite in 2004, the number of detected GRBs increased to-
gether with an improvement of the localisation and revealed the unexplored
afterglow behaviour between minutes and hours from optical to hard X-rays.
Nevertheless, the nature of GRBs remains still unknown. The origin is com-
patible with a merger of two compact stellar mass objects (neutron stars
and/or black holes) or with a core collapse model of a massive stellar pro-
genitor (hypernova or collapsar). The sudden energy release would result
in a very high temperature fireball, expanding at relativistic speed, which
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can account for the observed high energy emission by internal dissipation.
This fireball shock scenario has become the leading paradigm for the current
understanding of GRBs. A recent review is given in Meszaros (2006).

So far no GRB is detected at VHE gamma-rays. The detection is made
difficult by the cosmological distance (strong absorption above 100 GeV) and
the expected steep intrinsic spectrum at these energies. The long-duration
GRBO050713a has been observed by the MAGIC telescope only 40s after the
burst onset, yielding an upper limit for the gamma-ray flux above 170 GeV

(Albert et al., 2006c¢).

1.5.5 Dark matter annihilation

An important challenge for gamma-ray astronomy is the search for signa-
tures from dark matter. From recent high precision measurements of the
cosmic microwave background it is known that 23 % of the matter in the
universe is non-baryonic. Possible candidates come from supersymmetric
extensions of the standard model, where the most probable particle would
be the lightest neutralino (x9). The neutralino self-annihilation dominan-
tely produces continuum emission of gamma-rays. One of the difficulties
in indirect dark matter search is to distinguish possible signatures from an
astrophysical origin. It was shown by Elsésser and Mannheim (2005) that
the spectral hardening around several GeV in the spectrum of the diffuse
extragalactic background light, measured by EGRET, could be explained by
a signifcant contribution of gamma-rays from the annihilation of neutralions
with a mass of m, = 515711 GeV. As the flux produced by a neutralino of
this mass peaks between 10 GeV and 20 GeV, it cannot be tested with the
current energy threshold of ground based telescopes. With the launch of the
GLAST satellite in 2008, a deep search with high sensitivity in the range
from a few tens of MeV up to 100 GeV will be possible (Wai, 2007; Morselli
et al., 2007).



Chapter 2

Active galactic nuclei

The first clear evidence for a new and very unusual kind of extragalactic
objects was reported by Seyfert (1943) from the detection of strong and
broad emission lines within the nuclei of several spiral galaxies. In addition,
the nuclei of these galaxies are generally more luminous than the average of
the same Hubble type, containing a large percentage of the total light of the
System.

After the second world war, radio astronomy became a fast growing and
successful field of astronomy. In the mid-1950s the existence of radio galaxies
was widely accepted. One of the early catalogue of radio sources was the
Third Cambridge Catalogue (3C) prepared by the Mullard Radio Astronomy
Observatory at the University of Cambridge. A major problem was still the
optical identification for many of these objects. For 3C273 Hazard et al.
(1963) could determine the position with an accuracy of ~1 arcsec, using
the occultion of the source by the moon. This was sufficient to identify the
radio source with a star-like object (Schmidt, 1963). The optical spectrum
was very peculiar; four emission lines were detected, each shifted by ~ 16 %,
revealing that the source is located at cosmological distance. The point-like
apperance of the high energetic objects lead to the name quasi-steller object
(QSO) or quasar.

In the following chapter a brief overview of the main properties of ac-
tive galactic nuclei (AGN) are given. Section2.1 starts with an empirical
classification of AGN which is mainly based on line emission and radio loud-
ness. In Section 2.2 the unified model is described with a special emphasis on
radio-loud AGN. The last section concentrates on blazars, which are the most
extreme objects among AGN and the main class of extragalactic gamma-ray
sources.

42



2.1. EMPIRICAL CLASSIFICATION 43

2.1 Empirical classification

The class of AGN shows a huge variety of observational properties. The main
characteristics are:

e a nuclear region, brighter than the average of the same Hubble type;

e non-thermal broad-band continuum emission from radio to X-rays, ex-
tending to gamma-rays for some sub-classes;

e cmission lines produced in non stellar processes in the central region;

e variable flux in nearly all wavebands on time scales from years down
to minutes (for the most variable objects).

If an object shows one or more of these characteristics it is referred to as an
AGN. Only less than 1% of all known galaxies show an active behaviour. In
the following the subclasses are described from an empirical point of view,
according to the review given by Urry and Padovani (1995).

The radio to optical flux ratio Fr/Fo of AGN show a bimodal distribution
which divides them into radio-loud and radio-quiet AGN, depending whether
Fr/Fo is above or below ten respectively (corresponding to aro ~ 0.20,
see Chapter 7). The ratio of radio-loud to radio-quiet AGN is roughly 10%
to 15%, although it increases with increasing optical or X-ray luminosity.
Table2.1 gives an overview of the AGN zoo, arranged according to their
spectral properties in the optical and ultra-violet (horizontal) and their radio
luminosity (vertical). Within the different groups, different types of AGN are
listed by increasing luminosity.

Typel AGN show bright continua and broad emission lines which are
related to hot, high velocity gas, presumably located close to the central
black hole (BH). On the low luminosity end of the radio-quiet AGN are the
Seyfert 1 galaxies. The high luminosity end build the radio-quiet quasars
(QSO). The radio-loud type 1l AGN at low luminosities are called broad-line
radio galaxies (BLRG). At higher luminosities there are the radio quasars.
Depending on the spectral slope of their photon spectrum ag at a few GHz,
they are divided into steep spectrum radio quasars (SSRQ, ar > 0.5 ) and
the flat spectrum radio quasars (FSQR, ar < 0.5).

Type2 AGN show only weak continuum emission and narrow emission
lines, leading to the conclusion that either there is no high velocity gas close
to the central region or the central region is obscured by an optically thick
wall. In the framework of the unified model, the latter conclusion is widely
accepted (see next section). At low luminosities the radio-quiet AGN are
called Seyfert 2 and narrow emission line X-ray galaxies (NELG). The Seyfert
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galaxies don’t show a clear bimodal distribution but a sequence including
intermediate objects, classified as Seyfert 1.2, 1.5, 1.8 and 1.9 on the basis
of the appearance of the Balmer lines as introduced by Osterbrock (1977).
The high luminosity end is not clearly identified. Likely candidates are the
IR-luminous TRAS' AGN (Sanders et al., 1988). Radio-loud type2 AGN are
often referred to as narrow-line radio galaxies (NLRG). They include two
distinct morphological types. The less luminous Fanaroff-Riley typel radio
galaxies (FRI) and the high-luminosity Fanaroff-Riley typeIl radio galaxies
(FRII), which show higher collimated jets ending in bright radio lobes with
prominent hot spots (Fanaroff and Riley, 1974). While the narrow emission
lines in FR T are very weak, FRII can show weak as well as strong emission
lines (e.g. Laing et al., 1994).

type 2 type 1 type 0
radio loudness (narrow-line)  (broad-line) (unusual)
radio-quiet (~90%) Seyfert 2 Seyfert 1

NELG

IR quasar? QSO BAL QSO?
radio-loud (~10%) FRI BLRG blazars:

FRII SSRQ BL Lac objects

FSRQ (FSRQ)

Table 2.1: AGN taxonomy, taken from Urry and Padovani (1995)

There is a small percentage of AGN which shows very unusual spectral
characteristics, here called type 0. Roughly 10% of the radio-quiet AGN show
very broad absorption features in their optical and UV spectra, therefore
called broad absorption line (BAL) quasars. In Table2.1 the BAL QSO is
denoted with a question mark. As described in the next section, the spectral
classification is related to the orientation of the symmetry axis of the AGN
with respect to the observer’s line of sight. In that context type0 refers to
small angles, while for the BAL QSO the reason of the absorption feature is
unknown and could be either related to polar outflows (small angles) or to
edge-on discs with winds.

The radio-loud type0 AGN are summarised in the blazar class, which
consists of BL Lacertae (BL Lac) objects and FSRQs. BL Lacs lack strong
emission or absorption features. Although FSRQ are listed also as typel

!The Infrared Astronomy Satellite (IRAS) carried out an all-sky survey in 1983 at 12,
25, 60 and 100 microns.
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because of their strong line emission, their continuum emission resembles
strongly that of BL Lacs (apart from the ”big blue bump” in a few cases).
Beside the FSRQ there are also quasars referred to as optically violently
variable (OVV) quasars, highly polarised quasars (HPQ) or core-dominated
quasars (CDQ). The names reflect different empirical definitions, but show
common features like very rapid variability, high and variable polarisation
and superluminal motion of compact radio cores; therefore they are here
simply referred to as FSRQ.

2.2 The unified model

2.2.1 The AGN paradigm

Although the objects defined as AGN show very different spectral behaviour,
they all are believed to have a common origin. Figure 2.1 shows a schematic
diagram of the current AGN paradigm, divided into radio-loud (upper left)
and radio-quiet (lower right) AGN. The central engine is a supermassive black
hole (SMBH) with 107 M, to 10° M, surrounded by a luminous accretion
disc. The gravitational potential energy of the SMBH is the ultimate source
of the AGN luminosity.

ow
BL Lac
* @R

Radio Loud
aso

-
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BLRG

Figure 2.1: The unified AGN model. The upper left part shows the radio-loud, the lower
right part the radio-quiet AGN (www-07).
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component size [cm]

SMBH (10° M.,) ~3 x 10

accretion disc ~1-30x 10"

broad-line region ~2—20 x 10

dusty torus (inner radius) ~ 107

narrow-line region extending from 10'® to 10%°
radio jets up to 10%*

Table 2.2: The sizes of the differnet AGN components (Urry and Padovani, 1995). For
the SMBH and the accretion disc the radii are given. The numbers for the broad- and
narrow-line region reflects the distance from the SMBH. The size of the dusty torus is
given for the inner radius. For the radio jet the length is given, which can be a factor of
ten larger than the largest galaxies.

Strong emission lines are produced in clouds of high velocity gas, lo-
cated close to the SMBH, the so-called broad-line clouds or broad-line regions
(BLR). The BLR is obscured along some lines of sight by a torus (or warped
disc) of gas and dust, which is located well outside the accretion disc and the
BLR. At larger distance from the SMBH, clouds of lower velocity produce
narrow emission lines. Bipolar outflows of highly relativistic particles gener-
ate collimated radio jets, extending from the vicinity of the SMBH to Mpc
scale. Table 2.2 gives the approximate sizes of the different components.

The paradigm shows that an AGN is far away from being spherically
symmetric. In good approximation, a symmetry axis can be defined perpen-
dicular to the accretion disc. If the angle between this axis and the line of
sight is small, the nucleus itself is visible together with the accretion disc and
the BLRs. At large angles this part is obscured by dust. The orientation can
therefore account for many spectral differences among AGN. The radio-loud-
radio-quiet dichotomy cannot be explain by orientation effects and is closely
related to the formation of a large scale radio jet.

In case of radio-quiet AGN, no jets (or only weak ones) have been formed.
The Seyfert 1 galaxies and QSOs show nearly identical spectral behaviour and
differ mostly in luminosity. The more luminous QSOs are located at larger
distances, which makes (together with their outshining nucleus) the detec-
tion of a host galaxy difficult. As they all show broad emission lines and
luminous UV to soft X-ray spectra (caused by the accretion disc), they are
observed under small and moderate angles. The Seyfert 2 galaxies lack of
broad-line features, and are therefore thought to be seen edge on. Intermedi-
ate Seyfert galaxies can be interpreted in that context as seen under angles
where different contributions change their dominance.
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Radio galaxies show large scale radio jets, visible under larger angles,
where the BLRs are obscured. Blazars can be interpreted as radio galaxies
seen under a small angle with respect to the line of sight. As the emission
from the jet is highly Doppler boosted in forward direction, the apparent
luminosities are the highest among all AGN. Hereby the apparent variability
time scale is reduced by the Lorentz factor of the bulk velocity (see also
Section 2.3.1). The unification of the various subclasses of radio-loud AGN
is disussed in more detail in the next section.

2.2.2 Unified scheme for radio-loud AGN

The dichotomy in FRI and FRII cannot be explained by orientation effects
but by physical differences, which are strongly related to the formation of
the jet, the relativistic hydrodynamics in the jet itself and the connection
to the host galaxy. This also accounts for the differences between FSRQ
and BL Lac objects. It is widely accepted that the less luminous FR1 build
the parent population of BL Lacs (Browne, 1983; Padovani, 1992) and the
more luminous FRII are the parent population of FSRQs (Barthel, 1989).
In that context SSRQs are connected to luminous radio galaxies and FSRQs
by intermediate viewing angles (Browne, 1989).

Several observations support this hypothesis: (i) the host galaxies of
blazars are luminous ellipticals (if resolved) like radio galaxies, where the
mean luminosity for BL Lacs and FRI, as well as FSRQs and FRII are the
same (e.g. McLure et al., 1999; Urry et al., 2000; Dunlop et al., 2003); (ii) the
luminosity functions of the beamed object classes fit the expectation derived
from the luminosity function of the anticipated parent population, taking
into account the beaming effect and the consequential lower number counts
(Urry and Padovani, 1995, and references therein); (iii) both the quasars and
the BL Lacs show similar environments with respect to their assumed par-
ent population of radio galaxies (Urry and Padovani, 1995, and references
therein); (iv) the cosmic evolution of radio galaxies, SSRQs and FSRQs can
be described in each case by an increasing luminosity with increasing redshift,
roughly as (z + 1)3 out to z ~ 2, followed by a comparable decline at higher
redshifts (Dunlop and Peacock, 1990). For the BL Lac-FR I connection, the
situation is more complicated. While a subclass of BL Lacs, the so-called
high frequency peaked BL Lacs shows evidence for a negative evolution? like
FR Is on a 20-level , the subclass of low frequency peaked BL Lacs shows
a positive evolution, similar to quasars (Beckmann et al., 2003; Rector and

2Negative evolution means that these objects were less numerous or less luminous in
the past.
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Stocke, 2001).

Other observational results are still not conclusive. As regards the lumi-
nosities of the narrow-line emissions, some discrepancies are found. While
FRT and BL Lacs show very weak emission lines, quasars have strong emis-
sion lines and FRII can show both (Laing et al., 1994). In case of the
extended radio emission, the situation is the opposite. While quasars exhibit
extended radio morphologies typical of FRII radio galaxies, BL. Lacs can
have extended radio emission typical of both FRI and FRII radio galaxies
(e.g. Murphy et al., 1993; Fernini et al., 1997; Rector and Stocke, 2001).
Although it seems to be evident that blazars are beamed radio galaxies,
the simple equalisation of quasars with FRII and BL Lacs with FRI radio
galaxies appears to be oversimplified.

2.2.3 AGN jets

Most radio jets appear quite linear, but also curved non-linear jets and non-
radial motions are observed (e.g. Kellermann et al., 2007). The scales ranging
from not much larger than the event horizon of the SMBH? (Biretta et al.,
2002) up to megaparsecs. Omne of the closest radio galaxies is M 87 at a
distance of 16 Mpc. The linear scale of 1 mas = 0.08 pc is sufficient to re-
solve the M 87 jet transverse to its extent. The similar morphology at radio,
optical and X-rays suggests a common synchrotron radiation mechanism.
For the higher energies the radiative cooling length of the electrons is much
smaller than the distance to the nucleus, indicating in situ acceleration of
the particles (Biretta et al., 1991; Harris and Krawczynski, 2006), occuring
at traveling and stationary shocks in the jet.

The recent discovery of VHE gamma-ray emission from M 87 (Beilicke
et al., 2004) strongly supports the FRI - BL Lac connection, as almost all
other extragalactic objects detected at VHE gamma-rays belong to the class
of BLL Lac objects. The claim of variability of VHE gamma-rays on a daily
time scale from M 87 (Aharonian et al., 2006g) leads to strong constraints on
the size of the emission region, raising the question where the VHE gamma-
rays are produced. The spatial resolution of current gamma-ray telescopes
is not sufficient to rule out any part of the jet. Aharonian et al. (2006g)
argued, that the gamma-rays could only come from the nucleus itself (or the
close vicinity) because of the required compactness of the emission region.
This conclusion is supported by the fact that the variability time scale at
VHESs is ten times shorter than observed at any other wavelengths. Cheung
et al. (2007) reported superluminal radio features from the HST-1 knot at

3The Schwarzschild radius of a BH is r, ~ 10~% My /10° Mg, pc
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a distance of ~120pc from the nucleus. Together with the coincidence of
the peak in the VHE gamma-ray and radio-to-X-ray activity in HST-1 in
2005, HST-1 is favored by them as the site of VHE gamma emission. This
hypothesis is supported by the problem that the nearest environment of
the SMBH is expected to be opaque to TeV photons due to photon-photon
interaction on ambient photon fields.

Most compact radio sources are variable on time scales typically of months
to years (e.g. Kovalev et al., 2002). Also shorter time scales are observed, the
shortest ones at VHE gamma-rays, revealing flux doubling times down to a
few minutes in flares of the BL Lac objects Mrk 501 (Albert et al., 2007g)
and PKS 2155-304 (Aharonian et al., 2007d).

2.3 Blazars

In the following section the main properties and emission models of blazars
are described. First the effect of relativistic beaming is briefly discussed. In
Section 2.3.2 a classification of blazars is given, based on their spectral energy
distribution, and a possible correlation of these subclasses is discussed. In
Section 2.3.3 the most important emission models are presented, divided into
the nature of the accelerated particles (electrons vs. protons and ions).

2.3.1 Relativistic beaming

Based on optical observations of the jets in M87 and quasars, such as 3C 273,
Shklovskii (1964) argued that the appearing anisotropy is due to differential
Doppler boosting. Radio observations during the past decades showed super-
luminal motion of compact radio cores in the jets of radio galaxies and blazars
(e.g. Kellermann et al., 2007), which can be understood by bulk relativistic
motion along the jet (e.g. Blandford and Konigl, 1979).

The kinematic Doppler factor of a moving source is defined as:

d=1[y(1—pBcosh) ", (2.1)
where 3 is the bulk velocity in units of the speed of light, v = (1—3%)"'/2 the
corresponding Lorentz factor and 6 the angle between the velocity vector and
the line of sight. Depending on @, the Doppler factor varies from §(90°) = y~!
to 0(0°) = (1 + B)y ~ 27 (see Fig.2.2). For large angles a deamplification
takes place.

The observed transverse velocity of an emitting blob, v; = ¢, is related
to its true velocity v = ¢ and the angle 6 by

5, = Bsind

1 —cosf’

(2.2)
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Figure 2.2: Doppler factor § vs. the viewing angle 6 for different Lorentz factors ~.

The function is plotted in Figure2.3. The maximum value of the apparent
velocity fimax = V72 — 1 occurs for cos§ = [ (corresponding to sinf =

7—1)4

, resulting in a Doppler factor of 6 = . The Lorentz factor for a

measured apparent velocity follows as v > /32 + 1.
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Figure 2.3: The apparent (or transversal) velocity 3 vs. the viewing angle 6 for different

Lorentz factors .

The apparent luminosity (observer’s frame) L, is Doppler boosted and
can be related to the luminosity Ly in the AGN frame by

Lo =d"Lg (2.3)

4For small angles one gets sinf ~ 6 = 1/~



2.3. BLAZARS 51

where n depends on the geometry of the emission region as well as the spectral
index. Typical values are between 2 and 3. With a moderate Lorentz factor
v ~ 10 and n = 3, the Doppler boosting can reach values up to ~ 10* for
small viewing angles.
As another effect, a time interval t,,, measured by an observer appears
shorter:
tops = 0 o (2.4)

where ty is the time interval in the rest frame of the source. The shortest
observed variability time scale gives strong constraints on the size of the
emission region by the argument of causal connection. Taking into account
the Doppler effect one gets the size of the emission region, assuming a sphere
with radius r, as

r<c-ty=c-typs. (2.5)

The apparent velocities measured in quasars reach values up to ~ 30,
leading to a theoretical bound of 7,4, ~ 32 and Lo jer & 1020 W Hz ! (Cohen
et al., 2007). BL Lacs show lower values in average. For many blazars also
B < 3 and even subluminal motion is observed. Cohen et al. (2007) argued
that the pattern Lorentz factor 7, has to be much less than the beam Lorentz
factor v, for these objects, taking into account other observational evidences
for a highly relativistic beam in the most of them.

2.3.2 Spectral energy distribution

As mentioned at the beginning of this chapter, blazars show broad-band
non-thermal emission from the radio band up to VHE gamma-rays. The
spectral energy distribution (SED), plotted as vF, vs. v (or the apparent
luminosity v L, vs. v), shows at least two pronounced peaks. The first peak
occurs between IR and X-rays and is commonly believed to be caused by
synchrotron radiation from relativistic electrons, while the second one is at
gamma-rays. In this section a classification of blazars based on their SED is
shown and possible correlations are disussed.

Classification

Due to the lack of strong emission lines, BL. Lacs were mainly discovered
in radio and X-rays surveys, leading to the historical separation into RBLs
(radio selected BL Lacs) and XBLs (X-ray selected BL Lacs). In the con-
text of the unification of radio galaxies and BL Lac objects, where the latter
objects are strongly Doppler boosted, the less luminous XBLs were inter-
preted as BL Lacs with larger viewing angles than RBLs (Stocke et al., 1985;
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Maraschi et al., 1986). This hypothesis was also supported by the stronger
polarisation and violent variability observed in the optical band for RBLs.
As smaller viewing angles lead to smaller number counts, they concluded,
that RBLs will only account for ~ 10% of the BL Lac population and X-ray
surveys are therefore more representative.

A different scenario proposed by Giommi and Padovani (1994), and now
widely accepted, explains the differences with the intrinsic shape of their
SEDs. According to this BL Lacs can be separated by their cut-off energies
in their synchrotron emission (or peaks in a vF,-plot) into low frequency
peaked BL Lacs (LBLs), providing peaks in the IR to optical range, and high
frequency peaked BL Lacs (HBLs) with peaks in the UV to X-ray regime
(Padovani and Giommi, 1995)°. As a dividing line Fyx/Fr = 107 (with
Fx being the energy density in ergem 2s™! from 0.3 to 3.5keV and Fg
the monochromatic radio flux at 5 GHz in Jansky) was originally proposed.
Based on a spectral study of X-ray spectra of a large sample of 85 BL Lac
objects, observed with ROSAT (White et al., 1994), Padovani and Giommi
(1996) changed the value to Fx/Fr = 1071® (corresponding to a broad-band
spectral index agx = 0.78).

It was shown by Laurent-Muehleisen et al. (1999) from a large sample of
BL Lac objects from the ROSAT All-Sky Survey-Green Bank (RGB) that the
apparent dichotomy of BL Lacs into LBL and HBL arose primarily from ob-
servational selection effects, rather than reflecting the underlying population.
The distribution of agx which they derived from their sample peaks around
agx = 0.75, the previously dividing line of LBL. and HBL. They conclude
from the existence of intermediate BL Lac objects (IBL) that the synchrotron
peak energies are smoothly distributed from IR to X-rays for the complete
BL Lac population. So far three objects, Mrk 501, 1ES 2344+514 and 1ES
1426+428, are found with peak energies at very hard X-rays (~100keV,
Costamante et al., 2001), which are also among the small group of blazars
detected at VHE gamma-rays.

The FSRQ can reach higher luminosities than BL Lacs in general. While
for a long time only high luminosity quasars with low peak energies, compa-
rable or even lower than for LBLs, were known, more sensitive surveys like
the Deep X-ray Radio Blazar Survey (DXRBS) vastly extended the cover-
age of the low luminosity end of the luminosity function, revealing a large
amount (=~ 25%) of FSRQs with HBL-like broad-band properties, coined
high frequency peaked FSRQs (HFSRQ, Perlman et al., 1998).

5QOriginally the names ”low” and ”high energy cut-off BL Lacs” were proposed, but
"low” and ”high frequency peaked BL Lacs” is more common due to the presentation of
the spectral properties in a vF,-plot.
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The blazar sequence

It was proposed by Fossati et al. (1998) from the study of the broad-band
spectrum of 126 blazars, taken from three complete samples (Slew survey,
1-Jy sample of BL Lacs and 2-Jy sample of FSRQ), that the blazars follow a
sequence, in which a single parameter, related to the luminosity, governs the
physical properties and radiation mechanisms in the relativistic jets. They
computed average SEDs of the sample according to the radio luminosity. The
main findings are: (i) the first peak in the SED occurs at different frequen-
cies for different luminosity classes, whereas the most luminous sources peak
at the lowest frequencies; (ii) the peak frequency of the high energy compo-
nent correlates with the frequency of the first peak; (iii) the luminosity ratio
between the high and low energy peak increases with luminosity.

These phenomenological results were interpreted by Ghisellini et al. (1998)
in the framework of leptonic emission models (see also next section). They
concluded from their spectral modelling that with increasing luminosity along
the sequence, the contribution from external photon fields increase from al-
most neglible for HBLs up to the dominat part for FSRQs. The decreasing
synchrotron peak frequencies can be explained in this model with stronger
cooling of the electrons due to the increasing external field. This also results
in the observed dominance of the high energy part in the SED of FSRQs. The
model is supported by the fact, that quasars show much stronger emission
lines than BL Lacs, indicating more circum nuclear material. The results
were later extended, finding an important ingredient for the shaping of the
spectra of the lowest power objects, namely the role of a finite timescale for
the injection of relativistic particles (Ghisellini et al., 2002). The sequence
is also in good agreement with the hard X-ray properties investigated for a
large sample of blazars by Donato et al. (2001).

An evolutionary sequence of blazars has been proposed by D’Elia and
Cavaliere (2001) and Cavaliere and D’Elia (2002) assuming decreasing ac-
cretion rates from quasars to BL Lacs. In that picture, the power emitted
from FSRQs is dominated by disc components (thermal and electrodynamic
jet-like components), while for BL Lacs the radiation is highly non-thermal
and the power is partly provided by the rotational energy of the central Kerr
black hole. In that context the two populations can be linked if the accre-
tion rate drops in time and the new born BL Lacs are fed by dying FSRQs.
This would give a natural explanation for the different observed evolutions,
in particular the evidence for negative evolution of HBLs (Beckmann et al.,
2003).

The idea of an evolutionary sequence in the framework of a leptonic emis-
sion model was further investigated by Bottcher and Dermer (2002). The
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evolutionary transition was parametrised by a gradual depletion of the cir-
cum nuclear environment (and therefore decline of the accretion rate) and a
reprocessing efficiency for the external Compton component (optical depth
for the circum nuclear material), assumed to be proportional to the accre-
tion rate. The general features of the blazar sequence could be reproduced
in good agreement with Ghisellini et al. (1998).

It was argued by several authors in the recent years that the supposed
blazar sequence is not representative for the complete population, rather than
a selection effect. Although the samples used in Fossati et al. (1998) were
complete above their respective radio and X-ray flux limits, they included
very different radio fluxes and not all radio luminosities represented in one
survey were above the flux limit of the other sample. Based on new blazar
identifications in the Deep X-ray Radio Blazar Survey (DXRBS) Perlman
et al. (1998) concluded that all previous samples of blazars, even when taken
together, did not representatively survey the blazar population. In particular,
the luminosity function of FSRQs was extended to lower luminosities and
HBL-like FSRQs (HFSRQ) have been discovered (see also Padovani et al.,
2002, 2003).

It was shown by Giommi et al. (2002) that BL Lacs, discovered in the
deeper and more homogeneous DXRBS and Sedentary survey, build a popu-
lation of low radio luminosity and low peak frequency sources, not included
in Fossati et al. (1998). The existence of low luminosity blazars (BL Lacs
and quasars) with low peak frequencies was also shown by other authors (e.g.
Caccianiga and Marcha, 2004; Antén and Browne, 2005). Summarising the
observational facts the blazar sequence can, at least in its simplest approach,
be ruled out. However, there is still a lack of high luminosity blazars with
extreme peak frequencies. If not intrinsically, this effect could arise from the
missing determination of the redshift for a large sample of BL Lac objects due
to their featureless spectrum. Also the high ratios of the high- to low-energy
component seen in many FSRQs, detected by EGRET, is not seen in HBLs
(see also Chapter 7). This could still reflect a selection effect, as most of the
EGRET blazars were detected in a state of high activity. An increased source
statistic at these energies as well as a better coverage of quiescent states will
be provided by the GLAST satellite within the next years.

2.3.3 Emission models

In the following section the most common emission models, which can ac-
count for the observed broad-band spectrum of blazars, are briefly discussed.
The general scenario assumes a very compact spherical emission region with
a homogeneous magnetic field that moves relativistically along the jet con-
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taining relativistic charged particles with a power law energy spectrum. The
separation into leptonic and hadronic models here is related to the nature
of particles that are responsible for the high energy radiation, depending on
whether they are electrons (and positrons, leptonic) or protons (and ions,
hadronic). A general problem in modelling blazar SEDs is the lack of high
quality multiwavelength data and the sparse coverage of the entire energy
range, which often leads to an under-determination of the model parameters.

Leptonic models

The simplest model is a single zone synchrotron self Compton model (SSC,
Ginzburg and Syrovatskii, 1965; Rees, 1967; Maraschi et al., 1992), which
naturally produces a two-humped SED. The first peak is related to syn-
chrotron radiation of relativistic electrons, while the second peak is due to
inverse Compton scattering of these synchrotron photons. In external Comp-
ton (EC) models the seed photons can be dominated by ambient thermal
photon fields, which could enter directly into the emission region (Dermer
et al., 1992; Dermer and Schlickeiser, 1993) or by scattering on material sur-
rounding the jet (Sikora et al., 1994, see also Figure 2.4).
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Figure 2.4: Schematic side-view of the inner part of an AGN according to the AGN
paradigm. The sizes of the different components are not to scale. The emission region is
marked red and moves relativistically along the jet. Ambient thermal photons could enter
directly into the jet or can be reprocessed by clouds of gas.

Leptonic models are quite successful in describing the observed SEDs,
although there are differences inside the blazar class. While FSRQs gener-
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ally require a dominat EC contribution to produce the observed gamma-ray
emission (e.g. Sambruna et al., 1997; Hartman et al., 2001), HBLs can be
successfully fitted with pure SSC models (e.g. Mastichiadis and Kirk, 1997;
Petry et al., 2000).

A strong correlation between the synchrotron and the inverse Compton
emission is expected from single zone SSC models. While such correlations
were observed, like the X-ray-TeV correlation recently reported by Fossati
et al. (2007) from observations of the HBL Mrk 421, a so-called orphan flare
(TeV flare with no counterpart at X-rays) has been observed from the HBL
1ES 19594650 (Krawczynski et al., 2004). Also for Mrk 421 a time lag of
days between a high state at TeV energies and X-rays has been reported by
Blazejowski et al. (2005). In the context of SSC models an inhomogeneous
jet model was proposed by Kusunose and Takahara (2006); in this model
X-ray photons, produced in a primary flare, propagate in various directions
in the comoving frame of the jet until they reach a dense region, where they
can be up-scattered to TeV photons by relativistic electrons, which would be
seen as an orphan flare.

Recently distant HBLs with unexpected hard VHE gamma-ray spectra
were found (e.g. Aharonian et al., 2007¢,b), yielding intrinsic peak energies
above several TeV after correction of the measured spectra for the absorption
in the MRF. This raises a problem for leptonic models due to the low inter-
action cross-section in the Klein-Nishina regime. As shown in Section 1.3.3,
for hv > mc? /v, the cross section for inverse Compton scattering is reduced
by one order of magnitude. This is the case, when photons from the UV to
the X-ray band are scattered by electrons with Lorentz factors in the order
of ~ 106,

Hadronic models

It was shown by Mannheim and Biermann (1992) that the high energy emis-
sion of blazars (in particluar the FSRQ 3C 279) can also be explained by
a population of ultra-relativistic protons with Lorentz factors of v ~ 10;
these protons produce photons with energies from keV to TeV via pion and
pair production and subsequent synchrotron cascade reprocessing (proton
initiated cascades, PIC, Mannheim, 1993). The low energy part is hereby
synchrotron radiation from co-accelerated electrons like in leptonic models,
which also serve as the target radiation field for proton-photon interaction
(see also Fig.2.5). The hadronic model requires in general higher magnetic
fields to keep the larmor radius of the protons inside the compact emission
region, leading to rapid radiative cooling of the electrons, and hence neglible
contributions from inverse Compton scattering at higher energies. The model
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also provides a natural source of ultra high energy cosmic rays, as ultra rela-
tivistic neutrons, produced in proton-photon interaction, can escape from the
emission region and will decay each into an electron, proton and neutrino.
The recent reported correlation between the highest energy cosmic rays and
nearby AGN (Abraham et al., 2007) support the picture of AGN as effective
proton (and nuclei) accelerators.
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Figure 2.5: The proton blazar: Accelerated electrons and protons produce synchrotron
radiation. The electron synchrotron photons serve hereby as target radiation field for
proton-photon interaction, leading to pion production and subsequent cascades. While
the charged particle will contribute to the spectrum directly via synchrotron radiation,
gamma-rays can make pairs in photon-photon interaction, leading to electro-magnetic
subcascades.

Based on the PIC model the multiwavelength spectra of Mrk 501 and Mrk
421 were successfully modeled by Aharonian (2000) and Miicke and Protheroe
(2001), the latter using a Monte Carlo code. Compared to Mannheim (1993),
they concluded that the TeV radiation is completely dominated by proton
synchrotron radiation (also known as synchrotron proton blazar, SPB).

Cosmic proton accelerators will produce cosmic rays, gamma-rays and
neutrinos with comparable luminosities (Mannheim, 1993). Therefore the
detection of neutrinos from an AGN would be the smoking gun for hadronic
emission models. Beside point sources, expectations of the diffuse neutrino
flux are derived from the cosmic ray spectrum as well as the diffuse ex-
tragalactic gamma-ray background (Mannheim et al., 2001; Miicke et al.,
2003). Except for solar neutrinos as well as neutrinos from the supernova
1987A no cosmic neutrinos have been detected so far. Nevertheless upper
limits from current neutrino telescopes like AMANDA on the diffuse flux
as well as stacking analysis of different source classes, can already constrain
several prevailing neutrino flux models (Becker et al., 2007). High detection
probabilities are predicted for future neutrino telescopes such as ICECUBE
and KM3NeT.



Chapter 3

The imaging air Cherenkov
technique

The atmosphere is opaque for most of the electromagnetic spectrum. Indeed
there is only the radio (~30MHz - 30 GHz) and optical window where the
light does not suffer from strong absorption. At VHE, the interaction of
the photon with the molecules of the atmosphere initiates a particle cascade
whose detection allows to deduce the identity as well as the energy of the
primary particle. In the following section the main properties of these particle
cascades are introduced. In Section 3.2 it is shown that relativistic charged
particles radiate Cherenkov photons which are observable from the ground.
The Cherenkov effect and its characteristica are discussed and the expected
number of photons on the ground are calculated. These photons can be
observed by imaging air Cherenkov telescopes whose detection principle will
be explained in Section 3.3. Furthermore, a brief description of the MAGIC
telescope is given in Section 3.4.

3.1 Air showers

Air showers are particle cascades initiated by charged particles or photons.
Photons with energies above several MeV are absorbed in matter by pro-
duction of electron-positron pairs. The pairs radiate bremsstrahlung in the
Coulomb field of atmospheric atoms. These secondary gamma-rays will pro-
duce electron-positron pairs again. After IV interactions the particle cascade
consists of 2V particles. While the shower is growing, the energy per parti-
cle decreases. Below a critical energy of ~ 80 MeV, ionisation losses become
dominant and the shower dies out.

58
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Much more often the primary particle will be an ionised hadron. The
schematic development of a hadron induced air shower with its different
components is shown in Figure3.1. Due to the high energies (F > 10 GeV)
the hadron will interact with single nucleons of an atmospheric atom. In
multiple scattering inside the nucleus mainly pions but also strange particles
(kaons, ... ) or anti-nucleons are produced. Neutral pions decay into photons
(7% — 4+, mean lifetime 7 = 8.4x 107" s) which initiate an electromagnetic
cascade. Charged pions are mainly responsible for the muon and neutrino
component of the shower (7* — p* +v,, 7= — pu= + 7,, mean lifetime
7 = 2.6 x 1078s). There is also an energy dependent contribution to these
components from leptonic decays of kaons. Around 8 % of the muons with
an energy of 100 GeV are produced in K-decay. This number increases for
higher muon energies up to an asymptotic value of 27% (Gaisser, 1990).
A part of the muons will further decay before they can reach the ground
(Wt — et +ve+v,, 0~ — e + U+ v, mean lifetime 7 = 2.2 x 107%s) and
contribute to the neutrino and the electromagnetic component of the shower.

primary cosmic ray
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Figure 3.1: Schematic view of the development of a hadron initiated air shower.

Figure 3.2 shows two different air showers simulated with CORSIKA (COs-
mic Ray Slmulations for KAscade, Heck et al., 1998) using as a primary
particle a 100 GeV photon and a 100 GeV proton, respectively. The width of
the electromagnetic shower is dominated by multiple scattering of electrons
and positrons. In case of the hadron initiated air shower, large transversal
impacts due to hadronic interactions result in a wider lateral distribtion.



60 CHAPTER 3. THE IMAGING AIR CHERENKOV TECHNIQUE

Figure 3.2: Side view of simulated air showers with different primary particles (vertical
incidence). Left panel: Photon initiated air shower (E, = 100 GeV). Right panel: Hadron
initiated air shower (proton, E, = 100 GeV). The red lines mark the tracks of electrons,
positrons and gamma-rays, the green lines the tracks of muons and the blue lines the
tracks of hadrons (www-08).

Before the longitudinal distributions of the different air showers are in-
vestigated, a new quantity is introduced: the column density. It gives the
altitude in the atmosphere and is defined as

X = 70p(h) dh, (3.1)

where p is the density and h the altitude above sea level. The radiation length
for photons and electrons in air is X, = 36.66 g/cm?; hence it follows for the
atmosphere a depth of ~ 27 radiation lengths in case of vertical inclination
(e.g. Grupen, 2000). As the radiation length of hadrons in air is about three
times larger, a hadron initiated shower will develop deeper in the atmosphere.
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Figure 3.3 shows the height of the shower maximum in units of the column
density over the energy of the primary particle for photons and protons as
a result of Monte Carlo simulations (Rahman et al., 2001). The heigth of
the shower maximum depends logarithmically on the energy of the primary
particle. For a 200 GeV photon this height is 280 gcm™2 corresponding to
~10km above sea level.
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Figure 3.3: Height of shower maximum in units of the column density vs. energy of the
primary particle. The blue line denotes protons and the red line ganma-rays as primary
particles.

A special attention in this work is given to the muon component (see
Chapter5). Due to the high energies of the muons and the resulting time
dilatation, most of the muons above ~ 5 GeV reach the ground before they
can decay. Figure3.4 shows the muon spectrum for an altitude of 2770 m
(comparable to the observation level of the MAGIC telescope) and sea level.
While the integral flux from 1GeV to 20 GeV is about 66 % at sea level
compared to the mountain altitude, this ratio increases to 84 % for the flux
from 15 GeV to 20 GeV. The differential energy spectrum above 20 GeV is
well fitted by a power law with a spectral index of -2.71.

As the track through the atmosphere increases with increasing angle of
incidence, the muon intensity shows a clear dependence on the zenith distance
0 as

L,(0) = L,(0 = 0) x cos™(6) , (3.2)

for zenith distances below ~60°. The exponent n lies around 2 and varies
slightly with energy.
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Figure 3.4: Combined spectrum of muons and anti-muons at different altitudes as mea-
sured with the BESS instrument for vertical inclination. The full symbols represent a mea-
surement from 1999 on Mt. Norikura (2770m a.s.l., 743 gcm—2, Sanuki et al., 2002) while
the open symbols mark a measurement from 1995 in Tsukuba (30m a.s.l., 1030 gcm—2,
Motoki et al., 2003). The statistical errors are within the size of the symbols.

3.2 Cherenkov effect

If a charged particle travels through an electric isolator, the electron shell
of the passed atoms gets polarised for a short moment. The induced time-
variable dipole-field emits photons isotropically. If the velocity of the particle
v, is higher than the speed of light v; = ¢/n in the medium (where n is the
index of refraction), the electromagnetic waves are constructively interfered
at an angle O¢, called Cherenkov angle. A wavefront is formed, comparable
to the shock front caused by an air plane with supersonic speed (see Fig. 3.5).

The Cherenkov radiation is completely linear polarised in the plane span-
ned by the line of sight and the particle track. For the discovery of the
Cherenkov effect P. A. Cherenkov, I. M. Frank and I. J. Tamm got the nobel
prize for physics in 1958'. The Cherenkov angle is defined as

vy c 1

cos(O¢) = " = () = ) ; (3.3)

where ¢ is the speed of light in vacuum, w the frequency of the Cherenkov
photon, 3 the velocity in units of the vacuum speed of light and n(w) the
frequency dependent index of refraction.

In the following the Cherenkov effect in the atmosphere is investigated.
Therefore the approximation of an isothermal atmosphere is used. Also the

!The radiation was discovered by P. A. Cherenkov in 1934 and interpreted by I. M.
Frank and I. J. Tamm in 1937
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Figure 3.5: Schematic view of the Cherenkov wavefront. ©¢ denotes the Cherenkov angle,
v; and v, the speed of light in the medium and the speed of the particle, respectively.

frequency dependence of the index of refraction is neglected. One gets the
index of refraction, depending on the altitude h, as

h
n(h) =14 noexp (—h0> =1+n, (3.4)

where hy = 8.4km is the scaling height and 7y = 2.9 x 10~* the value for
sea level. At high energies (5 ~ 1) the Cherenkov angle reaches a maximum
value that depends only on the index of refraction. Figure 3.6, left panel,
shows the maximum Cherenkov angle vs. altitude for the atmospheric model
described above.

"
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Figure 3.6: Left panel: The maximum Cherenkov angle (5 = 1) vs. altitude. The vertical
line indicates the observation level of the MAGIC telescope. Note that the shower max-
imum is several km above this altitude. Right panel: Minimum energy required for the
Cherenkov effect for muons (blue) and electrons (red) vs. altitude.
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From the condition #n > 1 one can calculate the threshold energy which
is required for the emission of Cherenkov radiation:

E
On=n 1—<E0> =1

Emin — 1 (35)

where Ej is the energy of the particle at rest. Figure 3.6, right panel, shows
the threshold energy vs. altitude for electrons (Ey = 0.511 MeV) and muons
(Ep = 105.66 MeV). As the threshold energy is directly proportional to the
rest mass of the relativistic particle, the threshold energy for muons is a
factor 206.8 higher than for electrons.

To estimate the number of observable Cherenkov photons on the ground,
first the energy loss due to Cherenkov radiation as well as the number of
cherenkov photons emitted per unit path length are calculated. The energy
loss per unit distance z is given by Jackson (1982) as

dE  (Ze)? 1
E o 471-60025)”[1 <1 - 62712(&))) Wd(.d, (36)

where Z is the atomic number. The w integration extends only over the range
where fn(w) > 1. The integrand shows the differential energy spectrum. In
the optical band, the index of refraction in the atmosphere can be considered
as nearly constant. In that case the integration yields dE/dz o w? The
Cherenkov spectrum is dominated by radiation in the UV- and blue band.
Below A ~ 180 nm abnormal dispersion starts in the atmosphere (n(w) < 1)
so that no Cherenkov radiation can be produced.

In the following the column density instead of the altitude is used as
introduced in the last section. Again the index of refraction is considered
to be frequency independent. Furthermore § = 1 is used as well as the
parametrisation n = 1+ 7. With 1 — 1/n? ~ 25 and the differential column
density dX = —pdh Equation 3.6 can be rewitten as:

dE dE dh 27re i 7re n 1
— A3 d\ = —— |- 3.7
dX ~ dhdX €0 p/ € p ()\2 )\2> (37)

Assuming an isothermal atmosphere as described above, 7 is proportional
to the atmospheric density p. Therefore the emitted energy per path length
is constant. For the density, standard pressure at sea level (1.013 x 10° Pa)
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and the scaling height of 8.4km are considered. Using 7y = 2.9 x 1074,
po=123x10"2gem™3, \; = 180nm and \; — oo one gets

dE _

I = 4.1keV(g/cm?) '
This is relatively low compared to the threshold energy for Cherenkov ra-
diation as shown in Fig. 3.6 as well as compared to the energy loss due to
ionisation (~ 1.8 MeV (g/cm?)~!). Dividing the integrand in Equation 3.7 by
he/ A, the number of emitted Cherenkov photons per column density is given
as

dN n /1 1

2 Aot = — = 3.8

ax -~ ()\1 /\2> ’ (3:8)
with o = £ being the finestructure constant. Using the same numbers

4meq he
as for the estimation of the emitted energy one gets

dN 3 o1
d—X—l.Qxl() (g/cm”) ™.

This corresponds to roughly 140 photons per meter at sea level and 50 pho-
tons per meter at an altitude of 10 km.
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Figure 3.7: The average atmospheric transmission coefficient vs. the energy of the primary
gamma-ray for an altitude of 2000 m (red line) and sea level (blue line).

For the detection of Cherenkov radiation with ground based instruments
the attenuation in the atmosphere has to be taken into account. Below
~300nm the light is stronly absorbed by atmosperic ozone. Another con-
tribution comes from Raileigh and aerosol scattering. At higher wavelength
one is limited by the bandwidth of the PMTs (< 600nm). The measured
Cherenkov spectrum coming from an air shower depends therefore on the
height of its shower maximum and the observation altitude. Figure 3.7 shows
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the average transmission coefficient (300nm - 550 nm), defined as the ratio
of produced Cherenkov photons and the number of photons arrived on a
certain altitude, vs. the energy of the primary gamma-ray for two differ-
ent observation levels. The parametrisation is taken from Rahman et al.
(2001). The energy dependence of the transmission coefficient reflects the
energy dependence of the height of the shower maximum. At an altitude of
2000 m, roughly the observation level of the MAGIC telescope, the transmis-
sion coefficient ranges from 0.70 to 0.75 within the observable energy range.
Compared to this, an observatory at sea level would see up to 40 % less
Cherenkov photons from air showers in the same energy range.

3.3 Imaging technique

The superposition of the emitted Cherenkov light of all particles in the shower
results in a light pool on the ground (see Figure3.8 and Figure3.9). If a
telescope is inside the light pool, an image of the shower is projected in the
focal plane. Therefore the area of the light pool at the ground is roughly
the effective area of the instrument. The area of the light pool depends on
the angle of incidence. For a shower maximum at 10km altitude and an
opening angle of 1°, the area of the light pool at an observation level of 2 km
ranges from 6 x 10*m? for vertical incidence to 9.8 x 10°m? for a zenith
distance of 60°. The large effective area is one of the main advantages of

shower axis shower axis
Y y4
h ~ 8km

&
0
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74)

Figure 3.8: Schematic view of the Cherenkov light pool of an air shower for vertical
inclination as well as a zenith distance of 40°.
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ground based gamma-ray astronomy compared to space born experiments.
As the expected photon fluxes at VHEs are quite small (~107"m™2s7!), a
large collection area is needed which is not feasible for the limited size of a
satellite experiment.

Since the number of emitted Cherenkov photons will be roughly the same
for air showers with different incidence, the photon density of the light pool
decreases with increasing zenith distance. This leads to an increasing energy
threshold, because the energy of the primary gamma-photon is correlated to
the number of secundary particles and therefore to the emitted Cherenkov
light.

The number density of Cherenkov photons is very small (~5 — 50/m?)
which requires a large reflector as well as a high-quantum efficiency detector.
The number of observed photons is completely dominated by the diffuse
light of the night sky. While the night sky is a continuous light source, the
time duration of the Cherenkov light flash from an air shower takes only
a few nanoseconds. A fast timing with short exposure times can therefore
reduce the effect of the night sky background light. In case of a parabolic
reflector the time information is conserved and the shower development can
be reconstructed.
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Figure 3.9: Schematic view of the principle of the imaging air Cherenkov technique with
the example of a TeV gamma-ray shower. If the telescope is inside the Cherenkov light
pool of the shower, a picture of the complete shower is reflected into the focal plane.
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The sensitivity of the observation technique is limited by the huge amount
of background generated by cosmic rays?. As shown in the first section of
this chapter, gamma-ray initiated air showers have different morphologies
compared to hadron initiated air showers. Based on a parametrised shower
image, the identity of the primary particle (gamma-ray or non gamma-ray)
can be deduced in a statistical way (see Section 4.3). Figure 3.10 shows images
of simulated gamma showers with various primary energies. The shower
images are clearly elongated which makes it possible to reconstruct the main
axis of the shower. Using the shower axis the origin of the primary gamma-

ray in the sky can be reconstructed with an uncertainty of ~0.1°. A main

Figure 3.10: Images of simulated photon initiated air showers inside the MAGIC camera.
The primary energies are 61 GeV, 187 GeV and 1.8 TeV (from left to the right). The zenith
distances are between 17° and 19°. The red line indicates the reconstructed shower axis.
As the simulated source position corresponds to the centre of the camera, all showers are
pointing to the camera centre. The green ellipse indicates the second moments of the light
distribution along and perpendicular to the axis. The colour scale gives the light content
of each pixel in arbitrary units.

contribution to the background comes from the Cherenkov light of single
mouns. Depending on their impact parameter, the images can look like
gamma showers with primary energies mainly below ~ 150 GeV (see also
Chapter 5.4).

3.4 The MAGIC telescope

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescope
is currently the world largest IACT with a single reflector of 17m in diame-
ter (see Fig.3.11). It is located on the Canary Island of La Palma (28.8°N,

2The ratio of gamma-rays to cosmic rays is roughly 1:1000; compare the flux of the
Crab Nebula at 300 GeV (6.3 x 10~% photonsm~2s~1!) to the flux of cosmic rays at the
same energy (~ 2.5 x 1073 photonsm~=2s~! for a solid angle of 1.3 x 1075 sr corresponding
to the trigger area of the MAGIC telescope).
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17.8° W, 2200 m a.s.l.). In the following a brief overview of the main proper-
ties of the telescope is given.

Figure 3.11: The MAGIC telescope, located on the Canary island of La Palma (28.8° N,
17.8°W, 2200 m a.s.l., www-09).

3.4.1 Reflector

The reflector with a diameter of 17 m consists of 247 panels with a reflecting
surface of 234m? in total. The focal length amounts to 17m with a focal
over diameter ratio of unity. While the single mirrors (four per panel) are
spherically, the complete reflector has a parabolic shape to conserve the time
information of the Cherenkov light. Each panel comes with an active mirror
control (AMC), which allows to correct the focusing for small bendings of the
structure depending on the current position. During data taking so-called
Look-up tables, giving the correct positions of all panels for a certain eleva-
tion, are used to refocuse the reflector within a few seconds. The standard
deviation of the point spread function of the optical system is well below the
size of an inner camera pixel (diameter 0.1°). The mirror segments are alu-
minium sandwiches with diamond-milled surfaces. The aluminium surface
is coated by a hard transparent layer of SiOy to protect it against weather
damage and ageing, while the sandwich structure ensures stiffnes and low
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weight. A heating system in each mirror prevents drew deposit and icing.
More detailed information can be found in Garczarczyk (2006).

3.4.2 Telescope structure and drive system

The reflector is mounted on a space frame structure made of carbon fiber
reinforced plastic tubes. Together with the light mirrors the total weight
amounts to only ~60t. The telescope is an alt-az mount with two 11 kW
servo motors for the movement in azimuth and one for elevation. The point-
ing accuracy is (1.1 & 0.7) arcmin and the telescope is able to reposition to
any sky position in less than 50s. The fast repositioning was a design goal to
be able to search for VHE gamma-ray emission in the promt emission phase
of GRBs which is below 100s. The tracking is continously monitored by a
CCD-camera, mounted in the centre of the reflector dish. This system, called
starguider, compares the sky field around the pointed source with catalogue
star positions. The measured mispointing is later used in the analysis to
correct for the source position on software basis. For more details see Bretz
(2006).

3.4.3 Detector

The detector is located in the prime focus of the reflector (distance of 17 m).
It consists of 577 PMTs arranged in a hexagonal pattern, divided in an
inner part with 397 PMTs with a FOV of 0.1° each and an outer ring of
180 PMTs with a FOV of 0.2° each (see Fig.3.10). The quantum efficiency
(QE) above 350 nm is enhanced by 15 %-20 % by applying a light scattering
lacquer doped with a wavelength shifter, yielding a maximum QE of ~ 30 %
at 400 nm (Paneque et al., 2004).

3.4.4 Data acquisition

The system for the data acquisition as described below was used until Febru-
ary 2007. All data analysed in this work were taken with this system. The
old 300 Msamples/sec digitalisation system has been upgraded in February
2007 by a 2Gsamples/sec digitalisation system (Goebel et al., 2007).

The analogue signals from the PMTs are transmitted via optical fibers
over a distance of 162 m to the Reciever boards using Vertical Cavity Surface
Emitting Laser (VCSEL, A = 850nm) drivers. In the Reciever boards, the
signal is splitted: one branch goes to a discriminator that generates a signal
for the trigger system while the other branch is amplified, streched to a
FWHM of ~ 6 ns and splitted again in a high- and a low-gain. The high-gain
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is amplified by a factor of ~ 10 while the low-gain is delayed by 50ns. If
the signal in the high-gain exceeds a certain threshold, a fast GaAs switch
combines the low- and the high-gain branch again and both are digitised. If
the switch is not activated, only the high-gain branch is digitised. As the
Cherenkov light pulse is recorded within the first 50 ns, the second part is
used as a measurement of the night sky background light and the electronic
noise (Fig.3.12).
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Figure 3.12: Readout for single pixels: digital counts vs. time slices. The left panel shows
a pixel where the high-gain is not saturated. All the time slices belong to the high-gain.
In the right panel, the high-gain is saturated and the low-gain is also read out (slices 15
to 30).

The analogue signals are continuously digitised with 300 Msamples/sec
using a 8 bit Flash Analogue Digital Converter (FADC) and stored in 32 kByte
long ringbuffers. If a trigger signal arrives, 2 x 15 samples®, ~3.3ns each,
is written to a 512kByte long FiFo (First-in-First-out) buffer with up to
80 MBytes/sec. The readout procedure of the ringbuffer results in a dead
time of less than 1us corresponding to less than 0.03% dead time at a usual
trigger rate of 300 Hz. As the signal was streched before, the time slices of
3.3ns allow for a time resolution below 1ns. A scetch of the data stream is
shown in Figure 3.13.

3.4.5 Trigger

Only 325 inner pixels belong to the trigger, yielding an effective trigger area of
2° in diameter. The signal for the trigger first goes through a discriminator. If
the signal exceeds a certain threshold (the so-called discriminator threshold,
DT), a digital signal is issued. The DT's are variable: if the individual trigger

315 high-gain and 15 low-gain samples, if the switch was activated, otherwise 30 high-
gain samples
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Figure 3.13: Scetch of the data stream of the MAGIC telescope (until Feb. 2007, Goebel
et al., 2003).

rate of a pixel exceeds a certain level, the threshold for this pixel is raised.This
avoids artificial triggers by bright stars or malfunctioning pixels. The trigger
further consists of two levels. The level-1 trigger contains 19 overlapping
hexagonal cells with 36 pixels each (see Fig.3.14). The trigger logic looks for
a N-next-neighbour coincidence within a few nanoseconds in one of the cells.
The multiplicity can be variably adjusted; the default value, which has been
also used for all the data analysed in this work, is four. The level-2 trigger
is widely programmable. It is currently not in use.

The trigger rates depend strongly on weather conditions and zenith dis-
tance. The rate is dominated by background events (hadron initiated air
showers and single muons) and amounts to ~ 250 Hz for extragalactic and
~ 200 Hz for galactic sources, in case of low zenith distances and good weather
conditions. The difference comes from different discriminator thresholds, due
to the brighter star field of most of the galactic targets.
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Figure 3.14: The level-1 trigger. Only the inner part of the camera is shown. Note that

twelve pixels around every corner do not belong to the trigger region.



Chapter 4

The analysis chain

The data taken with the MAGIC telescope are on event basis. A certain
number of recorded events are combined in a so-called run. There are three
different kinds of runs: pedestal, calibration and data runs. One pedestal run
together with a calibratin run and a couple of data runs define a sequence.

e Pedestal run: the telescope is pointing to the source but is triggered
randomly with 1kHz, 1000 events are recorded. With a pedestal run,
the night sky background light (NSB) as well as the electronic noise is
measured. One pedestal run is taken before a calibration run. To take
into account the change of the NSB during the observation (rotating
starfield), the pedestal is updated at regular intervals, using the last
time slices of each event of the data run in case the high-gain was not
saturated. Note that with the upgrade of the data acquisition system
in February 2007, the signal is no longer splitted into a high and a
low-gain branch. Therefore pedestal events are recorded with a rate of
25 Hz during data taking.

e (Calibration run: the camera is illuminated by ultra-fast UV-light pulses
(LI0LEDs, A = 375 nm, FWHM of the optical pulses 2-3 ns) with 500 Hz,
~ 4000 events are recorded. The detector is triggered directly by the
calibration system. With a calibration run, the response of each PMT
is measured to calculate the conversion factors (calibration constants)
from FADC counts to photoelectrons. Due to gain fluctuations, it
is necessary to update the calibration constants at regular intervals.
Therefore calibration events are taken with 50 Hz during the data runs
(interleaved calibration events). Further details can be found in Gaug
(2006). Since February 2007 the rate of interleaved calibration events
is reduced to 25 Hz, yielding a total rate of interleaved events of 50 Hz
(including interleaved pedestal events).

74
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e Data run: the detector is triggered if the light content of at least four
connected pixels exceeds the discriminator thresholds within a narrow
time interval (see also Section 3.4.5).

The data is processed, using the Magic Analysis and Reconstruction Soft-
ware (MARS), which is based on ROOT?!. A detailed description can be found
in Bretz (2006).

In the following chapter first a brief overview of the data processing from
the raw data to the calculation of the image parameters is given. These
steps are completely automatised. Section 4.2 explains briefly the two differ-
ent observation modes and the resulting ways of background determination.
In Section4.3 it is shown how the background is suppressed and how the
source position is reconstructed. The method of the reconstruction of the
energy spectrum is explained in Section 4.4, including a comparison of the
distributions of the most important image parameters between simulated
gamma showers and observed events from a strong source after background
suppression. In Section4.5 the analysis is shown for the Crab Nebula, the
standard candle in TeV astronomy, together with a brief discussion about
the sensitivity of the analysis.

4.1 Data preparation

The following part of the analysis is completely automatised in the Wiirzburg
data centre (Dorner et al., 2005). The calibration is done by a program
called CALLISTO (CALibrate LIght Signals and Time Offsets); after the
calibration the information of the telescope subsystems are combined in a
single file by the program MERPP (Merging and Preprocessing Program).
Software trigger, image cleaning and the calculation of the image parameters
are done by the program STAR (STandard Analysis and Reconstruction).
All these program are part of the MARS-package.

4.1.1 Calibration

The calibration of an TACT is a crucial task, as no artificial gamma-ray
source is available at these energies. The calibration follows two steps: first
the response of every pixel is measured based on a uniform illumination with
pulsed UV-light (calibration events) and the conversion factors (calibration
constants) are calculated. Second, different data sets as well as simulated
air shower events are cross calibrated with ring images of recorded muon

'http://root.cern.ch/
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events, which are sensitive to different atmospheric conditions as well as to
the reflector performance (see Chapter 5.3).

The standard calibration for the MAGIC telescope uses the excess-noise
factors of the PMTs (also called F-factor) which were measured for a sample
of PMTs in the laboratory. The F-factor in general is defined as

(Signal/noise) at input

F= 4.1
(Signal /noise) at output (4.1)

The distribution of charges for each pixel from ~ 4000 calibration events is
measured and the mean value p as well as the standard deviation o are
calculated from a Gaussian fit. The number of photoelectrons (phe) is then

2
o = F2 . (/L B :uped) 49
nph 0_2 . O_IQ)ed ’ ( )

where fipeq is the mean and op,eq the standard deviation of the pedestal. The
used F-factor has been measured for a sample of 20 PMTs with the result
of FF' = 1.15 £ 0.02. Further details can be found in Doro (2004) and Gaug
(2006).

The method is limited by the fact that a global F-factor, based on the
measurement of a sample, is used instead of the F-factors of the individual
PMTs. In addition the F-factor will change with time due to degradation
effects. Futhermore it is only a relative calibration. If the camera changes
its global behaviour, it is not recognised by the F-factor method. Since the
light source is located in the reflector dish, neither the performance of the
reflector nor the atmospheric conditions are taken into account. It is shown
in Chapter 5.3 that a global correction of the calibration constants up to 20 %
has to be made to get the same level of light intensity for data of different
periods.

4.1.2 Pulse extraction

As mentioned in Section 3.4.4, the Cherenkov light pulses are streched to a
FWHM of ~6ns (high-gain, ~10ns for the low-gain part) which ensures
a sampling of four time slices. The broadened light pulse is still narrow
compared to the exposure time of 50 ns. To reduce the noise, only the pulse
itself shall be extracted. Two methods are used in this work.

1. Spline: the pedestal substracted FADC slice contents are interpolated
by a cubic spline algorithm. At the position of the maximum, 1.5 time
slices are integrated
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2. Digital filter: an analytic fit to a standard pulse form is used, assuming
that both the shape and the noise are independent from the signal
amplitude and the arrival time. Further details can be found in Bartko

(2006).

4.1.3 Detector inhomogeneities

The detector response is not completey homogeneous. The main reason
comes from shifted pulse positions due to hardware problems. Usually the
mean peak position - averaged over all pixels - is pre-adjusted to lie within
the fifth sampling slice. If the peak moves to the edge of the sampling range,
the signal can not be extracted correctly. As this happens only in parts of
the camera, the efficiency of the detector changes locally. An additional in-
homogeneity comes from single malfunctioning pixels in the trigger area. To
quantify this effect a parameter, called inhomogeneity, has been introduced.
From simulations, inhomogeneities well below 10 % are expected from fluc-
tuations in the camera. For observational data, values up to 15% are still
acceptable.

4.1.4 Bad pixel treatment

Pixels where the signal extraction fails are flagged as unsuitable pixels (or
"bad” pixels). The reasons can be hardware defects or strong illumination,
e.g. by a bright star. Also the central pixel is marked as unsuitable as it is not
connected for normal data taking. The light content has to be interpolated
for a bad pixel from surrounding pixels, whereas three suitable pixels are
required as a minimum for the interpolation.

4.1.5 Software trigger

The trigger rate can be artificially increased by random coincidences, gen-
erated by fluctuations of the NSB light. This is mainly caused by small
variations of gains or delays in the trigger logic. Therefore the trigger is
simulated in the software after the calibration, when the signal is corrected
for gain fluctuations, requiring at least four neighbouring pixels with a signal
above 5phe and an arrival time inside a coincidence window of £0.5 time
slices. This suppression of background fluctuations, early in the analysis, de-
creases the further analysis time and leads to an unbiased trigger rate, which
provides a good quality check of atmospheric conditions.
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4.1.6 Image cleaning

After calibration and pulse extraction, pixels having a content dominated by
NSB fluctuations have to be distinguished from pixels containing Cherenkov
light of air showers. This procedure is called image cleaning. Each pixel holds
the information of light content and arrival time of the light pulse. For pixels,
dominated by NSB light, the arrival time is randomy distributed, whereas the
Cherenkov light from an air shower arrives within a small time window. The
standard cleaning used mainly in this work takes only the pixels’ content into
account and ignores the timing information. In a first step all pixels above a
certain threshold are defined as core pixels. In a second step every pixel with
a content above a second, lower threshold, located next to - at least - one
core pixel, is defined as a border pixel. In a final step, isolated core pixels
are removed (see Fig.4.1). In this work an absolute image cleaning with a
threshold of 8.5 phe for core and 4.0 phe for border pixels is used.

Figure 4.1: One event, recorded by the MAGIC telescope. Left: After calibration and
pedestal subtraction. Middle: After image cleaning. Right: The cleaning levels: red
indicates the core pixels (pixel contents > 8.5 phe), green the border pixels (pixel contents
> 4.0phe) and violet pixels with contents below 4 phe. Compared to the image in the
middle, pixels with more than 4 phe but without connection to a core pixel as well as
single core pixels are removed.

At the time of writing, a new image cleaning has been developed by Bretz
(2007) using in addition to the light content also the arrival time. This leads
to lower threshold values of 6 phe and 3 phe for core and boundary pixels,
respectively, without picking up additional NSB noise. The new development
is later used for sources of the investigated sample, for which already a signal
- or a hint of it - is seen in the standard analysis.
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4.1.7 Image parameters

In the next step the cleaned shower image is parametrised. First the image
axis is determined. It is defined as the line where the signal-weighted sum
of squares of perpendicular angular distances is minimised. Afterwards the
intensity distribution with respect to the image axis up to the third mo-
ments are calculated. The most important parameters used in this work are
described below.

e size: the sum over all pixel contents that survived the image cleaning.
For gamma initiated air showers this parameter is strongly correlated
to the energy of the primary gamma-ray.

e [ength: the second moment of the intensity distribution along the
shower axis.

e width: the second moment of the intensity distribution perpendicular
to the shower axis.

e m3long: the third moment of the intensity distribution along the shower
axis. This parameter is used to discriminate between the head and the
tail of a gamma-like shower.

e [eakagel: the ratio of the pixel content in the outermost camera pixel
ring and size (or the two outermost rings, referred to as leakage2).
This parameter is a quantity for the truncation of the shower by the
border of the camera.

e conc: the concentration, defined as the ratio of the two highest pixel
contents and size. In addition the ratio of only the highest pixel content
and size can be used (concl).

e dist: the distance between the assumed source position and the centre
of gravity of the shower.

e usedarea: the area of all pixels which survived the image cleaning.

e corearea: the area of all core pixels of the image.

The image parameters width, length, conc®* and dist are called ”classi-
cal image parameters” or ”Hillas parameters”, originally proposed by Hillas
(1985). A schematic view of the the shower geometry is shown in Figure4.2.
For the analysis of muon ring images, additional parameters are introdced
which are described in detail in Chapter 5.

2The parameter conc is called frac(2) in the original work of Hillas
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Figure 4.2: Schematic view of an air shower image. Shown are the basic image parame-
ters width, length and dist, as well as the disp for the reconstructed shower origin (see
Section4.3.3) and ¢ as the distance between the shower origin and the nominal source
position.

At the time of writing, a new image parameter, called slopelong, has
been introduced by Bretz (2007). This new parameter characterises the time
development of the shower along its major axis.

4.2 Background determination

The determination of the background depends on the observation mode. Two
different modes are distinguished: the ”on-off” and the ”wobble” mode.

4.2.1 On-off mode

The telescope is pointing directly at the source so that the starfield is ro-
tating during the observation. To determine the background in the source
region, additional observations of sky positions where no gamma-ray source
is expected have to be performed. These so-called off data should cover the
same range in zenith distance (ZD), a similar NSB, similar atmospheric con-
ditions and the same telescope performance. Since the ratio between on and
off data should be at least unity (see Sec.4.5.7, in particular Fig.4.13), long
observation campaigns require long off exposures, though it is possible to
share off data for several sources visible in a certain time window under the
same ZD. Nevertheless the off data are never taken simultaneously so that
atmospheric differences are unavoidable, leading to systematic uncertainties
in the background determination.

4.2.2 Wobble mode

The telescope is pointing alternatingly at two opposite sky directions, each
0.4° off the source. The source is therefore rotating in the field of view during
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the observation and the position is calculated by a rotation matrix for every
shower image. The background in the signal region is estimated from three
sky positions placed at the same distance as the source candidate. This
provides three times more background events than on events without the need
of additional observation time. Compared to off observations, the background
in wobble mode is simultaneously recorded which reduces the systematic error
of the background determination. A drawback of the wobble mode is the
reduced detector acceptance with increasing distance from the camera centre.
When comparing the sensitivity to on-off mode, this drawback is more than
compensated by the higher background statistics together with the omission
of off observations®. A systematic error comes from inhomogeneities of the
detector response, as the method assumes a symmetric detector acceptance
in azimuth. Note that this would also affect on-off observations as long as
such inhomogeneities are not locally stable during the observation campaign.
But even in the latter case a measured flux would be underestimated because
of an overestimation of the detector efficiency.

4.3 Gamma-hadron separation

To distinguish between gamma initiated air showers and non-gamma showers,
a cut is performed in the parameter space and the origin of the shower is
reconstructed. Since hadron initiated air showers are randomly distributed
in the sky (and therefore in the camera), a powerful background reduction
is achieved if only showers originating close to the assumed source position
are taken into account. All calculations described in the following section
are done by the program GANYMED, which is also included in the MARS-
package.

4.3.1 Quality cuts

To ged rid of events which are not suited for further analysis or which are
caused by detector malfunctions, several cuts are performed. All events sur-
viving the following cuts are selected for further analysis.

e Even with closed camera lids events are recorded with a rate of < 1 Hz.
These events could be related to single muons traveling through the
detector or from sparks in a single PMT. These are very small images
charactrised by a high pixel content. At least in one pixel, the high-gain

3This holds for longer observations (>10 h). In case of short exposure times, on-off
observations offer the possibilty of very high background statistics.
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is saturated. It is easy to select them without affecting a gamma-ray
shower image by cutting in the number of saturated high-gain pixels
(N,) and the image parameter area (= width X length x ) as well as
in conc vs. size.

Np, <1 and area > 0.003Ny + 0.0325 (4.3)
log,o(conc) < —0.3711og,(size) + 0.596 (4.4)

e With the following cuts no gamma-like showers are affected, which has
been verified on simulated gamma showers:

number of pixels surviving image cleaning > 5 (4.5)
number of saturating low—gains > 2 (4.
number of islands < 3 (4.7)

Hereby an island is defined as a cluster of pixels surviving the image
cleaning. It is spatially separated from another cluster by pixels which
did not survive the image cleaning.

e Images for which the truncation of the shower by the borders of the
camera is too large are not suited for further analysis.

leakagel < 0.3 (4.8)

4.3.2 Dynamical cuts

Figure4.3 shows the combined parameter area (width x length x ) vs.
size for simulated gamma showers and observational data. It can be seen
that above a size of 200 phe the distributions can be separated, while be-
low 200 phe they completely overlap. This corresponds to a primary energy
for the gamma-ray of roughly 150 GeV. As shown in the next chapter, this is
mainly dominated by single muons, the so-called ”muon wall”. The following
parametrisation is used:

area < c3(1 — c4(logy(size) — cs)? (4.9)
where the coefficients c3, ¢4 and c¢; are optimised on data from the Crab

Nebula (see Section 4.5). The area-cut provides an easy, robust and powerful
background suppression above ~ 150 GeV.
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Figure 4.3: Image parameters area vs. size for simulated gamma showers (red) and ob-
servational data (green). The black line marks the standard cut used in this work.

4.3.3 Reconstruction of the shower origin

The origin of the gamma shower in the camera plane corresponds to the sky
position of the gamma-ray source. The origin is located on the image axis
which represents the shower axis. In case of stereoscopic observations, the
shower origin results from the intersection of the axes of all images recorded
by the different telescopes. It was shown by Lessard et al. (2001) with data
from the Whipple TACT that the origin of a gamma shower can also be
reconstructed by its geometry. The elongation of the image, expressed as
the ratio between the shower width and the shower length, depends on the
impact parameter. The distance from the centre of gravity (COG) of the
shower to the shower origin, called disp, can be described by the following
empirical equation:

(4.10)

dispz{(l— wzdth))

length

where £ is a parameter that has to be adjusted by simulated gamma show-
ers. Here the parametrisation from Riigamer (2006) is used that takes into
account the truncation of the shower image by the finite size of the camera.

(4.11)

dth
disp = (co + co(logyo(leakagel + 1))°7) x (1 ki )

B length
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The coefficients ¢, cg and ¢; were optimized with simulated gamma showers
(Riigamer, 2006). Since disp gives only the distance from the COG to the
shower origin, a discrimination beween the head and the tail of the shower
is necessary for an unambiguous reconstruction. For gamma showers the
third moment along the shower axis (m3long) is expected to be positive in
the direction of the shower development. Due to fluctuations, also slightly
negative values can be seen, in particular at low energies. Therefore the
shower head is determined as

m3long > cs, (4.12)

where c5 is optimised on data from the Crab Nebula. The resulting spatial
resolution is ~0.1°. The disp-method offers the possibility of searches for
gamma-ray emission from unknown sources in the field of view as well as the
reconstruction of extended sources.

With the introduction of the arrival time information in MARS version
2.0, also the parametrisation of ¢ has been changed. It now takes also the
time development (slopelong) as well as the brightness (size) of the shower
into account. It is given as

£ = cy+ ¢ X slope + ¢y X leakagel (4.13)
for log,o(size) < ¢y. Otherwise the additional term
iy x (logyg(size) — cjg)? (4.14)

is added. The notation ¢, marks the coefficients for the new parametrisation
of MARS version 2.0. For the head-tail discrimination a further condition
additionally to Equation 4.12 is introduced which is based on the time devel-
opment along the shower axis:

slopelong < (dist — ¢) - cg. (4.15)

To get the significance of a signal from a source candidate, the distribution
of the squared angular distance between the shower origin and the source
position (9?) is compared to the ¥2-distribution with respect to a background
region. In case of a signal an excess at low ¥2-values is expected. The
significance is calculated for ¥ < ¢;, using Equation17 from Li and Ma
(1983) which takes the number of signal and background events as well as
the scaling factor between them into account. In case of on-off observations,
the ¥2-distribution of the off data is scaled to match the on data in a region
where no bias from the source is expected. For wobble data, the scaling
factor is fixed to 1/3 corresponding to the three background regions.
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The exact source position has to be determined for every event, prior to
the calculation of the source dependent parameters. To correct the nomi-
nal source position for tracking inaccuracies, the deviation measured by the
starguider is used. While the relative deviation is well determined, the star-
guider pointing corrections can introduce a constant fake mispointing. An
absolute calibration of the starguider is first introduced in MARS version
2.0. A detailed description can be found in Bretz (2006).

4.4 Spectrum

The background events are subtracted from the signal events within the signal
region (¥ < ¢;) and divided by the effective observation time, which results
in the rate of observed gamma photons. To derive the differential energy
spectrum, the energy of each event has to be estimated and the collection
area as well as the trigger and cut efficiencies have to be calculated. This is
done using simulated gamma showers.

4.4.1 Monte Carlo simulations

The gamma-ray initiated air showers are simulated with the Magic Monte
Carlo Simulation (MMCS) program which is based on CORSIKA (version
6.019 Heck et al., 1998). The simulated energy ranges from 10 GeV to 30 TeV
with a differential energy distribution following a power law with spectral
index -2.6. The simulation is separated in different ZD bins, whereas the
ZD of bin x ranges from arccos(1.005 — 0.01z) to arccos(0.995 — 0.01z). The
impact parameter is equally distributed from 0 to 300 m.

The CORSIKA output (distribution of Cherenkov photons at observation
level) is processed with the MAGIC reflector program (version 0.6), which
derives the distribution of Cherenkov photons in the focal plane. It also
calculates the absorption of Cherenkov photons in the atmosphere. The
detector is simulated using the MAGIC camera program (version 0.7). In
addition to the detector simulation, an average distribution of photons from
the NSB light is added to the Cherenkov photons. The NSB is simulated
beforehand for a certain time interval, much longer than the exposure time
for a single event, and the results are stored in a database. For each event,
the NSB contribution is read from this database for the time interval of the
exposure time. The starting time is thereby chosen randomly.

Also the simulation of the optical system can be further adjusted in the
camera program: The reflectivity of the mirrors can be changed by a global
correction factor. The point spread function (PSF), simulated as a two-
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dimensional gaussian distribution, can be increased additionally to the spot
size of two times Hmm, already simulated in the reflector program. The
resulting PSF is given as

\/(5 mm)? + (5mm)? + (additional spot/mm)?.

The sample of simulated gamma showers is analysed in the same way as
the observational data. For the reconstruction of the energy spectrum, the
ZD distribution is weighted to match the ZD distribution of the observation.
Also the simulated spectrum can be changed by weights to avoid a bias from
an a priori assumption on the spectral shape.

4.4.2 Energy reconstruction

The energy of the primary gamma-ray of each shower image is estimated
using correlations between several image parameters. This is done by a sta-
tistical learning method called random forests (Breiman, 2001). The fol-
lowing image parameters are used in this work: size, dist, area, usedarea,
corearea, leakagel, leakage2, conc and concl. For all parameters the ZD
dependence is taken into account. The by far most important image param-
eter is size, which is approximately proportional to the primary energy of
the gamma-ray.

From the comparison of the distribution of estimated energy and real
energy of simulated gamma showers, correction factors for spillover effects
from one energy bin to another are calculated. These factors depend also on
the assumed spectral shape. For an example see also Section 4.5.5, Figures 4.7
and 4.8.

4.4.3 Effective collection area

The effective collection area is calculated for each energy bin. It accounts for
the trigger and the cut efficiency whereas the latter depends on the particular
analysis. It is calculated from the ratio of the number of simulated events
surviving all cuts (N.) and the number of simulated events (N;,) within a
fixed area (Ay).

Ne
Acss(En) = Aoy (4.16)
An example of the energy dependend collection area is given in Section 4.5.5,

Figure4.10.

The differential energy flux is finally given by the gamma-rate in each
energy bin divided by the effective collection area, multiplied by the spillover
factor and divided by the mean energy of the bin.
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4.5 QObservations of the Crab Nebula

In the following section, the performance of the telescope as well as of the
analysis method is shown on the basis of observations of the Crab Nebula,
the standard candle in TeV-astronomy.

4.5.1 The Crab Nebula

The Crab Nebula, located at a distance of ~2kpc, is the remnant of a su-
pernova that occured in 1054 A.D. (e.g. Collins et al., 1999). It is one of
the best studied celestial objects and shows broad-band non-thermal emis-
sion from the radio band up to VHE gamma-rays. The remnant is powered
by the pulsar PSR B0531+21, a fast rotating neutron star with a period of
33 ms. Pulsed emission has been discovered in all energy bands up to 10 GeV.
Figure4.4 shows the Crab Nebula in the light of different wavelengths. At
X-rays the PWN is clearly visible. In the optical band, the filaments indicate
shock fronts in the interstellar medium. With decreasing energy the size of
the Nebula increases. This can be understood taking into account that the
spectrum from X-rays to the radio band is dominated by synchrotron radia-
tion of relativistic electrons. Since the electrons cool radiatively, the critical
synchrotron frequency decreases so that electrons at the farthest distance
from the central engine are just energetic enough to produce synchrotron
photons in the radio band.

Figure 4.4: The Crab Nebula at different wavelengths. The images are not to scale. From
left to the right: X-rays (taken by Chandra), optical (Palomar Obs.), infrared (2MASS),
radio (NRAO). The X-ray image is 2.5 arcmin on a side, the other images are three times
larger (www-06).

The Crab Nebula was discovered as the first source of VHE gamma-rays in
1989 by the Whipple 10 m reflector (Weekes et al., 1989). Since then detailed
studies of the VHE emission have been carried out by various experiments
(e.g. Akerlof et al., 1990; Vacanti et al., 1991; Konopelko et al., 1996; de
Naurois et al., 2002; Aharonian et al., 2006b; Albert et al., 2008a)), revealing
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the nebula to be the strongest steady source of VHE gamma-ray emission,
which made it suitable for a standard candle in TeV astronomy.

4.5.2 Observations with the MAGIC telescope

The Crab Nebula is regularly monitored by the MAGIC telescope since the
end of comissioning in October 2004, mainly to check the performace and
the stability of the telescope. The source is located at RA 05 34 31.97 and
dec. +22 00 52.1 and is visible from September to March under low ZD
(6.6° < ZD < 40°) from the MAGIC site. In this work data from December
2004 to March 2006, both in on-off and wobble (w) mode, are used. All
analysed sequences together with the most important quality parameters are
listed in Appendix A. Table4.1 gives a summary of the data.

season mode exp. [h] (ZD) [degr.]
10/2005 - 03/2006  w 8.1 22.0
12/2004 - 03/2006  on 38.7 16.2
12/2004 - 03/2006  off  44.3 20.1

Table 4.1: Observations of the Crab Nebula with the MAGIC telescope: observation
summary. The exposure time is given after quality selection. The value for the ZD
represents the time weighted mean value.

Only data with ZD below 40° are analysed which covers the ZD range of
the observed AGN. The most important quality parameter is the rate after
image cleaning, as this rate is very sensitive to atmospheric conditions. The
rate after image cleaning for the used data lies between 137 Hz and 224 Hz
(for most of the data it lies between 160 Hz and 190 Hz). The pedestal rms is
between 1.04 phe and 1.28 phe which corresponds to light conditions without
a significant contribution from moon light. These values are slightly higher
than for most of the AGN due to the brighter star field around the Crab
Nebula. The number of unsuitable inner pixels is below 15 for most of the
data, with a few sequences up to 23 bad pixels (without clustering). The
inhomogeneity is always below 12.6 %.

4.5.3 Gamma-hadron separation

Table 4.2 shows the values of all coefficients used in the analysis as defined in
Section 4.3. The coefficients for the disp-parametrisation (coy, cg and c¢;) are
optimised using simulated gamma-showers (Riigamer, 2006). The coefficients
of the area-cut (c3 — ¢4) and the head-tail discrimination (m3long, c5), used
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coefficient on-off wobble name

Co 1.3245 1.221 disp
c1 0.23 0.23 ¥-cut
Co 0.215 0.25 area
C3 5.486 5.74 area
Cy 0.0897 0.0795 area
Cs -0.07 -0.04  m3long
Co 8.2957 13.425 disp
cy 0.8677 1.04343 disp

Table 4.2: Coefficients ¢ to c¢7 of the analysis, separated into on-off and wobble mode.

for the analysis of the on-off observations, are the values of the standard
analysis, which are optimised on a large sample of data from the Crab Nebula
(2005 - 2006) as well as data from the HBL 1ES 12184304 from January
2005 which provides a much steeper spectrum at lower energies. In case of
observation in wobble mode, the coefficients are optimised on Crab data from
January 2006 to March 2006 which covered a ZD range from 7° to 40°. The
value for ¢, which defines the source region, corresponds to two times the
PSF of the MAGIC telescope for gamma-rays above 200 GeV.

In the following all analysis plots are shown as examples for the data
taken in wobble mode only. The results of both observation are shown in
Table4.3.

(ZD) Euwes excess backgr. sign.
mode [degr.] [GeV] [1/min] [1/min] scale [o/v/A]

w 22.0 226 6.39 5.31 0.33 15.4
on 16.2 190 8.80 9.19 0.92 13.5

Table 4.3: Results of the analysis of the Crab Nebula observations.

The left panel of Figure4.5 shows the two-dimensional background sub-
tracted distribution of reconstructed shower origins centered at the position
of the Crab Nebula. Each shower origin is folded with a two-dimensional
Gaussian with a standard deviation of 0.06°. The centre of gravity of the
observed excess coincides within the systematic pointing uncertainty of 0.04°
with the nominal source position. Figure4.5, right panel, shows the distri-
bution of the squared angular distance with respect to the position of the
Crab Nebula and three off-regions (scaled by 1/3). The excess of 3083 events
over 2312 scaled background events has a statistical significance of 45.3 0.
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The background subtracted 9¥?-distribution with respect to the Crab Nebula
is well fitted by a Gaussian distribution with a standard deviation of 0.11°
which represents the PSF of the MAGIC telescope at VHES.

y[°1:

0.5

-0.5

: 0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24
x[1 : 92 [degr?]

0

Figure 4.5: Left panel: Distribution of background subtracted shower origins on the sky
(sky map) around the position of the Crab Nebula (cross) in units of events/4 arcmin?.
Right panel: The 9¥2-distribution with respect to the position of the Crab Nebula (black
dots) and with respect to three background region (red crosses, scaled by 1/3). The source
region is indicated by the vertical line (9 < 0.23°).

The energy threshold (Fipn.es) is defined as the peak of the differential
energy distribution of simulated gamma showers, as shown in Figure4.6. It
depends on the analysis (cuts) as well as on the spectrum of the source. Here
the Crab Nebula spectrum as given in Equation4.17 is used. The energy
threshold lies in the energy bin from 209 GeV to 245 GeV.
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Figure 4.6: Differential energy distribution for simulated gamma showers after cuts assum-
ing a Crab-like spectrum. The distribution peaks at 226 GeV (energy bin from 209 GeV
to 245 GeV).
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4.5.4 Monte Carlo comparison

Since the calculation of the effective collection area as well as the energy
reconstruction depends on simulated air showers, a Monte Carlo (MC) sample
of gamma showers is compared to gamma events from the Crab Nebula. The
distribution of the image parameters length, width, dist, size and m3long
for a 4.0h sample of the Crab Nebula (October to December 2005, wobble
mode) and simulated gamma showers is shown in AppendixB.1. The ZD
distribution of the MC sample is fitted to the ZD distribution of the Crab
sample, the simulated spectrum is given by Equation4.17.

All distributions are in a satisfying agreement. The distributions of the
image parameters length and width show a small systematic shift. These
parameters are very sensitive to the PSF of the optical system. Here, a
Gaussian PSF with a standard deviation of 15.7mm (corrsponding to an
additional spot size of 14 mm in the camera simulation) is used. The analysis
of the width of muon ring images (see Chapter 5) results in a slightly smaller
PSF for the Crab data. Since the PSF of all data analysed in this work
ranges from ~14mm to ~ 18 mm, the 15.7mm MC-sample is used as an
average. For the other image parameters the differences are less systematic.
The main reasons for the differences are the atmospheric modelling, which
can never reproduce perfectly the atmospheric conditions for a certain data
sample as well as the detector simulation, where malfunctioning pixels are
not simulated.

4.5.5 Energy spectrum
Energy estimation and energy resolution

To reconstruct the differential energy spectrum, first the energy has to be
reconstructed for each event. Figure4.7 shows the distributions of the true
and the estimated energy of simulated gamma showers after all cuts. In
the energy range from 250 GeV to 3TeV they agree very well. Above an
estimated energy of 4 TeV the number of events is overestimated and below
200 GeV underestimated. The ratio of both distributions for each bin are
called spillover factors. For the energy spectrum the flux in each energy
bin is corrected for the spillover by multiplying with the spillover factor.
The spillover depends on the spectrum and the energy threshold. Below the
threshold the number of events is underestimated, while around the threshold
the spillover factor is very close to unity. See also Bretz (2006) for a detailed
study of the effect of the spillover to the reconstructed spectrum.

Figure 4.8 shows the resolution of the energy reconstruction. The average
resolution is 19 % above ~ 200 GeV. After the energy reconstruction the 92-
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Figure 4.7: Distribution of the true and the estimated energy of simulated gamma showers.
distributions are calculated for all energy bins, yielding the observed energy

dependent gamma rate. To calculate the flux, the effective collection area of
the detector is still needed.
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Figure 4.8: Left panel: (Enmc — Eest)/Eest VS. Eost. Righ panel: The distribution of
(Enc — Eeost)/ Eost with a Gaussian fit (x2/n.d.o.f. = 3.7). The distribution clearly shows
a tail towards higher values. The mean value of the distribution is 0.06, which indicates
a bias to an underestimation of the energy. The Gaussian fit is restricted to values below
0.25 and gives a mean value of -0.01.

Effective collection area

Air showers are simulated up to an impact parameter of 300 m which includes
more than 99% of all detectable showers. Figure4.9 shows the MC spectrum
as originally simulated, after trigger* and after cuts. Again the spectrum as
given by Equation4.17 is assumed. The ratio between the originally simu-
lated distribution and the distribution after cuts yields the total efficiency

47 After trigger” means here after image cleaning.
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for the detection of gamma showers. The efficiency, multiplied by the simu-
lated area of 2.8 x 10°m?, gives the effective collection area per energy bin
(Fig.4.10, upper panel).
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Figure 4.9: MC spectrum as originally simulated (black), after trigger (blue) and after
cuts (red).

While the effective area is constant after trigger at energies above 300 GeV,
it decreases fast above 4 TeV after the background suppression. The reason
is a reduced cut efficiency above ~2TeV (Fig.4.10, lower panel), which is
mainly caused by the truncation of large shower images by the border of the
camera.
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Figure 4.10: Upper panel: Effective collection area after trigger (black) and after all cuts
(blue) vs. energy. Lower panel: The cut efficiency, given as the ratio betwen the upper
distributions.
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Differential energy spectrum

Multiplying the excess rate of each energy bin with the spillover factor and
the effective area and dividing it by the mean energy results in the differential
energy spectrum as shon in Figure4.11.

®  This work On-Off ™™
# This work wobble
HEGRA
A HESS.
MAGIC published

dN/dE [TeV'm2sT]

JUSL IR0 L L/ A

1012 I
10? 10° 10*
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Figure 4.11: Reconstructed differential VHE spectrum of the Crab Nebula together with a
fit by a logarithmic parabola. The black and blue data points are the result from this work
for observations in on-off and wobble mode, respectively, while the green triangles denote
the spectrum as published by HEGRA (Konopelko et al., 1996) and the red triangles as
reported by H.E.S.S. (Aharonian et al., 2006b). The yellow squares are the official result
from the MAGIC collaboration (Albert et al., 2008a).

A simple power law fit from 190 GeV to 7TeV results in an acceptable
description with x?/n.d.o.f. = 17.3/8 ~ 2.2. Nevertheless the spectrum is
better described by a logarithmic parabola which results in (x*/n.d.o.f. =
10.9/7 ~ 1.6)

E \ —a—(blog(E/Eo))
) m?s ' TeV™! (4.17)

AN y
e = (543 4022) X 10 (EO

with a = (2.04 £0.09), b = (0.25 £ 0.11) and Ey = 300 GeV. The first two
points are excluded from the fit. The first one because it is not statistically

significant, the second one because of the large systematic error due to the low
cut efficiency (the same holds for the last point). The spectrum reconstructed
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from the on-off observations is in good agreement with the one from the
wobble observations. The last point above 10 TeV in the on-off observations
comes from the four times longer observation time with respect to the wobble
observations. As the flux at these energies is very low and the collection
area has already decreased by one order of magnitude due to the low cut
efficiency, the sensitivity of the instrument above 10 TeV is quite poor and
affected by a larger systematic error. The spectrum is also in good agreement
with measurements from other experiments like HEGRA (Konopelko et al.,
1996) or H.E.S.S. (Aharonian et al., 2006b). The spectrum published by
the MAGIC collaboration (Albert et al., 2008a) is based on a 15.9h sample,
recorded from October to December 2005 in on-off mode. The analysis was
restricted to data with a ZD below 23° to ensure a low energy threshold. A
fit by a logarithmic parabola yields a slightly steeper spectrum (a = (2.31 +
0.06), b = (0.26 £ 0.07), Ey = 300 GeV) with a 10% higher flux at 300 GeV.
This analyis is independent from the one which is presented here. They differ
in calibration, gamma-hadron separation as well as energy reconstruction and
unfolding. Also the used data sample is different. Taking into account a 20%
systematic error, both results are in good agreement.

4.5.6 Lightcurve

Investigations from different experiments during the past two decades yield
no significant time variability of the VHE flux of the Crab Nebula. Figure4.12
shows the integral flux from 200 GeV to 5TeV for all data used in this work,
divided into 21 subsamples (5 in wobble mode and 16 in on-off mode). A
constant fit results in an integral flux of

F(0.2—5TeV) = (2.29 £ 0.03) x 10~ ° photonsm s+ (4.18)

The quality of the fit is quite poor (x?/n.d.o.f. = 101/20). A Gaussian fit to
the distribution of the integral fluxes of all subamples (Fig. 4.12, lower panel)
vields a mean value of (2.36 & 0.11) x 107® photons m™?s~! with a standard
deviation of (0.34 £ 0.11) x 107% photonsm~2s~!, corresponding to 14.4% of
the mean value. Assuming a constant flux, the spread can be interpreted
as the systematic error. It is dominated by the uncertainty of changing
atmospheric conditions. As the statistical errors of the flux of the different
subsamples are quite small compared to the strong signal, the systematic
errors become dominant. The average flux reconstructed here is 14% higher
than the flux published by the MAGIC collaboration (Albert et al., 2008a),
which is still within the systematic error from the lightcurve. Note that the
integral fluxes derived from the spectral fits are in very good agreement.
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Figure 4.12: Flux of the Crab Nebula from 200 GeV to 5TeV from on-off and wobble
observations in the time from December 2004 to March 2006

4.5.7 Sensitivity

Based on the results of the Crab Nebula observations, the sensitivty of the
telescope above ~ 200 GeV is calculated for both observation modes, assum-
ing a Crab-like spectrum.

The sensitivity is defined as the minimal flux that can be detected with
a significance of 50 within a certain exposure time above a certain energy
threshold. Usually it is calculated by dividing the number of excess events by
the square root of the scaled background events. This always overestimates
the significance by a factor of ~ /2 compared to Equation 17 from Li and
Ma (1983). Here the sensitivity is calculated with both methods. In the first
method the significance for the flux level of Crab can be calculated for any
exposure time by simply scaling the observed significance with the square root
of the exposure time. The resulting flux limit in units of the flux of the Crab
Nebula is then calculated by dividing 50 by the total significance. In case
of the Li-Ma method, the number of expected excess and background events
have to be calculated according to the chosen exposure time and significance.
Hereby the number of background events is determined by the measured
background rate multiplied by the exposure time. The number of excess
events are calculated using the number of background events, the scaling
factor and the requested significance (5 ). The resulting excess rate is finally
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compared to the measured excess rate from the Crab analysis.

For wobble observations the scaling factor is 1/3. For on-off observations
a scaling factor of unity is assumed. Note that the needed off observation is
not taken into account for the calculation of the sensitivity. Table4.4 shows
the sensitivity above 200 GeV for 20 h and 50 h observation time. The scaling
factor is only taken into account in the Li-Ma approach.

F.200 gev [Crab]
50h 20h
mode scale Li-Ma N.//N, LiMa N./VN,

wobble 1/3  0.038 0.033  0.061  0.052
on-off 1 0.045 0.031  0.072  0.049

Table 4.4: Sensitivity, defined as the minimum flux detectable with 5 ¢ significance above
200 GeV in units of the Crab Nebula flux, calculated with two different methods.

The significance depends on three values: the number of measured signal
events, the number of measured background events and the scaling factor,
which takes different background statistics into account. Since the signifi-
cance of a possible signal increases with increasing background statistics, the
scaling factor is crucial in the determination of the sensitivity. Figure4.13
shows the significance for a fixed number of measured signal events and scaled
background events for scaling factors ranging from 0.01 to 10. Below 0.1 the
significance changes only slightly, while around unity it changes strongly with
the background statistics.

~

IS

©

significance [c]
L3
TTTT[TTTT[TTTT[TTT T TTTT T
-

N

10"

=
o
9

scale factor

Figure 4.13: The significance calculated by Equation 17 from Li and Ma (1983) vs. the
scaling factor for a fixed number of excess events (250) and scaled background events
(1000).



Chapter 5

Muons

Single muons reach the observation level frequently. Above ~ 6 GeV muons
produce Cherenkov light in the atmosphere. For small impact parameters,
the Cherenkov light cone of the single muon gives a well defined image in
the camera, which can be used to monitor the performance of the telescope.
With increasing impact parameter, the image of the muon looks more like the
image of a gamma shower, which makes it a strong source of background.
In the following chapter first the characteristic properties of muon images
are described. In Section 5.2 follows the description of the analysis method,
which is mainly an improvement of the method shown by Meyer (2004). In
Section 5.3 the implementation of the absolute light calibration as well as of
the PSF measuremet in the automatic analysis is described. In Section 5.4
the contribution of single muons to the background is investigated.

5.1 Muon image in the Cherenkov telescope

5.1.1 Dependence on the impact parameter

Two cases have to be differentiated. Incidence of the muon inside and outside
the reflector (see Fig.5.1). If the muon hits the reflector a complete ring is
projected in the focal plane (Fig.5.2, left panel). Depending on the angle
of incidence, the ring can be truncated by the border of the camera. If the
impact parameter is larger than the radius of the reflector, only a segment
of the Cherenkov light cone is inside the reflector, resulting in an image of a
ring segment (Fig. 5.2, right panel). With increasing impact parameter the
opening angle of the ring segment decreases and therefore also the curvature
of the image. This leads to a shape of the image very similar to the one of a
gamma shower at low energies (< 150 GeV, see also Fig. 5.16 in Section 5.4).

98
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Figure 5.1: Incidence of the muon inside (left panel) and outside (right panel) of the
reflector (Meyer, 2004); p = impact parameter of the muon; R = radius of the reflector;
¢ = angle of incidence of the muon; ¢ = Cherenkov angle; & = azimuth angle; D(®) =
number of photons hitting the reflector depending on the azimuth angle.

Figure 5.2: Tmages of muons in the MAGIC camera (after calibration and pedestal sub-
traction). Left panel: Complete ring. Right panel: Ring segment with an opening angle
of ~90°. The colour scale denotes the pixel content in photoelectrons.

Not only the shape of the image, but also the light distribution inside
the image depends on the impact parameter. If the muon hits the centre
of the reflector, the light distribution D(®) along the ring is homogeneous
(not depending on the azimuth angle ®). With increasing impact parameter
the Cherenkov light cone in a decreasing azimuth range covers an increasing
part of the reflector. The azimuthal intensity distribution of the ring image
has therefore a maximum and a minimum. Figure5.3 shows the expected
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intensity distribution for different impact parameters. For more details see
Vacanti et al. (1994) and Meyer (2004).

D(Phi)[m]
>
D(Phi)[m]
3

o N & o o

3
Phi[rad]

3
Phi[rad]

Figure 5.3: Intensity distribution along the ring for different impact parameters p (Meyer,
2004). The radius of the reflector is R = 8.5m.

5.1.2 Width of muon ring images

If the Cherenkov light of the incoming muon would be exactly parallel and
the mirror would be perfect, the width of the muon ring image would be
infinitesimal. Several reasons cause a broadening of the ring. They can be
differentiated into atmospheric and technical reasons. A detailed description
can be found in Vacanti et al. (1994) and Meyer (2004). In the following the
main reasons are summarised.

1. Atmospheric reasons:

e dependence of the index of refraction from the altitude.
With increasing index of refraction in lower altitude the Cheren-
kov angle increases and the emitted light is no longer parallel.
The relative broadening decreases with increasing energy, as the
Cherenkov angle itself is increasing up to a limiting value. Above
~ 10 GeV it reaches a constant value of ~2.5%.

e dependence of the index of refraction from the wavelength.
Since the index of refraction in air is decreasing with increasing
wavelength, photons at longer wavelength are emitted under a
smaller angle. The relative broadening depends on the bandpass of
the measured Cherenkov spectrum. It decreases fast with increas-
ing energy of the muon and reaches a value of ~ 1% for MAGIC.
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e multiple scattering.

Because of Coulomb scattering of the muon in the atmosphere,
the Cherenkov photons in the focal plane are scattered around
their expected position. It can also happen, that the muon is
scattered only once, changing the direction slightly, which leads
to the superposition of two ring images. The scattering is strongly
energy dependent and dominates the total ring broadening below
~ 15 GeV.

e ionisation losses.
The muon looses energy by ionisation, which decreases the Cheren-
kov angle. It gives a significant contribution only at low energies
and can be neglected above ~8 GeV.

2. Technical reasons:

e finite pixel size.
There is an uncertainty in the determination of the radius of the
muon ring due to the discretisation of the image in the camera.
For the MAGIC telescope with a pixel size of 0.1° (inner camera),
the contribution to the broadening is negligible.

e aberration.
As the MAGIC telescope has a parabolic mirror, there is no spher-
ical aberration. However, there is the coma effect, which gets
stronger with increasing angle of incidence. In average this leads
to ~6 % broadening, which dominates the total broadening at
energies above ~ 20 GeV.

Figure 5.4 shows all contributions together with their energy dependence.
In addition there can be a dominating broadening from misfocussing of the
mirror. Therefore the comparison of the width of simulated and observed
muon ring images can be used to determine the total PSF of the optical
system.

5.2 Analysis of single muon events

The method was developed by Meyer (2004). Here the main steps of the
analysis are recapitulated and improvements are shown. The improvements
are mainly based on the use of the arrival time information for the image
reconstruction.
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Figure 5.4: Different contributions to the relative broadening of the muon ring vs. the
energy of the muon.

5.2.1 Image reconstruction

As new image parameters, the radius of the muon ring (radius), the width
of the ring (arcwidth), the light content of the muon events (muonsize),
and the length of the ring, measured as an angle from the centre of the ring
(arcphi), are introduced.

First the event is fitted by a ring after the standard image cleaning. To
speed up the analysis only events with a size above 150 phe are used, as
the muon ring images are bright events. Since the radius of the muon ring
represents the Cherenkov angle only events with radius between 0.6° and
1.35° are used. Below 0.6° the reconstruction gets worse and 1.35° is already
larger than the maximum of the Cherenkov angle in the atmosphere at this
altitude. Also the quality of the fit is taken into account for the exclusion of
events from the further analysis.

To reconstruct the length of the ring, all pixels within a margin of 0.2°
around the radius and with a certain time coincidence are taken into ac-
count, even if they were removed in the image cleaning before. To define
the coincidence window, first the mean arrival time of the core pixel is cal-
culated. Then the difference between the mean arrival time and the arrival
time of each pixel, located within the margin around the circle, is filled in
a histogram, which is fitted by a Gaussian distribution. The coincidence
window is then given as two standard deviations from the mean value. The
idea is now to walk along the circle to reconstruct the azimuthal intensity
distribution. Starting point is above the circle centre along the y-axis in the
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camera plane. For each pixel the angle between the starting point and the
position of the pixel, called ¢, is calculated and its light content is filled in a
profile histogram. The ring segment is defined as the successional part of the
circle above a certain threshold. The threshold is determined empirically by
a test sample. The length of the segment is called arcphi and is measured
as an angle, where 360° correspond to a complete ring. For arcphi > 180°
the impact of the muon has to be smaller than the radius of the reflector.
All rings with 180° < arcphi < 360° are usually truncated by the border of
the camera (or the intensity in a part of the ring is below the threshold).
To avoid misassinged muon rings, only events with arcphi > 190° are as-
sumed as "full” rings. The use of a profile histogram makes the threshold
value independent from the total brightness of the event. The sum of the
light content of all pixels, which do belong to the ring segment defines the
muonsize. This parameter is usually larger than the size calculated after
image cleaning, because additional pixels with low intensity are included if
their arrival time is within the coincidence window.

The width of the muon ring is determined from a Gaussian fit to the radial
intensity distribution with respect to the centre of the ring. In the original
approach, a correlation between the width of the ring and the pedestal rms
was found using a large sample of sequences. This was due to a pedestal
rms-dependent off-set that biased the Gaussian fit. To avoid this effect,
the distribution is now fitted by a Gaussian distribution with an additional
constant. Also the fit region is now determined by a threshold value. The
original histogram is replaced by a profile to make this threshold independent
of the total brightness of the event.

5.2.2 Monte Carlo simulation

The simulation programs are described in Section4.4.1. A large sample of
3.01 x 10° muons has been simulated with vertical incidence. The energy
spectrum follows a power law with a spectral index of -2.71, according to a
power law fit of the muon spectrum as measured on mountain altitude by the
BESS spectrometer (Sanuki et al., 2002) above 20 GeV, where the hardening
of the spectrum due to the decay of muons is almost negligible. The simulated
energy ranges from 6 GeV to 200 GeV. Around 6 GeV, muons start to emit
Cherenkov radiation in the atmosphere. Above 200 GeV muons contribute
less than 0.5 % to the integral flux above 6 GeV. The energy spectrum after
image cleaning peaks slightly above 10 GeV (see Figure5.5). At 6 GeV the
trigger efficieny is < 0.1 %.

The starting altitude is 280 g cm™2, corresponding to ~ 10km above sea
level, which is roughly the height of the maximal muon flux (e.g. Grupen,
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Figure 5.5: The simulated muon spectrum (black) and the spectrum after image cleaning
(red) for a subsample of 1 x 10° simulated muons.

2000). For the simulation of the atmosphere, the model for the average
atmosphere on La Palma during Winter, as developed by Haffke (2007) is
used. The goal is to simulate all muons that could trigger the telescope!.
Therefore the maximum impact parameter as well as the maximum angle of
incidence have to be determined beforehand. Figure5.6, left panel, shows
the distribution of the squared impact parameter p? after trigger. Above
p ~ 100m a cut-off in the number of triggered muon events can be seen.
At the maximal simulated impact p = 120m, the number is almost zero.
The right panel of Figure5.6 shows the distribution of the squared angle
of incidence with respect to the optical axis of the telescope after trigger.
The maximal simulated angle was 2.3°. Above ~ 2.2° the trigger efficiency
is already below 1%.

5.2.3 Monte Carlo comparison

The distributions of the muon image parameters radius, arcwidth and arcphi
of simulated muons are compared with muon events extracted from a data
sample of the Crab Nebula (see AppendixB.2). The distribution of radius
shows a small systematic shift between simulated and observed muons. While
the distribution of the simulated muons peaks in the bin from 1.20° to 1.25°,
the peak for the observed muons is below 1.2°. This could be related to
a systematic difference in the index of refraction. Since the radius of the
ring image is equal to the Cherenkov angle, it depends only on the index of
refraction for muons above ~20GeV (5 — 1). A higher index of refraction
would therefore lead to a larger radius. The arcwidth distributions are in

! Again ”after trigger” here means actually after image cleaning.
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Figure 5.6: Left panel: Distribution of the squared impact parameter p? after image
cleaning. Right panel: Distribution of the squared angle of incidence 6% after image
cleaning.

good agreement. The simulation is made with an additional spot size of
12mm, resulting in a total PSF of 13.9mm. Also the arcphi distributions
agree quite well, yielding a good reconstruction of the ring segment. There
is a tendency for a slightly higher number of large ring segments in the
simulation compared to the observed muon events.

5.3 Calibration and point spread function

There is no absolute calibration for IACTs as there is no artifical VHE
gamma-ray source, which one can easily switch on and off. As shown in
Chapter4.1.1, the calibration of the detector response is performed by an
artificial light source, mounted in the centre of the reflector dish. This allows
to calibrate the relative response of each single PMT in the camera, while
the reflector performance and the atmospheric conditions are not taken into
account. As first shown by Vacanti et al. (1994), the light content of muon
ring images can be used to calibrate the total light response of the detector
including the mirrors as well as the current atmospheric conditions.

Since the structure of the telescope is bended depending on the elevation,
the mirrors have to be refocussed using the active mirror control (AMC). It
was shown by Meyer (2004) with data from the MAGIC telescope that the
broadening of muon ring images can be used to calculate the PSF of the
optical system.

In the following section, the implementation of the muon ring analysis
in the standard analysis is described and the results from the calibration as
well as the monitoring of the PSF is shown for all data of cycle1 (= 12/2004
- 03/2006) of MAGIC observations.
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5.3.1 Implementation in the automatic analysis

The muon analysis is implemented in STAR, where the image cleaning and
the calculation of all image parameters is performed. To speed up the pro-
cessing time, the calculation is done in several steps, using cuts to keep only
possible ring event candidates:

1. size > 150 phe — ring fit

2. 0.60° < radius < 1.35° and standard deviation of the fit below 0.15°
— calculation of arcwidth, arcphi and muonsize

3. arcpht > 190° — classification of complete rings
4. 0.04° < arcwidth < 0.2° to remove outliers

All image parameters (including the standard parameters as described in
Section 4.1.7) for muon ring candidates are stored in a separate tree, called
”Muons”.

5.3.2 Monitoring of the point spread function

Since the muon ring image has an intrinsic width, a direct calculation of the
contribution from the optical system is difficult. However it can be deter-
mined by the comparison of the arcwidth distribution of observed muons
with simulated ones with known PSF. For an automatic analysis it is im-
portant to reduce the comparison to a single parameter. Figure5.7 shows
the distribution of the relative broadening arcwidth/radius vs. radius in a
profile histogram for data of the Crab Nebula (Sequ. 70695).
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Figure 5.7: The relative ring broadening arcwidth/radius vs. radius for data of the Crab
Nebula (Sequ. 70695). The blue dashed line represents a fit to the same distribution for
simulated muons with an additional spot size of 12mm (13.9 mm total PSF).
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To get a representative quantity the bin contents from 0.7° to 1.2° are
summed (= sumpsf). Since the radius of the rings correlates with the energy
of the muon, the influence of spectral changes (e.g. due to higher ZD) to this
quantity is minimised. Small and large radii are excluded to avoid border
effects from the radius distribution.

Figure 5.8 shows sumpsf over the total PSF of simulated muons (addi-
tional spot size: 8 mm, 10mm, 12mm, 14mm and 16 mm) together with a
linear regression, yielding:

PSF
sumpsf = (0.0176 = 0.0016) x (msm> +(0.6434+0.022)  (5.1)

Using this fit the PSF is calculated for every sequence.
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Figure 5.8: The quantity sumpsf vs. the total PSF in mm for five samples of simulated
muons with different spot sizes together with a linear regression.

Figure 5.9 shows the PSF for all sequences from December 2004 to March
2006, which contain more than 300 reconstructed muon ring events (corre-
sponding to ~ 5 min observation time). From December 2004 to April 2005
the PSF is around 20 mm, which is 50% more than the intented value. At the
end of April 2005 the mirror was completely realinged, resulting in a drop
of the PSF from 20mm to 13mm. In the following five months, the PSF
was continuously increasing again. Until the end of 2005 the mirrors were
focussed using the so-called laser adjustment, where each panel is moved to
a position which is controlled by a laser beam, mounted in the centre of
the panel. It was found that the degradation of the AMC was caused by
the lasers themselves, by changing their relative position with respect to the
panel. From October 2005 to March 2006 the PSF is stable around 16 mm.
After a new calibration of the AMC, so called look-up tables are used in-
stead of the laser adjustment. In that method, the panels move to fixed
positions depending on the elevation, which are determined once before. In
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the distribution of the PSF over time some outliers can be seen. Most of
them are related to data taken under moonlight condition resulting in higher
discriminator thresholds and pedestal rms. Since the simulation is performed
with dark night conditions, the results for these sequences are not reliable.
The usual spread of the PSF measurement in one period (where degradation
effects can be neglected) lies around 1.5 mm.

psf/mm
[

P TR U I NI SR I NS AP S TS SR S WY S A TR S S T SO A T
31/12004 02/03/05 02/05/05 02/07/05 31/08/05 31/10/05 31/12/05 02/03/06

Time

Figure 5.9: The point spread function of the optical system, as calculated from the com-
parison of the width of observed muons and simulated ones over the complete cycle 1.

Since the simulation is performed for vertical incidence only, it is investi-
gated if there is any dependence of the PSF on the ZD. Figure 5.10, left panel
shows the PSF vs. the average ZD of each sequence for the complete cycle 1.
In addition to the cut in the number of muons, only sequences with pedestal
rms between 0.7 phe and 1.2 phe are taken into account. The left panel in-
dicates a decrease of the PSF with increasing ZD. If compared to Figure 5.9
almost all sequences with PSF > 18 mm are taken before May 2005, when
the mirror was in a bad condition. The right panel of Figure 5.10 shows the
same distribution as the left one, but for data after April 2005 only. There
is still the tendency of a decrease of the PSF with increasing ZD, but much
smaller now. Compared to the spread of the distribution it is neglible below
40°.

5.3.3 Calibration with muon ring images

For the calibration the distribution of muonsize of observational data is
compared with the one of simulated muons. The goal is to get the same
total detector response for data taken under different conditions and sim-
ulated data. Also different signal extractors can lead to differences in the
calibrated signal. To reduce the comparison to a single parameter, the bin
contents of the profile histogram muonsize vs. radius are summed from 0.7°
to 1.2° (= sumsize, see Figure5.11). Again, the radius dependence min-
imises effects of spectral changes. For small radii the muonsize seems to
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Figure 5.10: The point spread function of the optical system vs. the ZD together with a
parabolic and a linear fit. Left panel: For all sequences (12/2004 - 03/2006). Right panel:
Sequences after April 2005.

be overestimated. Despite the low statistics at these radii, the fraction of
incorrectly reconstructed images is higher. At large radii the muonsize is
underestimated. This can be understood taking into account a fraction of
events with overestimated radii. To avoid these border effects of the radius
distribution, these bins are not taken into account.
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Figure 5.11: The image parameter muonsize vs. radius for data from the Crab Nebula
(sequ. 70695). The blue dashed line represent a fit to the same distribution for simulated
muons.

For the simulated muon samples with five different values for the PSF,
the average value of sumsize is taken as the reference value. The parameter
ratio gives the ratio of sumsize for any sequence of observed data to this
reference value (multiplied by 100). The average response is then corrected
by this value. Although every sequence could be calibrated separately, this
second calibration is at the moment only performed for a complete observa-
tion period. The calibration is done in two steps: first the average value of
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ratio is calculated for a complete period with some sequences, which are cal-
ibrated using the F-factor method; afterwards the data are calibrated again,
whereas the conversion factor of each pixel is corrected by the average ratio.
Figure 5.12 shows the ratio for all sequences from December 2004 to March
2006 after the second calibration. Again only sequences which contain more
than 300 reconstructed muon ring images are shown.

ratio

H H H H i H = : HET T HE T
31/12/04 02/03/05 02/05/05 02/07/05 31/08/05 31/10/05 3112005 02/03/06
Time

Figure 5.12: Distribution of the ratio between the light intensity of observed muons and
simulated ones over time (December 2004 to March 2006) after the second calibration.

Figure 5.13 shows the distribution of ratio together with a Gaussian fit
for the same time slot. As an additional cut only sequences with pedestal rms
between 0.7 phe and 1.2 phe are used. The distribution is slightly asymmetric
with more events at lower ratio values. The mean of the Gaussian is 99.8
with a fit probability of 0.5%. If the fit range is restricted to a smaller
interval around 100, the quality of the fit improves (probability 50 % for a fit
between ratio 98 and 102) and the mean value moves to 100.
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Figure 5.13: The ratio between the light intensity of observed muons and simulated ones
for all sequences of cycle1 with a pedestal rms between 0.7 phe and 1.2 phe, number of
muon rings > 300 and rate after image cleaning > 150 Hz together with a Gaussian fit.
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Figure 5.14 shows the correction factors (100/ratio) from the muon anal-
ysis after the first calibration step for each observation period from December
2004 to March 2006. In some periods the pulses arrive so late that the falling
edge of the pulse is outside the digitised range. In that case the signal is
reconstructed using a spline instead of the digital filter. The muon analysis
clearly shows that the extraction with the spline leads to a bias to larger
pixel signals.

1.05  digital filter
’ | o spline
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Figure 5.14: The correction factor for the average total light calibration for data extracted
with the digital filter (black) and spline (red).

An uncertainty of this method comes from the different altitude of the
emission. Unlike gamma showers, the Cherenkov light measured from sin-
gle muons is emitted close to the telescope and therefore less affected by
atmospheric absorption

5.4 Muon background

5.4.1 Gamma-background separation

In Chapter4.3.2 it is shown that the background supression works well above
~ 150 GeV, corresponding to a size of roughly 200 phe, while at lower sizes
the separation between background and signal gets worse. It was argued by
Vacanti et al. (1994) that thin muon images, caused by muons with large
impact parameters together with unavoidable cosmic electrons set the uli-
mate sensitivity limit of future single TACTs. In Figure5.15 area vs. size
is shown for observational data, simulated gamma showers and simulated
muons. The muons start to contribute significantly below 500 phe. Below
200 phe they completely overlap with the distribution of the gamma showers.
This phenomenon is also called the "muon wall”. The black line indicates
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the standard area-cut for the data taken in wobble mode. The efficiency of
the cut is limited by the muon wall at low sizes. Note that the sensitiv-
ity achieved with the area-cut is comparable with other, more sophisticated
methods, like the tree classification method random forests (Albert et al.,
2007f, 2008a), where correlations between several image parameters are de-
duced from simulated gamma showers and background measurements.

03

Ho.15
<

10° 10* 10°
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Figure 5.15: The image parameter area vs. size for simulated gamma showers (red),
observational off-data (blue) and simulated muons (green) together with the used area-
cut (black line).

Figure 5.16 shows the distribution of width and length for simulated
muons and gamma showers below a size of 180 phe. Even if the distribu-
tions do not completely match, there is a large overlap. Taking into account
that the flux of atmospheric muons is much larger than the gamma-ray fluxes,
the distributions are not distinguishable.
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Figure 5.16: Distributions of the image parameters width (left) and length (right) for
simulated muons (red) and gamma showers (blue). The distributions are scaled by their
integrals.
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5.4.2 Estimated muon rate

Based on the simulated muons, the expected muon rate for MAGIC is es-
timated using two different approaches: (i) the use of muon ring images to
estimate the corresponding simulated observation time and (ii) the determi-
nation of the expected muon flux by direct measurements taking into account
the effective collection area for muons as calculated from the simulation.
Figure 5.17, left panel, shows the rate of muons with a reconstructed ring
segment of more than 180°, corresponding to an impact parameter of less than
the radius of the reflector, vs. the data rate after image cleaning for the data
from December 2004 to March 2006 with a ZD below 30°. Only sequences
with more than 300 muons ring events and a pedestal rms between 0.7 phe and
1.2 phe are taken into acount. There is some evidence for a linear correlation
of both rates. The spread in the data rate is mainly dominated by weather
conditions, but also the quality of the optical system can contribute to it, as
the data rate is dominated by small events. The discriminator thresholds are
higher for galactic than for extragalactic targets because of the usually higher
night sky background light in the field of view of the galactic sources. The
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Figure 5.17: Left panel: Muon rate vs. rate after image cleaning for all sequences with
more than 300 muon ring images, from December 2004 to March 2006 with ZD below
30° and a pedetal rms between 0.7 phe and 1.2 phe. The distribution is fitted by a linear
function, yielding muonrate = 1.13 x 10~3datarate + 0.91. Right panel: The distribution
of the muon rate together with a Gaussian fit, yielding a mean value of 1.12Hz with a
standard deviation of 0.12 Hz.

average trigger rate is therefore lower for these observations. The muon rate
is not affected by changing discriminator thresholds as all ring images are
bright events. Figure5.17, right panel, shows the distribution of the muon
rate together with a Gaussian fit. The distribution is not perfectly Gaussian,
which could come from a small dependence on the data rate. At least a
part of the Gaussian spread arises from the selection criteria: the number of
muon events is increasing with decreasing arcphi. As the arcphi distribution
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spot size [mm] N, after img. cl. efficiency Nyings

08 944094 0.0314 7084
10 960147 0.0319 7386
12 963180 0.0320 7337
14 949270 0.0315 7222
16 918319 0.0305 6762
average 947002 0.0314 7158

Table 5.1: Number of simulated muons after image cleaning and the number of recon-
structed ring images with arcphi > 180° for five different point spread functions. The
total nuber of simulated muons is 3.01 x 10.

is quite steep around 180° fluctuations in the intensity (e.g. due to weather
conditions) cause fluctuations in arcphi, which lead to fluctuations in the
rate of the muon ring images.

To get an estimation for the expected total muon rate, the average number
of muon events after image cleaning and the number of reconstructed rings,
with arcphi > 180° are taken from the simulation (see Table5.1). Taking the
average muon rate of 1.12 Hz, the simulated muon sample would correspond
to an observation time of (7158/1.12) s = 6391s. This results in an expected
total muon rate of 148 Hz. The uncertainty from figure 5.17 is ~ 10 %. This
would mean that the data are completely dominated by muon events. At
least for a data rate around 150 Hz, this muon rate is too high. The ratio
from muon rings to muons after image cleaning seems to be overestimated.
Different weather conditions will lead to different trigger rates. The rate of
large muon rings will be less affected, as these are bright events, caused by
muons with small impact parameters. However, the muon rate after image
cleaning is dominated by faint events, caused by muons with large impact
parameters, which will be more sensitive to the weather conditions. Another
systematic difference raises from the fact that all muons are produced in
hadron showers, while only single muons are simulated. In the observational
data, ring images can be overlapped by other parts of the shower and then
the ring analysis fails.

In the second approach, the muon spectrum as measured by the BESS
spectrometer on an altitude of 2700m a.s.l. (Sanuki et al., 2002) is used.
To be independent from muon decay, the spectrum is fitted by a power
law above 20 GeV, 25 GeV and 30 GeV, yielding slopes of -2.71, -2.77 and
2.75, respectively. For the simulation parameters (energy range from 6 GeV
to 200 GeV, impact parameters up to 120m and a solid angle from 0 to
0.005062sr) this would correspond to a simulated muon rate of (6010.8 £
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204.4) Hz. Taking the average efficiency of (0.0314 £ 0.0006), the muon rate
after image cleaning is (170.4£6.6) Hz. The error reflects the pure statistical
uncertainty from the fit to the muon spectrum and the spread in the efficiency
for the different samples. Again the efficiency can be overestimated, at least
for suboptimal weather conditions. Another uncertainty comes from the
spectrum itself, as an interpolation from 20 GeV to 6 GeV was used. Due to
the steep power law, the total flux is dominated by the extrapolated energy
range.



Chapter 6

Search for gamma-ray emission

In the following chapter the observation program is described (Sect. 6.1 and
6.2) and the results of the analysis are shown (Sect.6.3 and 6.4). In total
13 data samples of 12 objects are analysed in this work. The results are
discussed in the Chapters7 and 8.

6.1 Sample selection

All HBL objects detected at VHE gamma-rays so far are among the brightest
X-ray sources of their class. At least several of them show a comparable
luminosity at gamma-rays than in the X-ray regime. In the simplest leptonic
model for the broad-band emission, the single zone SSC model, the VHE flux
has to be correlated with the X-ray flux, as the photons in both bands are
produced by the same population of relativistic electrons. Furthermore the
energy density of the magnetic field ug should be equal to the energy density
of the photon field wu,,, although this can be different in a state of high
activity. This would lead, at least for a quiescent state, to the same energy
output in the synchrotron as in the Inverse Compton regime and therefore
to comparable peak luminosities!.

The observed sample is based on the blazar compilation of Donato et al.
(2001) which contains 421 X-ray spectra of 268 blazars (136 HBLs). The
X-ray data are complemented by the radio flux at 5 GHz, the optical flux
in the V-band and the redshift, if available. The purpose of this compila-
tion is to have the most complete ensemble of spectral information (fluxes
and spectral indices) in the X-ray band from 0.1keV to 10keV for all known
blazars. The X-ray fluxes are given as the monochromatic fluxes at 1keV. If
in the literature an integral flux was reported, the flux at 1keV was calcu-

IThis is only strictly valid in case of Thomson scattering; see also Chapter 8.

116
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lated using the measured spectral index. The compilation includes data from
five X-ray satellites: Finstein, EXOSAT, ROSAT, ASCA and BeppoSAX.
Unfortunately this compilation is not a complete catalogue. This problem
is discussed in Chapter9. The following selection criteria are used to obtain
the sample:

z < 03
ZD(at culmination) < 30°
F(1keV) > 2uly

The redshift criterium ensures low absorption at the energy threshold of the
telescope. For an object at z = 0.3 the optical depth at 200 GeV is 0.49
(Kneiske in preparation, see also Section 1.4), resulting in 39 % absorption.
The second criterium is complementary to the first one. As the energy thresh-
old increases with ZD, all observations are performed below 40°. Therefore
only objects which culminate at La Palma below 30° are selected. This en-
sures a trigger threshold below the analysis threshold of ~ 200 GeV. As most
of the established TeV sources show comparable luminosities at X-rays and
VHE ~-rays, only the X-ray brightest HBLs are selected, leading to the cut
at 2uJy. Assuming the same luminosity at ~ 200 GeV, it corresponds to
~T% of the flux of the Crab Nebula which would be detectable for MAGIC
within 15 h.

Table6.1 shows the complete set of objects which satisfy the selection
criteria. The total number amounts to 15. The sample includes the well
studied TeV sources Mrk 421 and Mrk 501 as well as two other objects, 1ES
23444-514 and 1ES 1426+428, known as TeV sources before the beginning of
this campaign.

For the object RX J1725.0+1152 the redshift of 0.018 was recently revised
by Sbarufatti et al. (2006) into a lower limit of 0.17. Also the redshift of 1ES
10114496 was corrected from 0.200 to 0.212 by a recent measurement (Albert
et al., 2007e). The redshift of 1ES 12184304, given as 0.130 by Donato et al.
(2001), was corrected to 0.182 (e.g., Véron-Cetty and Véron, 2003). The
average flux at 1keV for RX J0319.84-1845 is slightly below 2 uJy. This value
is based on three measurements, yielding fluxes from 0.17 uJy to 3.06 uJy.
In addition also the object RX J1058.6+5628 yields one measurement with
a flux sligthly above 2 uJy. The average flux from three measurements is
1.24 nJy. As this object shows also a very bright star in the field of view
of the MAGIC camera, the object was skipped from the list of targets. It
is a general problem to apply a cut on the flux for an object class, which is
characterised by strong variability on different time scales.
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F(1keV)

source RA dec z [ndy] r

1ES 0120+340 0123089 4342050 0.272 4.34 1.93
RX J0319.841845 0319 51.8 4184535  0.190 1.76 2.07
1ES 03234022 0326 14.0 +022515  0.147 3.24 2.46
1ES 04144009 04 16 53 +01 04 54  0.287 5.00 2.49
1ES 08064524 08 0949.2 +5218538 0.138 491 2.93
1ES 09274500 09 30 37.6 +495024  0.188 4.00 1.88
1ES 1011+496 10 15 04.2 449 26 01 0.212 2.15 2.49
Mrk 421 1104 27.3 +38 12 31.8 0.030 39.4 2.96
1ES 1218+304 1221219 +301037  0.182 8.78 2.34
RX J1417.942543 14 17 56.6 4254325  0.237 3.58 2.25
1ES 1426+428 14 28 325  +424025  0.129 7.63 2.09
Mrk 501 16 53 52.2 +39 45 36.6 0.034 20.9 2.25
RX J1725.04+1152 1725044 4115216 > 0.17 3.60 2.65
1ES 17274502 1728186 +50 1311  0.055 3.68 2.61
1ES 23444514 2347049 4514218  0.044 4.98 2.18

Table 6.1: Complete set of objects which satisfy the selection criteria as described in the
text. In addition to the position, the redshift as well as the fluxe at 1keV together with
the index of the differential energy spectrum are listed (Donato et al., 2001). In case of
several measurements, the given numbers are the average values.

6.2 Observations

The observations were performed in cycle1 of scheduled MAGIC observa-
tions, which started in December 2004 and lasted until the beginning of
April 2006. Table 6.2 shows all observations with the MAGIC telescope of
the objects listed in Table6.1. The cycle 1 observations of Mrk 421 and Mrk
501 are discussed in detail in Albert et al. (2007c) and Albert et al. (2007g)
respectively. Also the discovery of VHE emission from 1ES 12184304, which
is based on the observations in January 2005, is discussed in detail elsewhere
(Albert et al., 2006d; Bretz, 2006). The observation of 1ES 17274502 was
postponed to cycle2. All observation times are after quality selection. All
sequences analysed in this work are listed in Appendix C together with the
most important quality parameters.
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(ZD) exp.
source mode degr. season [h]
1ES 0120+340 wobble 12.2 2005 Aug-Sep 14.9
RX J0319.8+1845 on 14.3 2004 Dec-2005 Feb 6.9
wobble 14.2 2005 Sep-2006 Jan 4.7
1ES 0323+022 wobble 29.0 2005 Sep-Dec 114
1ES 04144009 wobble 29.7 2005 Dec-2006 Jan  17.8
1ES 0806+524 wobble 26.8 2005 Oct-Dec 17.5
1ES 09274500 wobble 22.1 2005 Dec-2006 Mar 16.1
1ES 1011+496 wobble 23.6 2006 Mar-Apr 14.5
Mrk 421 wobble 9.2 - 55.0¢ 2004 Nov-2005 Mar 25.6
1ES 1218+304 on < 13* 2005 Jan 8.2
wobble 26.6 2006 Jan-Mar 14.6
RX J1417.9+2543 on 9.7 2005 Apr-Jun 13.0
1ES 1426+428 on 16.6 2005 Mar-Dec 6.1
Mrk 501 on < 30* 2005 May-Jul 31.6
RX J1725.04+1152 on 174 2005 Apr 5.3
1ES 1727+502 0

1ES 23444514 wobble 27.6 2005 Aug-2006 Jan 23.1

Table 6.2: Cyclel HBL observations with the MAGIC telescope. The table lists the
observation mode as well as the mean ZD of the observation, the season and the effective
observation time after quality selection (exp.). Numbers marked by an asterisk refer to
the maximum ZD instead of the mean value.

6.3 Analysis

If an observation does not result in a significant detection, an upper limit on
the integral flux above the energy threshold is calculated.

6.3.1 Method of upper limit calculation

First the upper limit (UL) on the excess rate is calculated. This is done
with the method of Rolke et al. (2005) in the implementation of the class
TROLKE within the ROOT framework. The confidence interval is computed
for the number of excess events of a Poisson distributed signal in the precence
of background with a fully frequentist treatment of the uncertainties in the
background estimate, using the profile likelihood method. It provides seven
models, depending on the kind of the background distribution (Gaussian,
Poisson, known) and the so-called efficiency (Gaussian, Binomial, known).



120 CHAPTER 6. SEARCH FOR GAMMA-RAY EMISSION

In this work, model 4 is used, which makes the following assumptions:
e Poisson uncertainty in the signal (as in all models);
e Poisson uncertainty in the background estimate;
e known efficieny.

The efficiency can be interpreted as a systematic uncertainty. Here the con-
fidence intervals are calculated, taking into account only the statistical un-
certainty. The model depends on the following parameters:

e number of observed background events;
e number of events in the signal region;
e ratio of background to signal statistics;
e confidence level (CL).

An advantange of this method is that different statistics of signal and back-
ground are taken into account. A higher background statistic can therefore
decrease the confidence interval. Another advantage comes from the concept
of the confidence intervals. Choosing a confidence level of 99.7%, a signal
with a statistical significance of more than three standard deviations would
lead to a lower limit that is not consistent with zero. In principle, the con-
fidence interval can be calculated without an a priori selection in detections
and non-detections.

To convert the upper limit on the excess rate into a flux, the upper limit
is compared to the excess rate of the Crab Nebula. Since the excess rate
of different Crab Nebula observations show deviations up to 20 % from the
mean value, the excess rate is plotted against the background rate to search
for possible correlations (Fig.6.1). For the observations in on-off mode a
linear regression yields (x?/n.d.o.f. = 26/14):

excess = (0.946 £+ 0.102) x background + (0.23 4+ 0.93)

While the excess rate for on-off observations is indeed correlated to the back-
ground rate, a fit to the data taken in wobble mode is quite poor, yielding
(x*/n.d.o.f. = 13.5/3):

excess = (1.26 &+ 0.30) x background — (1.51 £ 1.93).

As a fit by a constant is even worse, the linear regression is used to calculate
the reference excess rate from the Crab Nebula. The Crab units are converted
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Figure 6.1: Excess rate vs. background rate for observations of the Crab Nebula in on-off
(left) and wobble mode (right).

into an integral flux of photonscm=2s~! using the spectrum of the Crab

Nebula as given by Equation4.17.

As an alternative method, the conversion from excess rate to an integral
flux can be calculated from simulated gamma showers. Hereby the effective
area above a given energy threshold is determined as well as the spillover
factor. As an example, the effective area for gamma-rays above 190 GeV is
calculated for 1ES 0120+34.0, assuming a Crab spectrum. This results in
an upper limit of F(> 190GeV) < 7.7 x 1072 photonscm™2s™!, which is
5.5% higher as derived in comparison with the flux from the Crab Nebula
(see Table6.3) and well within the systematic uncertainties of the method.

The energy threshold of the analysis is determined by simulated gamma
showers as described in Chapter 4.5.3. The exact ZD distribution is thereby
taken into account. Unfortunately, the threshold depends also on the source
spectrum which is not known in case of non-detected objects.

The systematic error for the flux level is estimated to be in the order of
~30%. The main contributions are uncertainties of the atmospheric con-
ditions, the mirror reflectivity and the effective quantum efficiency of the
PMTs (see also Albert et al., 2008a, and the discussion therein). In case
of the UL determination, there is also the uncertainty of the correct energy
threshold due to the unknown spectrum.

6.3.2 Analysis results

Within this observation program, VHE gamma-rays have been discovered
from 1ES 12184304 (Albert et al., 2006d) and 1ES 23444515 has been ob-
served in a low flux state with high significance (Albert et al., 2007b, and
this work, Sect. 6.4.3) (see also Sect. 6.4.3). For ten sources of the sample, no
significant signal has been detected. The 2006 observations of 1ES 1218+304
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result in a weak signal of 4.0 (see Sect.6.4.2). A refined analysis of 1ES
10114496 yields a hint for a signal on a ~3o-level (see Sect.6.4.1). In the
meanwhile VHE emission from this object was clearly detected in a second
observation campaign in March 2007, which was triggered by an optical high
state (Albert et al., 2007e). The results of the analysis are summarised in
Table 6.3.

exp.  Finres sig. UL UL
source mode [h] [GeV] Nr Np scale o cu fu
1ES 0120+340 w 14.9 190 -48 5358 0.33 -0.6 0.032 0.73

RX J0319.8+1845 w 4.7 190 9 2225 0.33 0.2 0.049 1.12
RX J0319.84-1845 on 6.5 190 -95 3257 0.86 -1.2 0.033 0.76
1ES 03234022 w 114 230 95 5262 0.33 0.7 0.064 1.16
1ES 04144009 w 17.8 230 176 7309  0.33 1.8 0.057 1.05
1ES 0806+524 w 175 230 111 6174 0.33 1.2 0.056 1.04
1ES 09274500 w 16.1 230 72 5721 0.33 0.8 0.052 0.96
1ES 1011+496 w 14.5 230 200 4857 0.33 2.5 0.086 1.58
1ES 12184304 w 146 170 282 3573 0.33 4.0 - -

RX J1417.9+2543 on 13.0 190 -137 9007 1.03 -1.0 0.023 0.53

1ES 1426+428 on 6.1 190 -7 2561 024 -0.1 0.050 1.15
RX J1725.0+1152 on 5.3 190 -69 2001 098 -1.1 0.046 1.06
1ES 2344+514 w 26.0 190 927 4980 0.33 11.0 - -

Table 6.3: Results of the analysis; columns (from left to the right): (1) source name; (2)
observation mode, on-off (on) or wobble (w); (3) observation time after quality selection;
(4) energy threshold assuming the Crab spectrum as given by Equation4.17, exept for
1ES 12184304 and 1ES 23444514 where the spectral indices, derived in the next sections,
are used; (5) number of excess events; (6) number of background events after scaling; (7)
scale factor; (8) statistical significance of the excess; (9) upper limit on the integral flux
above the threshold in units of the flux of the Crab Nebula (crab units, c.u.) on a 99 %
CL; (10) upper limit on the integral flux above the threshold given in flux units (f.u.) of
10~ photonsem™2s~! on a 99% CL.

The ULs (99 % CL) are between 2.3 % and 8.6 % of the Crab Nebula flux.
For a Crab-like spectrum the energy thresholds vary between (190 £+ 15) GeV
and (230 £ 15) GeV, depending on the ZD of the observation.

6.3.3 1ES 14264428

A special candidate of the sample is 1ES 1426+426 because it is an estab-
lished TeV source. Unfortunately the observation campaign suffered from
bad weather conditions in February and March 2005 as well as from several
technical problems in March and April 2005, reducing the analysed observa-
tion time to 6.1h (where more than 20h were scheduled). In the following
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the upper limit derived in this work is discussed in the context of former
observations.

The VERITAS collaboration reported a steep spectrum above 300 GeV
for their observations in 2001, well fitted by a power law with spectral index
—(3.5040.35) (Petry et al., 2002). Extrapolating the spectral fit to 200 GeV,
it yields an integral flux of 0.50 Crab units above 200 GeV, which is by a
factor of 10 larger than the UL presented here. Previous measurements yield
a marginal detection in 2000 and upper limits for the data taken from 1995 to
1999 with the most stringent one of 0.08 Crab above 350 GeV (Horan et al.,
2002).

The HEGRA collaboration published a much harder spectrum at higher
energies (above ~800GeV) for their combined 1999 and 2000 data, which
is well fitted by a power law with spectral index —(2.6 4+ 0.6) (Aharonian
et al., 2002). An extrapolation of the power law yields an integral flux above
200 GeV of 0.075 Crab. Due to the large extrapolated energy range, combined
with the large statistical error of 0.6 for the slope, the statistical uncertainty
is a factor of two. Further measurements in 2002 with the HEGRA telescopes
showed the source in a 2.5 times lower flux state (Aharonian et al., 2003).

The UL for the flux above 200 GeV presented in this work indicates a
lower flux than measured from 1999 to 2001 during several campaigns with
different telescopes, whereas it is consistent with the low flux level observed
in 2002.

6.4 Detections and possible detections

In the following section the analysis of the detected sources (including a
possible tentative detection) are described in detail, including the spectra of
two sources as well as their lightcurves. For this analysis MARS version 2.0

is used (www-10). Summarised, the main changes are:

e the inclusion of the arrival time information in the image cleaning (time
image cleaning) (Section4.1.6);

e the inclusion of the new image parameter slopelong and the resulting
new parametrisation of disp (Section4.1.7 and Section 4.3.3);

e the absolute calibration of the starguider (Section4.3.3).

Table 6.4 lists the coefficients used for this analysis.
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coefficient  value name
<o 1.15136 disp
e 0.23 v-cut
c 0.21547 area
c 5.58 area
cy 0.08362 area
s -0.07  m3long
6 7.2 slopelong
oA 0.5 slopelong
g 0.06814 disp
o 2.62932 disp

0 1.51279 disp
Al 0.05078 disp

Table 6.4: Coefficients ¢ to ¢j; for the analysis made with MARS version 2.0.

6.4.1 1ES 10114496

The standard analysis shows a hint of a possible signal with a significance of
2.50 (Table6.3). The sky map derived from this analysis (Figure 6.2, upper
left panel) shows a weak excess, 0.12° away from the nominal position of 1ES
10114-496. If the excess is related to a gamma-ray signal from the source,
the mispointing correction in the analysis has introduced a constant off-set.
Therefore the data are also analysed with MARS version 2.0 which provides
an absolute calibration of the starguider. Figure 6.2, lower left panel, shows
the sky map for the same data sample but with the new analysis, including
the new pointing correction. The excess is still weak, but now located at
the position of 1ES 10114+496. The right panels of Figure 6.2 show the 9%-
distributions for both analyses. The signal region in the second analysis is
decreased from ¥ = 0.23 to ¥ = 0.18 to increase the signal to noise ratio.
It results in 99 excess events over 958 background events (scaled by 1/3),
corresponding to a statistical significance of 2.7 standard deviations. This
is still too less to claim a detection. By changing the cut efficiences the
significance reached values from 1.50 to 3.50. Dividing the data in several
subsamples does not yield any hint of a signal.

Further observations with the MAGIC telescope, triggered by an opti-
cal outburst in March 2007, show a clear signal of 6.2¢ within 18.7h of
observation, resulting in an integral flux above 200 GeV of (1.58 + 0.32) x
107" photonsm=2s~1 (Albert et al., 2007¢). The spectrum is well described
by a power law with index (—4.0 +0.5).
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Figure 6.2: Left panels: Sky map around the position of 1ES 10114496 (cross). The scale
is in units of events/4 arcmin®. Right panels: Distribution of the squared angular distance
with respect to the position of 1ES 10114496 (black dots) and with respect to three
background regions (red crosses). The upper panels show the results from the standard
analysis of this work, done with MARS version 1.2 and the lower ones show the same data
processed with MARS version 2.0. The vertical lines denote the signal region.

In Albert et al. (2008b) the integral flux above 180 GeV for the 2006 ob-
servations is given under the assumption of a detection. The flux is ~ 50%
smaller than measured in 2007. The reconstruction is based on the analy-
sis with MARS version 1.2 with a smaller signal region (¥ < 0.20) and a
slightly changed coefficient c3 of the area-cut, compared to the result shown
in Table6.3. With the new analysis, this result cannot be confirmed. As
the cut efficiencies of the new analysis are higher than in the old one and
the measured excess from the direction of 1ES 10114496 has decreased, the
reconstructed flux above 180 GeV from this analysis would be 3.4 times lower
than in the old one and 5 times lower than the flux in 2007.

6.4.2 1ES 12184304

The source has been discovered at VHE gamma-rays by the MAGIC telescope
in an observation campaign in January 2005 (Albert et al., 2006d). The total
observation time was 8.2h in on mode with additional 6.5 h off observations,
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yielding a signal with a significance of 6.4 0. The differential energy spectrum
from 80 GeV to 700 GeV is well fitted by a power law, yielding

Fg(E) = (8.142.1) x 1077(F/250 GeV) 3004 m=2 g~ TevV 1.

Here the analysis results of a second observation campaign from January to
March 2006 are shown. The total observation time after quality selection
is 14.6h. The ZD ranges from 12° to 36° with a mean value of 26.6°. All
data are taken in wobble mode. Figure6.3, left panel, shows the sky map
around the position of 1ES 1218+4304. A clear excess is visible from the
direction of 1ES 12184-304. Within the signal region (¢ < 0.23) an excess
of 282 events over 3573 background events are measured, corresponding to a
statistical significance of 4.0 0 (Figure6.3). By changing the cut efficiencies
over a resonable range, significances from 3.6 ¢ to 4.7 ¢ can be achieved.
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Figure 6.3: Left panel: Sky map around the position of 1ES 12184304 (cross). The scale
is in units of events/4 arcmin®. Right panel: 9¥2-distribution with respect to the position
of 1ES 12184304 (black dots) and with respect to three background regions (red crosses).
The vertical line denotes the signal region.

Figure 6.4 shows the differential energy spectrum of 1ES 12184-304. The
energy threshold is 165 GeV (bin from 150 GeV to 180 GeV). Nearly the com-
plete excess lies in the two energy bins from 150 GeV to 470 GeV. A simple
connection of these two spectral points by a straight line results in a spectral
slope of -3.7. A power law fit including the spectral point at 630 GeV yields

E —(3.6+0.7)
> m2s ' TeV™! (6.1

200 GeV
In addition the upper limits on the differential flux at 112 GeV, 632 GeV,

1.12TeV and 2.0 TeV are calculated on a 99 % confidence level. Again the
method from Rolke et al. (2005) is used to calculate the UL on the excess

Fg(E)=(9.9+2.6)x 107" <
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rate from the ¥2-distribution of each energy bin. The flux is reconstructed
by dividing the excess rate by the effective area and the width of the energy
bin and multiplying with the spillover factor. A power law with fixed slope
is fitted to the data to derive the steepest as well as the hardest possible
spectrum that is still consistent with the ULs. The steepest spectrum has
a slope of -4.5, constrained by the UL at 112 GeV, the hardest one is -2.5,
constrained by the UL at 1.12TeV.

To investigate a possible time varibility, the sample is divided in three
subsamples. The first subsample spans from January 29th to February 5th
(seven consecutive nights with a gap on February 1st). The second subsample
spans from February 22nd to 27th (five consecutive nights) and the last
one from March 3rd to 5th. The integral flux from 150 GeV to 5TeV for
all subsamples is shown in Figure 6.5, upper panel. A constant fit yields
(x*/n.d.o.f. =8.77/2):

Fg(0.15 = 5.0TeV) = (1.33 4 0.33) x 107" m 2?s™*.

The fit probability is quite low (1.2%). While the first subsample shows a
significance of 4.0 o, the second one has only 1.4¢. In addition also the UL
on the integral flux for the second subsample is shown in the plot (99 % CL).
This UL excludes the flux measured in the first subsample. Furthermore the
lower limit on the flux of the first subsample on a 95 % CL excludes the UL for
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Figure 6.4: Differential energy spectrum of 1ES 1218+4-304. The arrows mark UL on a
99 % confidence level in the energy bins where no significant signal is seen. The black line
represents a power law fit to the data, yielding a spectral index of —(3.640.7). The dashed
lines mark the steepest (-4.5, red) and the hardest (-2.5, blue) possible spectrum, which
is still consistent with the upper limits at lower and higher energies. The data points are
listed in TableD.1.
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the second subsample on the same confidence level. This is the first evidence
for time variability at VHE gamma-rays from 1ES 12184-304. The time scale
is 17 days. A further division in subsamples on a daily time scale (~ 40 min
per sample) does not reveal any evidences for time variability on smaller
time scales, even though it cannot be excluded due to the low flux level. In
Albert et al. (2008b) it is stated that the lightcurve of the 2006 observations
is consistent with a constant flux. Indeed a second, independent analysis
(Prandini, private communication) showed the same tendency as decribed
here but less significant, mainly due to a weaker excess in the first subsample.
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Figure 6.5: Upper panel: Lightcurve above 150 GeV of 1ES 12184304 divided into three
subsamples together with a constant fit. For the second subsample also the ULs on a
99 % confidence level is shown. Lower panel: The optical R-band lightcurve as measured
by KVA. The red points mark the data taken simultaneously. The dashed line denotes a
constant fit (x2/n.d.o.f. = 39.3/5), the solid line a liner regression (x?/n.d.o.f. = 2.8/4).

The lower panel of Figure 6.5 shows the lightcurve of 1ES 12184304 in
the optical R-band, as measured by the 35 cm telescope of the KVA observa-
tory (see also Section7.1.2). The contribution of the host galaxy is (0.41 +
0.02) mJy (Nilsson et al., 2007). The total average flux is (1.4744+0.013) mJy
during the time of MAGIC observations, though the optical lightcurve is not
well described by a constant (x?/n.d.o.f. = 39.3/5). During the observations
in 2006 the optical flux decreases continuously from (1.144 + 0.036) mJy on
the 3rd of February to (0.947 £ 0.038) mJy on the 7th of March (all op-
tical fluxes are host galaxy subtracted), well fitted by a linear regression
(x*/n.d.o.f. = 2.8/4). This trend continued until June 2006, where the source
remained in a low optical state. Unfortunately, with six nights the sampling
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of the optical light curve during the MAGIC observations is quite low, hence
an increase of the optical activity on a time scale of days cannot be excluded.

A power law fit to the 2005 data yields an integral flux from 150 GeV
to 5TeV of (2.8 £0.6) x 10-"m~2s~! which is consistent with the flux of
(2.6840.56) x 10~"m~2s! of the first subsample and two times higher than
the average in 2006. The average optical flux in 2006 was ~ 20% lower than
in 2005, which is already significant compared to the statistical error of ~2%.

Figure 6.6 shows the differential energy spectrum for the first subsample.
A power law fit from 150 GeV to 850 GeV yields:

E —(2.940.5)
200 GeV)

Again the ULs on the differential flux at 112 GeV, 1.12TeV and 2.0 TeV are
calculated (99% CL). Here the constraints on the spectral index derived from
the UL are stronger, reducing the possible interval of the spectral slope to the
range from -2.8 to -3.3, which is smaller than the statistical error of the fit.
The slope is consistent with the one derived for the complete data sample.
The spectral hardening with increasing flux as seen from the two fits is not
significant.

Fg(E)=(1.5+£04) x 107" ( m?s ' TeV™h (6.2
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Figure 6.6: Differential energy spectrum of the first subsample of 1ES 12184304 (January
29th to February 29th 2006). The arrows mark ULs on a 99% confidence level in the
energy bins where no significant signal is seen. The black line represents a power law fit
to the data, yielding a spectral index of —(2.9 +0.5). The dashed lines mark the steepest
(-3.3, red) and the hardest (-2.8, blue) possible spectrum, which is still consistent with the
ULs at lower and higher energies. The data points are listed in Table D.1.

The VHE spectrum is discussed in the context of the broad-band spectral
energy distributon together with simultaneous optical as well as archival X-
ray data in Section 8.3.
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6.4.3 1ES 23444514

The source has been observed from August 5th 2005 to January 1st 2006
with a total exposure time of 41.6h, including 9.6h where the moon was
above the horizon. The analysis presented here is restricted to observations
where the moon was below the horizon. From the resulting 32h, 19 nights
with a total of exposure time of 26.0 h are left after quality selection.

Figure 6.7, left panel, shows the sky map around the position of 1ES
23444-514. A clear excess is visible on the nominal position of 1ES 2344+514.
The right panel in Figure6.7 shows the 9¥2-distribution with respect to the
source and three background regions (scaled by 1/3). The excess of 927
events over 4980 scaled background events has a statistical significance of
11.0 0. The energy threshold for this analysis is 190 GeV.
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Figure 6.7: Left panel: Sky map around the position of 1ES 23444514 (cross). The scale
is in units of events/4 arcmin®. Right panel: ¥2-distribution with respect to the position
of 1ES 2344+514 (black dots) and with respect to three background regions (red crosses,
scaled by 1/3). The vertical line denotes the signal region.

To reconstruct the energy spectrum, the cut efficiency is increased by
shifting the parabolic cut in area vs. size to lower size values. This usually
decreases the significance of the signal, but lowers the energy threshold. Also
the systematic error from the comparison of the observational data with the
simulation is reduced. The resulting spectrum from 120 GeV to 2TeV is
shown in Figure6.8. The energy threshold for this analysis is 165 GeV (bin
from 153 GeV to 179 GeV). The spectrum is well described by a power law,
yielding (x?/n.d.o.f. = 1.3/4):

E —(2.60+£0.15)
250 GeV)

At 2.5 TeV the upper limit on a 99 % CL is shown. To investigate the system-
atic error, caused by different cut efficiencies and spectral assumptions, the

Fg(E) = (6.024+0.72) x 1077 ( m2s ' TeV™'. (6.3)
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reconstruction is done for different area-cuts (coefficient ¢f) and for spectral
slopes from -2.45 to -2.75, according to the 1 o-error of the fit. The result is
shown as a grey band in Figure6.8.
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Figure 6.8: Differential energy spectrum of 1ES 23444514 including an upper limit at
2.5 TeV (99 % CL). The blue line represents a power law fit to the data, yielding a spectral
index of —(2.60 £ 0.15). The systematic uncertainties due to the cut efficiencies and
spectral assumptions are shown as a grey band. The data points are listed in Table D.2.

The spectrum is harder than the one which is published by the MAGIC
collaboration for the same observation campaign (Albert et al., 2007b). The
difference of 0.35 in the spectral index is more than expected from the sta-
tistical error. Both spectra agree around 1TeV. The harder spectrum in this
analysis results from a lower flux around the threshold. For possible reasons
see the next paragraph.

To investigate a possible time variability, the integral flux from 200 GeV
to 5TeV is calculated for each night of observation (see Figure6.9, upper
panel). The average flux from the daily lightcurve yields

Fp(02—5.0TeV) = (1.24 £ 0.13) x 107" m 25"

The probability for a constant flux from a y2-test is 0.14 %, which shows clear
evidence for variability. In Albert et al. (2007b) the lightcurve is consistent
with a constant flux. Also the flux level is ~ 90 % higher than in the analysis
presented here. A possible reason arises from the systematic error around
the threshold. Because of the steep power law, the integral flux is always
dominated by the lowest energies. Around or below the energy threshold, the
systematic error increases strongly, with a clear tendency of an overestimation
of the flux. There are also differences in the data selection. While single
nights are rejected by Albert et al. (2007b) based on a cut in ZD, data are
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included there which are rejected here due to quality reason (e.g. calibration
failed). Note that also a systematic difference in the energy estimation of a
few percent would lead to a much larger difference in the flux. The evidence

for variability mainly arises from smaller statistical errors compared to Albert
et al. (2007Db).
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Figure 6.9: Upper panel: Lightcurve above 200 GeV of 1ES 23444514 on a diurnal basis
for 19 nights of observations from August 5th 2005 to January 1st 2006. Lower panel:
Lightcurve in the optical (R-band) as measured by KVA. The red data points are taken
simultaneously to MAGIC observations.

The source is monitored by the 35 cm optical telescope of the KVA obser-
vatory (see also Section 7.1.2). Figure 6.9, lower panel, shows the lightcurve
in the R-band for the time of MAGIC observations. The data which are
simultaneously taken are marked in red. The average flux over almost five
month amounts to (4.41 £ 0.01) mJy. The probability for a constant flux
from a y%-test is 5.3 %, which gives also a hint of flux variability in the op-
tical. The contribution to the total flux from thermal emission of the host
galaxy is (3.70 £ 0.05) uJy (Nilsson et al., 2007). The resulting flux of the
nucleus shows variability in the order of ~ 15 %, which is already significant
compared to the small statistical errors.

The object is also monitored at X-rays (2-10keV) by the All Sky Moni-
tor (ASM) onboard the Rossi X-ray Timing Explorer (RXTE). The average
count rate for five months of observation is (0.140 & 0.024) cts/s correspond-
ing to 0.19 % of the flux of the Crab Nebula, which is also the standard candle
in X-ray astronomy. This flux is a factor 15 below the quoted sensitivity of
the ASM instrument. From the diurnal lightcurve no variability is seen, but
fluxes up to a factor of five above the average cannot be excluded.
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Table 6.5 shows the fluxes for three individual months of observations.
Only the average fluxes measured in August and September differ signifi-
cantly. The data of August are in good agreement with a constant flux,
while September and December show variability.

F(0.2-5TeV)
month 107"m?s™t x?/n.d.o.f. prob.
August 1.70 £0.24 4.14/4 38.8%

September  0.84 £+ 0.28 11.7/3 0.9%
December  1.24 +0.19 18.2/8 2.0%

Table 6.5: Integral flux from 200 GeV to 5TeV for each individual month of observation
together with the x? and the probability (prob.) of a linear regression.

To find out the shortest time scale of variability two cases are further
investigated: the nights from September 6th to 12th (MJD 53619.1 to MJD
53625.1) and from December 22nd to 23rd (MJD 53726.9 to MJD 53727.9).
In both cases the first night shows a clear signal on a 5o-level, while the
second night shows no signal at all (—0.8¢ and 1.20, respectively) for a
comparable observation time. In the first case the lower limit on the flux on
a 96 % CL excludes the upper limit on the other day on the same CL. The
situation is the same for the other two nights on a 91 % CL. The shortest
variability time scale found here is 24 h.

Figure 6.10 shows the spectrum for four nights with the highest flux (F'(>
200GeV) > 2.0 x 107"m~2s7!, left panel, in the following referred to as
"highflux” sample) and for six nights with a flux level around the average
for the complete data set (1.0 x 107" m™2?s™! < F(> 200GeV) < 2.0 x
107"m~2s7!, right panel, in the following referred to as "midflux” sample).
Both samples are well described by a power law with spectral indices —(2.18+
0.18) (x*/n.d.o.f. = 5.1/4, highflux) and —(2.88+0.25) (x*/n.d.o.f. = 0.93/4,
midflux), respectively. The highflux sample shows evidence for a curvature.
A fit by a logarithmic parabola yields (x?/n.d.o.f. = 2.80/3)

>—a—(b10g(E/Eo))

aN_ (8.26 £ 1.81) x 1077 (5

_ 21Tyl (6.4
dAdLdE X m7sT TeV, (64)

with a = (1.44 £ 0.60), b = (1.08 £ 0.82) and E, = 250 GeV. This results
in a peak energy (the energy where the spectral index of the differential
spectrum is equal to -2) of (460 4+ 120) GeV. Note that the spectrum is so far
not corrected for the absorption in the MRF. Another evidence for curvature
comes from the UL at 2.5 TeV, which is clearly below the extrapolated power
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law fit. The spectra are discussed in the context of the broad-band spectral
energy distribution together with the simultaneous optical and archival X-ray
data in Section 8.2.
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Figure 6.10: Differential energy spectra of 1ES 2344+514 for the highflux (left panel) and
the midflux sample (right panel). The upper limits are on a 99 % CL. The systematic
uncertainties due to the cut efficiencies and spectral assumptions are shown as a grey
band. The data points are listed in Table D.2. The blue lines represent power law fits to
the data, the black line a logarithmic parabola.



Chapter 7

Overall spectral properties

The complete set of observed sources as described in Sect. 6.1 amounts to 14
objects (without 1ES 1727+502) and includes the six established TeV sources
1ES 10114496, Mrk 501, 1ES 12184304, 1ES 14264428, Mrk421 and 1ES
2344+514. The broad-band spectral properties of this sample are discussed
together with all other HBLs detected at VHE so far (which number amounts
to 16 in total, November 2007'). Note that all established TeV sources, which
do not belong to the sample described in Sect. 6.1, fulfil also the criteria on
redshift (except of PG 15534113, where the redshift is not known) and X-ray
flux. Therefore they were added to the set of sources considered here, leading
to a total of 24 objects.

In Section 7.1 the upper limits on the monochromatic flux at 200 GeV are
calculated based on the upper limits on the integral flux, and the simultane-
ous optical data of the sample are summarised. Different corrections, such
as a K-correction as well as corrections for absorption effects, are described
in Section 7.2. In Section 7.3 the broad-band spectral indices are defined and
the sample is enlarged with all sources detected at VHESs so far. Finally the
broad-band spectral properties are discussed for the enlarged sample.

All results of this chapter are also published in Albert et al. (2008b,
corresponding author: M. Meyer) in the context of the release of proprietary
data of the MAGIC collaboration.

7.1 Multiwavelength data

To determine the overall spectral properties, monochromatic fluxes in four
different energy bands are taken into account.

!By the time of writing, VHE emission has been detected from the HBL RGB
J0152+017 (z = 0.080) by the H.E.S.S. array (Nedbal et al., 2007)
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e Radio: 5GHz.
The radio fluxes are taken from Donato et al. (2001) and Costamante
and Ghisellini (2002) (in case of 1ES 02294-200)

e Optical: R-band (640 nm).
The simultaneously measured fluxes from KVA are taken if available
(see Sec.7.1.2), otherwise the fluxes from the V-band (550nm) are
taken from Donato et al. (2001). In the latter case, the fluxes are
corrected for the different frequency (see Sec.7.2.1).

o X-rays: 1keV.
The X-ray fluxes are taken from Donato et al. (2001) and Costamante
and Ghisellini (2002) (in case of 1ES 0229+200). In case of more than
one measurement, the mean value is calculated.

e Gamma-rays: 200 GeV.
The fluxes can be found in Table 7.1, Table 7.4 and the references in
Section 6.2. For 1ES 1426+428, beside the UL derived in this work, the
extrapolation of the spectrum, measured by HEGRA in 1999/2000, is
used to indicate the detected flux level (see Sect.6.3.3).

7.1.1 Upper limits at 200 GeV

To investigate the broad-band properties of the non-detected objects, the ULs
on the integral fluxes are converted into monochromatic ULs at 200 GeV. As
the Crab spectrum at ~ 200 GeV is quite hard (spectral slope of -2.02 for the
differential energy spectrum), first the ULs on the integral flux are calculated
for a power law spectrum with index -3.0, which represents quite well the
average slope of all HBLs detected at VHE so far. To get the UL on the
monochromatic flux, the normalisation factor of a -3.0 power law template
is calculated by equating the integral of the power law with the UL on the
integral flux. The lower energy thresholds due to the steeper spectrum are
hereby taken into account. The results are listed in Table 7.1.

7.1.2 Simultaneous optical observations

Except for 1ES 09274500 and 1ES 0414+009, all objects are monitored by
the 35cm telescope at the KVA observatory? on La Palma in the optical
R-band. None of the sources showed flaring activity in the optical during
the MAGIC observations. The simultaneously taken data, averaged over the

2http:/ /users.utu.fi/kani/1m /index.html



7.2. CORRECTIONS 137

Eihres ULago
source mode GeV 10 '%?ergem2s7!
1ES 0120+340 w 170 3.8
RX J0319.841845 w 170 5.9
RX J0319.84-1845  on 170 4.0
1ES 03234022 w 190 8.5
1ES 04144009 w 190 7.6
1ES 0806+524 w 190 7.5
1ES 0927+500 w 170 6.3
1ES 1011+496 W 170 10.3
RX J1417.942543  on 140 2.3
1ES 1426+428 on 140 5.1
RX J1725.04+1152  on 190 6.2

Table 7.1: Upper limits on the gamma-ray flux at 200 GeV (ULzgg) under the assumption
of a power law spectrum with spectral index -3.0.

time of the MAGIC observations, are listed in Table 7.2 together with the
fluxes of the host galaxies and the resulting fluxes of the AGN.

7.2 Corrections

The data have to be corrected for different kinds of absorption and redshift
effects (K-correction). The X-ray data are already corrected for absorption.
The optical data are corrected for galactic foreground extinction, using the
coefficients from the NASA Extragalactic Database (NED), which are calcu-
lated following Schlegel et al. (1998).

7.2.1 K-correction

Since the sources are located at different distances with respect to the ob-
server, the detected photons are redshifted differently. Observations at a
certain energy therefore correspond to emission at different energies. The
observed bandwidth is thereby stretched by a factor of (1 4 z). To compare
monochromatic intrinsic fluxes, a K-correction is performed beforehand. In
case of continuum emission the observed flux Fipserveq 1S transformed into the
intrinsic lux Fiource S

Fsource — Lobserved * (1 + Z)a_l (71)
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Fo,total Fo,host VFO,AGN
source (mJy] (mJy] 1072 ergem 257!
1ES 0120+340 0.281 £0.003 0.18 £0.01 0.47 £0.05

RX J0319.841845 (w) 0.272£0.005 0.17 £0.02 0.48 £ 0.10
RX J0319.841845 (on) 0.200 £ 0.006 0.17 £0.02 0.14 £ 0.10

1ES 03234022 0.768 £ 0.007 0.38 =0.04 1.82+£0.19
1ES 0414+009 - - -

1ES 08064524 2.396 £0.026 0.69 £ 0.04 8.00 £0.23
1ES 0927+500 - - -

1ES 1011+496 2.940 £0.018 0.49£0.02 11.49£0.13
1ES 12184304 (on) 1.718 = 0.019 0.41 +0.02 6.13£0.13
1ES 12184304 (w) 1.474 £0.013 0.41 £0.02 499 £0.11
RX J1417.94-2543 0.960 +0.010 0.51 &= 0.06 2.11£0.29
1ES 1426+428 1.278 £ 0.011 0.88 £ 0.03 1.87+0.15
RX J1725.041152 2.831 £0.020 < 0.008 13.27 £ 0.09
1ES 2344+514 4.419+0.021 3.70 £0.05 3.37£0.25

Table 7.2: Simultaneous optical observations. The average flux as measured by KVA at
640nm (F, tota1), the flux of the host galaxy (F, host) only (Nilsson et al., 2007) and the
resulting flux of the AGN (vF, acn).

where « is the spectral slope® in the observed energy band, assuming a power
law.

In Landt (2003) the spectral indices in the radio band agr can be found
for ten sources of the sample. For the other 14 objects the average value
ar = 0.23 of these ten sources is used. For the optical data, the spectral
indices of nine sources, calculated at slightly higher wavelengths, are taken
from Bersanelli et al. (1992). For the other 15 objects the average value
ao = 0.65 of these nine sources is used. With these values, also the optical
fluxes taken from Donato et al. (2001) are corrected for the transition from
the V-band to the R-band. At 1keV, the spectral indices are taken from
Donato et al. (2001), except for 1ES 0229+200 which is not included in
this compilation. Instead the flux is taken from Costamante and Ghisellini
(2002) together with the average value for the spectral index ax = 1.36 of
all other sources. At 200 GeV the measured spectral indices are used for the
detected sources, while for the non-detected ones the average value o, = 2.0
is used. The energy dependent attenuation at VHEs causes a hardening of
the spectra. Therefore the measured spectral indices are changed by -0.4 for
0.1 < 2<0.2,-0.8 for 0.2 < z < 0.3 and remain unchanged for z < 0.1.

3Photon flux F oc v~% [photonscm ™2 s71]
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7.2.2 Absorption of gamma-rays

Sizeable attenuation is expected from current models of the metagalactic
radiation field (see Section 1.4 for a more detailed description). Therefore
all ULs at 200 GeV as well as the measured fluxes of the detected HBLs
are corrected for the absorption by multiplying with exp(7(200 GeV,z)), T
being the energy and redshift dependent optical depth. The optical depths
for 200 GeV photons for all objects are listed in Table 7.3 and Table 7.4.

source z 7(200 GeV, z)
1ES 01204340 0.272 0.43
RX J0319.841845 0.190 0.25
1ES 0323+022 0.147 0.18
1ES 04144009 0.287 0.46
1ES 0806+524 0.138 0.17
1ES 0927+500 0.188 0.25
1ES 10114496 0.212 0.30
Mrk 421 0.030 0.027
1ES 1218+304 0.182 0.24
RX J1417.9+42543 0.237 0.35
1ES 14264428 0.129 0.15
Mrk 501 0.034 0.031
RX J1725.04+1152 > 0.17 > 0.22
1ES 2344+514 0.044 0.042

Table 7.3: Optical depths for gamma-rays with an energy of 200 GeV for the redshift of
the observed sources.

7.3 Broad-band spectral indices

After the corrections described in the previous section, the broad-band spec-
tral indices a;_s between the different energy regimes as defined by Ledden
and Odell (1985) are calculated:

19 = _log(Fl/Fz)/log(Vl/VQ) , V1 < o, (72)

where F; and F, are the fluxes at the frequencies v and v in units of photons
—2 1

cm~ s
Also the apparent luminosities vL, are calculated, assuming isotropic

emission. The following cosmological parameters are used:
Hy=T71kms ' Mpc™!, Q) =0.73, and Q,, = 0.27.
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7.3.1 Sample enlargement

Table 7.4 lists all HBLs detected at VHE so far, which are not included in
the sample described in Section 6.1, together with their fluxes and optical
depths at 200 GeV.

source z F,  7(200GeV ,z) reference

1ES 02294200 0.1396 1.6 0.17 Aharonian et al. (2007b)
1ES 0347-121  0.188  4.25 0.25 Aharonian et al. (2007a)
PKS 0548-322  0.069 1.90 0.071 Superina et al. (2007)
1ES 1101-232  0.186 2.93 0.25 Aharonian et al. (2007c)
Mrk 180 0.045 11.0 0.043 Albert et al. (2006e)
PG 1553+113 > 0.09 11.5 > 0.097 Albert et al. (2007a)
1ES 1959+650 0.047 17.4 0.047 Albert et al. (2006b)
PKS 2005-304  0.071  6.63 0.073 Aharonian et al. (2005b)
PKS 2155-489  0.117 26.3 0.13 Aharonian et al. (2005a)
H 2356-309 0.165 2.78 0.21 Aharonian et al. (2006a)

Table 7.4: HBLs detected at VHE which do not belong to the sample described in Sect. 6.1.
F, is the measured energy density at 200 GeV in units of 1072 ergem =251, In case of
PG 1553+113 the lower limit is used for the calculation of the broad-band spectral indices.

A special treatment is necessary to derive the flux at 200 GeV from
1ES 02294200, recently discovered at VHE gamma-rays (Aharonian et al.,
2007b). The spectrum is measured only above 580 GeV. It is well fitted by
a power law with spectral index —(2.51 £ 0.19). As the source is located
at z = 0.1396, strong absorption is expected at these energies. Therefore
the spectrum is first deabsorbed and afterwards extrapolated to lower en-
ergies. The resulting intrinsic spectrum is well described by a power law
with a spectral index of —(1.09 &+ 0.25) (flux normalisation: (4.24 4 0.81) x
1072 em™2s ! TeV~! at 1 TeV). This result is in good agreement with the
results from Stecker and Scully (2007), yielding model dependent intrinsic
spectral indices in the range from 1.1 + 0.3 to 1.5 + 0.3.

7.3.2 Discussion

Although the number of gamma-ray emitting HBLs has been increased within
the last three years, it is still unclear whether the dominant energy output at
VHE is a general characteristic of HBLs or only related to a subclass of them.
To search for a pattern in the spectral properties of VHE emitting HBLs, the
broad-band spectral index arp vs. apx for all 24 HBLs as described in the
previous sections is investigated (see Fig.7.1).
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Figure 7.1: The broad-band spectral index arop vs. apx (Albert et al., 2008b). The filled
symbols mark the spectral indices of the sources which belong to the sample described in
Sect.6.1. They are further divided into detected (stars) and non-detected sources (trian-
gles). The open circles mark all other HBL objects detected at VHE gamma-rays with
published fluxes (see Table 7.4).

The distribution is quite homogeneous. However the time variability
makes the study of broad-band spectral indices calculated with non-simul-
taneously taken data difficult. In the compilation of Donato et al. (2001) the
average radio fluxes are given in case there were more than one observation.
For the X-ray data several measurements are listed when available in the
literature. For some sources like Mrk 421 and Mrk 501 the X-ray data are
reduced to a few representative measurements. The typical amplitude of the
flux variability at 1keV amounts to a factor of six. This would lead to a
change in apx of 0.29 or less if the X-ray flux is correlated to the optical
flux. As the observed variability in the radio and optical band for HBLs is
lower than at X-rays or VHE gamma-rays and the spectral index agg is less
sensitive to flux variations (because of the larger value of the denominator,
see Equ.7.2) the variation of aro is much lower than for apx. The differ-
ences of 0.6 and 0.3 for apx and agrp, respectively, shown by the detected
VHE sources are therefore related to spectral differences rather than to an
accidental scattering. Within the uncertainties, the spectral indices of the
non-detected objects are inside the region of the parameter space spanned
by the VHE sources.

Figure 7.2 shows the broad-band spectral index oo, vs. ax,. The pa-
rameter space constrained by the upper limits on the gamma-ray flux for
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the non-detected objects completely overlap with the region spanned by the
VHE sources. Both indices are scattered around unity which represents the
case that the energy output in both energy bands is the same. There is a
weak tendency for an increasing o~ with increasing ax..
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Figure 7.2: The broad-band spectral index ao vs. axy. The arrows mark the upper limits
for the spectral indices, whereas the stars indicate the spectral indices of the detected
sources that belong to the sample described in Sect.6.1. The triangle denotes the value
for 1ES 10114496, based on the flux measured in 2007. The open circles mark all other
HBL objects detected at VHE gamma-rays with published fluxes (see Table 7.4).

In the framework of SSC models equal luminosities in the synchrotron
and the inverse Compton regime are expected in case of equal photon and
magnetic field energy densities. For HBL objects the synchrotron luminosity
is dominated by photons in the energy range between the optical and the hard
X-ray band (mostly below 1keV, except for a few extreme cases), depending
on the spectral properties of the particular object. The energy output in
the inverse Compton regime is mainly generated by VHE gamma-rays. At
200 GeV most of the detected HBLs show steep spectra, indicating much
lower peak energies. However, in case of high redshift sources the peak can
be masked by absorption in the MRF; indeed a few sources reaveal hard
intrinsic spectra up to several TeV after correcting for this absorption. From
the expectation of a continuous sequence of peak energies, the scattering of
o, and ax, around unity could be interpreted as a selection effect due to
the observations at fixed energies.

Figure 7.3 shows the broad-band spectral index ax., vs. X-ray luminosity
vxLx. The average energy output at 1keV only exceeds significantly the
one at 200 GeV for 1ES 10114496 (ax, = 0.94). This measurement was
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triggered by an optical outburst. Unfortunately no simultaneous X-ray data
are available. As the upper limit derived from the 2006 observations of
1ES 10114496 is below the flux detected in 2007, the source was also in an
high state at gamma-rays. The value ax, = 0.94 may be therefore taken
with caution. For five of the detected sources the energy output in both
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Figure 7.3: The broad-band spectral index ax, vs. the X-ray luminosity vx Lx. The arrows
mark the upper limits for the spectral indices, while the stars indicate the values for the
detected sources that belong to the sample described in Sect.6.1. The triangle denotes
the value for 1ES 10114496, based on the flux measured in 2007. The open circles mark
all other HBL objects detected at VHE gamma-rays with published fluxes (see Table 7.4).

bands is almost the same (ay, = 1), while for the other ten objects the
energy output at 200 GeV is significantly lower with a maximum index of
ax, = 1.12, corresponding to a nine times lower energy output at 200 GeV
compared to 1keV. There is a weak tendency for an increasing ax, with
increasing X-ray luminosity.

In case of the non-detected objects, ax, = 1 can be excluded for five
of them. However the upper limits are still in the region occupied by the
VHE sources. Further observations of these objects with a more sensitive
telescope, such as MAGIC-II, supposed to start regular data taking in 2009,
are needed to scan the complete parameter space spanned by the current
VHE sources. As the non-detected objects do not deviate in their spectral
properties from the gamma-ray emitting objects the detection of all X-ray
bright HBLs seems to be only a question of time.



Chapter 8

Spectral energy distribution

In the following chapter a single zone synchrotron self Compton (SSC)
model is employed to simulate the spectral energy distribution (SED) of
1ES 12184304 and 1ES 23444514 (see also Sec.2.3.3). In addition to the
simultaneous optical data, archival X-ray data are used. All equations in this
chapeter are presented in cgs-units.

8.1 Single zone SSC model

The emission is simulated using the code from Riiger (2007), which also
provides a numerical approximation for the complete Klein-Nishina cross
section for the inverse Compton scattering. In the following the parameters
of the model are briefly described.

The emission region is assumed to be a sphere with radius R containing
a homogeneous magnetic field B. The emission region, embedded in a much
larger radio jet, is supposed to move with relativistic speed along the jet axis.
Depending on the angle between the jet and the line of sight, this results in
a kinematic Doppler factor ¢, which effectively boosts the observed emission
(see also Sec.2.3.1).

Inside the emission region are relativistic electrons, following a broken
power law distribution in momentum with an exponential cut-off at the high-
est energies. The number density n(7y) of the electrons is given as

n(y) = Ky <1 + 7>51_52 exp <—7> : (8.1)

b 2

where ~ is the Lorentz factor of the electron, K the scale factor of the elec-
tron number density, 7, the Lorentz factor of the electrons at the spectral

144
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break and 5 the Lorentz factor at the exponential cut-off. The spectral in-
dices s; and s, are the slopes of the electron spectrum below and above the
break, respectively. The broken power law results from the equilibrium of
injection of electrons, following a single power law in momentum, and the
effect of radiative cooling which is dominated by synchrotron losses. The
cut-off takes into account the limited electron energy, which can be reached
by the acceleration process. All model parameters are listed in Table8.1.

environmental parameters

radius of the emitting sphere in cm
magnetic field in the emission region in Gauss
kinematic Doppler factor (dimensionless)

> =

electron spectrum

K scale factor of the electron density (number electr./cm?)
s1  slope of the electr. spectrum below the break

sy slope of the electr. spectrum above the break

v, Lorentz factor of the electrons at the break

~vo  Lorentz factor of the electrons at the exponential cut off

Table 8.1: The parameters of the SSC model.

The slopes s; and sy of the electron spectrum are related to the slopes
aq and ay of the photon spectrum! below and above the synchrotron peak,

respectively:
o= =5t (8.2)
2
In case of Thomson scattering, the spectral slopes of the inverse Compton
spectrum are the same as for the synchrotron spectrum. From Equation 8.2
one can see that a = 1 for s = 3, which corresponds to a peak in the energy

density (vF(v)-plot). Therefore it holds:

s1 < 3 (8.3)
So > 3 (84)

Furthermore, the change in the spectral index at the break has to be in the
order of unity. In the following sy = s141 is used, which is valid if synchrotron
losses are dominant. This reduces the number of free parameters to seven.
Note, that the spectral index of the photon spectrum after the peak can be
varied over a wide range by the choice of 5.

LF(v) < v~ in photonscm 2 s~1
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The kinematic Doppler factor § can be generally narrowed down to values
below ~ 20 for BL Lac objects from the observations of superluminal motion
of radio knots in the jet (Cohen et al., 2007). Indeed most BL Lacs show
even much lower apparent velocities indicating lower Lorentz factors (see
also Sec. 2.3.1). A model independent lower limit can be set from the opacity
condition for gamma-rays avoiding photon-photon pair production, given as
(Dondi and Ghisellini, 1995):

1/(4+28)
0T 25F<’/0)
) dz (1 — )
> (st o T , (35)

where or is the Thomson cross-section, h the Planck constant, ¢ the speed
of light, dr, the luminosity distance of the source, z the redshift and .,
the variability time scale. F(1y) is the differential energy density at vy =
1.6 x 10* /v, the frequency of the target photons. The spectral index of the
target photons is 8 which is equal to «a; for vy < v, and to as for vy > vy, v
being the frequency of the synchrotron peak.

For Equation 8.5 the relation between the size of the emission region R
and the variability time scale t,,, is used:

R<tyy-c-o (8.6)

The model is determined with seven free parameters, which recommend
seven independent information from the observation. These are (Tavecchio
et al., 1998) the frequencies of the synchrotron and inverse Compton peak
as well as the flux at the peaks, the slope of the photon spectrum below
and above the peak? and the variability time scale. For HBL objects the
high energy peak is so far observed only in a few cases, usually in a high
flux state (e.g. Albert et al., 2007g). Due to variable flux amplitudes at
almost all frequencies, strong constraints can only be made from simultane-
ous multiwavelength observations. As this requires observations at X-rays
by satellite observatories and ground based (weather dependent) gamma-
ray observations, successful multiwavelength campaigns are limited so far.
Therefore the models are often under-determined, which obviates a unique
set of parameters.

The parameter space of the magnetic field and the Doppler factor can be
constrained by several conditions. Here the method of Kataoka et al. (1999)
is employed which is itself based on Bednarek and Protheroe (1997).

2In the case of HBLs the slopes at the synchrotron peak are usally taken, as the energy
range on the rising edge of the high energy peak is not observed for the most HBLs and
the slope above the peak is steeper due to Klein-Nishina effects.
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The first constraint combines the condition for a maximum Lorentz factor
Ymax Of the electron spectrum?, derived from the highest energies observed
in the Compton regime and the highest synchrotron photons. Following
Equation 1.13, the Lorentz factor v« of synchrotron photons at the cut-off
Egynmax can be described as

E.
max = 1/ 1.15 x 10822222 =05, 505, 8.7
gl \/ - (8.7)
From the observation of the highest photon energies Eic max it follows
Erc
max 2 o 8.8
gt ey (8.8)

The combination of Equation 8.7 and Equation 8.8 yields

8 Esyn,max mec2 2
B <115 x 10°= e ¥) (8.9)

This constraint is strict, however in practise it is often very difficult to de-
termine the cut-off energies Fgyn max and Fic max-

The second constraint uses the ratio of the synchrotron and the inverse
Compton luminosities. In case of Thomson scattering the magnetic energy
density up = Usyn(Lsyn/L1c), where Ly, and Lijc are the apparent syn-
chrotron and the inverse Compton luminosities. The energy density of the
synchrotron photon field can be represented as

Lsyn

= 8.10
Usy A1 R2¢H? (8.10)

leading to

_d} (vFgw)?  B?
- R2c6f vEe 81’
where dy, is the luminosity distance and vFiy, and vFjc are the measured
energy densities at the synchrotron and inverse Compton peak, respectively.
Using Equation 8.6 the magnetic field is constrained as

B> N A 8.12
~ vEguc\ vEice ™ ( )

Note that this condition is only strictly valid in the Thomson limit. Otherwise
Equation8.11 becomes an inequality and the constraint is shifted to lower
values of B and J.

up (8.11)

3In the model which is applied here, Ymax can be assumed to be identical with 7, the
Lorentz factor at the cut-off.
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The third constraint makes the assumption, that the cooling time g, due
to synchrotron losses is smaller than the source crossing time scale R/c, which
is valid for large Lorentz factors (7 > ;). The cooling time is represented as

3mec

< tvard, (8.13)

tsn:
" dupory

which becomes minimum for the highest Lorentz factors. Using Equation 8.7
for Ymax, the third condition can be expressed as

B> (6”%0”) (1.15 x 1085\/“/“) 1720367 1/3, (8.14)
€

O_T var

The fourth constraint assumes that also the inverse Compton cooling time
scale ti¢ is shorter than the source crossing time t,,,0. In case of Thomson
scattering, Equation 8.13 can be used replacing the magnetic field density by
the synchrotron photon density, yielding

2
or 8Esyn,max 2 -2 ¢—11
B < 1.15 x 10°———L% t 50 . 8.15
— <3mec47r> X ev syn-var ( )
The constraints together with the chosen parametrisation are shown at the
end of the sections8.2.3 and 8.3.3 for 1ES 23444514 and 1ES 12184304,
respectively.

8.2 1ES 23444514

The object 1ES 23444514 was discovered in the Finstein Slew Survey (1ES,
Elvis et al., 1992) in the hard X-ray band. It was identified by Perlman
et al. (1996) as a BL Lac object at a redshift of z = 0.044 revealing the
object as one of the closest blazars (e.g. the sixth closest in the compilation
of Donato et al. (2001)). It was the third extragalactic object detected at
VHE gamma-rays (Catanese et al., 1998) after the discoveries of Mrk 421
(Punch et al., 1992) and Mrk 501 (Quinn et al., 1996), all of them observed
with the Whipple 10m reflector. The source was later confirmed by the
HEGRA collaboration on a 4 ¢ level using their stereo system of Cherenkov
telescopes (Aharonian et al., 2004a). The mass of the central black hole as
derived from stellar velocity dispersion is 108016 M (Barth et al., 2003).
Observations with the BeppoSAX satellite in 1996 showed a very hard X-ray
spectrum up to ~ 50keV revealing the object as an extreme blazar (together
with Mrk 501 and 1ES 1426+428) with a synchrotron peak in the hard X-ray
band (Giommi et al., 2000).
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The SED of 1ES 2344+514 will be modeled for three different gamma-ray
samples: (i) the average spectrum measured by MAGIC in 2005 as derived
in this work; (ii) the "highflux” subsample as defined in Chapter 6.4.3; (iii)
the exceptional outburst measured by Whipple in 1995 (Schroedter et al.,
2005). For none of the samples are any simultaneous X-ray data available.
The object was also not detected by the EGRET instrument yielding a gap
from ~50keV to ~ 100 GeV in the SED.

8.2.1 Gamma-ray data

First the gamma-ray data have to be deabsorbed. Therefore the optical depth
7 is calculated for each energy bin (see also Chapter 1.4), and the measured
flux is corrected by multiplying with exp(7(FE,z)). Figure8.1 shows the av-
erage spectrum (differential spectrum multiplied by E?) as derived from the
complete data sample as well as the midflux subsample before and after deab-
sorption. Both spectra are in good agrement, which justifies one parametri-
sation of the SED fitting both spectra. As expected the deabsorbed spectrum
hardens signifiantly. The spectra are well described by power laws with in-
dices —(0.31 £ 0.20) and —(0.51 £ 0.30) respectively. As the spectra do not
become significantly flatter at lower energies, the high energy peak has to be
below 100 GeV. In the framework of a SSC model, the high energy spectrum
steepens dramatically after the Inverse Compton peak, as the photons get
scattered by the electrons in the Klein-Nishina regime. Therefore the high
energy peak has to be in the energy range shortly below the observed one.

® observed ® observed
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Figure 8.1: Energy spectrum of 1ES 2344+514 multiplied by E? for the midflux data
sample (left) and the complete sample (right). The red points mark the observed spectrum,
the black one after deabsorption. The arrows are ULs on a 99 % confidence level. The red
dashed lines are derived from the fits to the deabsorbed spectra (solid lines) by multiplying
with exp(—7(FE,z)).

As shown in Chapter 6.4.3 the source showed significant flux variations
during the observation campaign, coming along with a spectral hardening.
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While the differential flux at ~ 150 GeV is the same for the highflux and
the complete sample, the spectral hardening causes a more than two times
higher integral flux above 200 GeV. Figure 8.2 shows the highflux spectrum in
a E?dN/dFE plot before and after deabsorption. Both are in good agreement
with a power law, the deabsorbed one with an index of 0.17 £ 0.17. A fit
by a logarithmic parabola gives a comparable result (yx*/n.d.o.f. = 2.2/3 vs.
x%/n.d.o.f. = 4.0/4 for the power law fit), yielding a peak at 650 4190 GeV.

® observed
® deabsorbed
L5 107
n
o o I
S Zai
> z ~ T
)
/ 3
E // BN N
1] oz
% STy
N
e}
W Al
AY $\
108

10°
Energy [GeV]

Figure 8.2: Energy spectrum of 1ES 23444514 multiplied by E? for the highflux sample.
The red points mark the observed spectrum, the black one after deabsorption. The arrows
are ULs on a 99 % confidence level. The fit by a logarithmic parabola yields a peak energy
of 650 £ 190 GeV for the deabsorbed spectrum. The red dashed line is derived from the
fit to the deabsorbed spectrum (solid lines) by multiplying with exp(—7(FE,z)).

In 1995 the source underwent an exceptional outburst, which lead to
a clear detection at VHE gamma-rays with the Whipple telescope above
~ 0.8 TeV (Catanese et al., 1998). The differential spectrum between 0.8 TeV
and 12.6 TeV can be well described by a power law with index —(2.54+£0.17)
(Schroedter et al., 2005). For an object at a distance of z = 0.044 the energy
E., where the optical depth for photon-photon pair production is unity, is
about 4.0 TeV. Nevertheless the spectrum up to 12.6 TeV showed no hint for
a steepening or a cut-off. This yields a hard intrinsic spectrum. The spectral
index for a power law after deabsorption is —(2.08 +-0.35), which means that
the high energy peak should be within or very close to the observed energy
range. The deabsorbed spectrum is shown in Figure 8.3.
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8.2.2 Multiwavelength data - the X-ray properties

Except the measurement in the optical (R-band) from KVA, no simultaneous
multiwavelength data are available for the time of the MAGIC observations.
For the flare in 1995 observed by Whipple, even no optical data are available.
To model the synchrotron spectrum, X-ray observations, performed by the
BeppoSAX satellite in 1996 and 1998 are taken (Giommi et al., 2000). These
data show strong variability, both in flux and in the spectral behaviour. The
integral flux from 2keV to 10keV changed by a factor of 4.5 (and even more
at the highest energies). The slope of the differential spectrum changed from
—(2.311£0.05) (steepest spectrum, lowest flux level) to —(1.7740.04) (hardest
spectrum, highest flux level), revealing peak energies from below 1keV to
more than ~50keV. All other reported measurements in the X-ray regime
are within the wide range of the spectra obtained by BeppoSAX observations.
For the simulaion of the SED three spectra are taken into account. The
one from December 7th 1996, which showed the hardest spectrum with the
highest flux level, the one from December 11th 1996, where the source was
in an intermediate state with a slope of —(2.03 £ 0.04) and an integral flux
between the highest and lowest level and the one from June 26th 1998, where
the source reached its lowest level and the steepest spectrum. The object
was also observed by Swift on 19 April 2005 (Tramacere et al., 2007). The
spectrum derived from this observation is in good agreement with the one
observed by BeppoSAX in 1998. The minimum time scale for flux variations
observed in the BeppoSAX campaign in 1996 amounts to ~ 5000 sec (Giommi
et al., 2000).

8.2.3 Model fit

The shortest time scale for flux variability t,.,, found at VHEs so far is
one day (Catanese et al., 1998, and this work). Nevertheless variation on
shorter time scales cannot be excluded due to the limited sensitivity of the
instruments and the sparse sampling of the lightcurve. At hard X-rays the
shortest varibility time scale observed so far is 5000 sec (Giommi et al., 2000).
Similar (and even lower) time scales were observed at VHE gamma-rays for
other HBL objects such as Mrk 421 (Gaidos et al., 1996), Mrk 501 (Albert
et al., 2007g) and PKS 2155-304 (Aharonian et al., 2007d).

Taking t.,, = 5000s, the minimal Doppler factor is estimated following
Equation8.5 as § > 7.7 for photons with an energy of ~2TeV (v, = 4.8 x
10 Hz, vy = 3.3 x 108 Hz, F(ry) ~ 1072ergem™2s7! and 8 = 0.65).
Assuming t,, fixed from observations, the radius of the emission regions is
R = 6-1.5 x 10" cm; every change in the Doppler factor causes a change
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in R and vice versa. Restricting the Doppler factor to values between 8 and
20, the emission region has to be between 1.2 x 10 cm to 3.0 x 10'° cm
(0.0004 pc to 0.001 pc or 80 to 200 astronomical units).

In all observations the X-ray data are close to the synchrotron peak. On
the one hand this gives strong constraints on the position of the peak as well
as on the flux at the peak. On the other hand, the spectral index of the
electron spectrum can be hardly constrained from the X-ray data only. This
is done by the interpolation from the synchrotron peak to the host galaxy
corrected optical flux.

Figure 8.3 shows the SED from the optical to VHE of 1ES 2344+514
for all three samples. The radio data are excluded as they are supposed to
originate from a different part of the jet. The resulting parameters are listed
in Table8.2. The 1995-flare is modeled twice. One set of parameters using
the hardest X-ray spectrum ever measured to determine the synchrotron
peak and another set, ignoring all X-ray observations so far with the goal of
an inverse Compton peak in the TeV regime. In general the object reveals
extremely high peak frequencies, which aleady push the model to its limit.
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Figure 8.3: Spectral energy distribution of 1ES 23444514 for different states of actvity.
The optical data from NED are not host galaxy corrected.
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Even with a synchrotron peak at ~50keV, an inverse Compton peak at
~2TeV as suggested from the Whipple observations is not possible for a
single zone SSC model. The reason is the strongly reduced scattering cross
section at these energies. In case of Thomson scattering the frequency of the
inverse Compton peak vi¢ is related to the vs and 4, as (e.g. Mastichiadis

and Kirk, 1997):

4
Ve = g%?Vs (8.16)

For v, ~ 10* Hz and v, ~ 10° the inverse Compton peak would be at vic ~
103! Hz, which is apparently not the case. The reason for v being five
orders of magnitudes lower than expected from scattering in the Thomson
regime, is that the Thomson approximation is not valid already on the rising
edge of the inverse Compton bump. This can be quantified by the condition
hv < m, /7, for Thomson scattering. For v, ~ 10°, all synchrotron photons
from the optical up to the hard X-ray regime will be scattered in the Klein-
Nishina regime. To produce still a resonable output at TeV energies, the
reduced scattering cross section has to be compensated by a larger electron
density. By ignoring the X-ray data for the 1995-flare, the parameters were
chosen, such that the inverse Compton peak is around 2 TeV. This results in
a synchrotron peak at ~1MeV and requires very high Lorentz factors at the
break, which is problematic as electrons at high energies suffer more from
synchrotron losses.

Assuming v, < 100keV results in inverse Compton peaks below a few
hundred GeV. Due to the larger errors in the VHE regime, this is still consis-
tent with the observation. Note that in that case the last data point is always
underestimated by the model. Harder spectra at TeV energies would be a
serious problem for SSC models. The recently reported spectra of the distant
HBLs 1ES 1101-232 (z=0.186 Aharonian et al., 2007c¢) and 1ES 02294200
(z=0.14 Aharonian et al., 2007b) reveal extremely hard spectra after deab-
sorption (o < 1 up to TeV energies), even with a density of the MRF close
to the galaxy number counts. In the context of a multi-component SSC
model, additional TeV photons could be produced by a second component
with synchrotron radiation up to MeV enegies. Other peaks located between
the X-ray an the VHE band cannot be excluded at the moment due to the
lack of observational data. Future experiments in the medium gamma-ray
range (500keV to 10 MeV) could close this gap.

Another explanation for hard TeV spectra in the framework of leptonic
models, avoiding additional peaks, could come from an external target pho-
ton field (e.g. Kataoka et al., 1999). In that context IR photons would be
important since they can be scattered up to TeV energies without entering
the Klein Nishina regime. Because of the anisotropy of an external photon
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1995 flare (Whipple) MAGIC 2005
parameter “with X-ray” “without X-ray”  highflux all
R 2.1 x 10%° 2.1 x 10*° 2.1 x10% 2.1 x10%
) 14 14 14 14
B 0.095 0.15 0.24 0,225
K 2.7 x 10° 2.5 x 10° 3.5 x 10° 8.0 x 10*
S1 2.30 2.15 2.30 2.10
So 3.30 3.15 3.30 3.10
Vb 1.5 x 108 5.0 x 10° 1.2 x 108 1.0 x 10°
Yo 5.0 x 106 1.5 x 107 3.6 x 10° 4.0 x 10°
x%/n.d.o.f. 0.47 - 0.99* 3.33* (1.20)

Table 8.2: Values of the model parameters for the simulated SED of different observations
of 1ES 23444514 together with the reduced y2-values of the fit. In case of the simulation
of the 1995 data without using the X-ray data, the number of degrees of freedom is below
the number of free parameters. The values marked by an asterisk are derived without
taking the KVA point into account. The value in brackets gives the fit results for the case
that also the first X-ray data point is excluded.

field, the comptonisation can be even more efficient as the SSC mechanism
(e.g. Sikora et al., 1994; Dermer et al., 1997). These photons can be emitted
from dust around the nucleus, at the same time hidden by the strong jet
emission in the observer’s frame. Also synchrotron photons from other parts
of the jet can be considered, assuming a more complex geometry of the jet
in which this component is less beamed towards the observer due to a larger
viewing angle. A second order inverse Compton scattering can be neglected
here, as this would be strongly suppressed by Klein-Nishina effects.

The simulation of the different emission states was performed with the
same values for the size of the emission region and the Doppler factor. The
different peak energies are primarily produced by shifting Lorentz factors
at the break and the cut-off of the electron spectrum. The different flux
amplitudes are primarily produced by different electron densities. Similar
results for the flaring behaviour of Mrk 421 were found by Mastichiadis and
Kirk (1997). The change in the slope of the electron spectrum is maybe
surprising, as it slightly steepens with increasing flux. If the synchrotron peak
is shifted to higher energies, without a dramatic change in amplitude at lower
energies, the spectrum has to be steeper not to underestimate the optical
data. It was argued by several authors for 1ES 23444514 and Mrk 501, that
the spectral behaviour in the synchrotron regime could be explained by a two
electron populations. One responsible for synchrotron radiation from the far
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IR to the X-ray regime with a peak energy below ~ 1keV and only moderate
variations, and a second component producing peak energies up to ~ 100 keV
which can completely dominate the synchrotron spectrum in a flaring state
(e.g. Giommi et al., 2000; Massaro et al., 2004). In this context a single
component SSC model will always produce an effective electron spectrum,
which would be a superposition of the two component spectrum.

In Figures8.4 and 8.5 the constraints on B and 4, as derived at the
beginning of this Chapter are shown for all the four simulations of the SED
together with the chosen parametrisation. The values for the observational
parameters which are used to calculate the constraints are listed in Table E.1.
In a few cases, the parametrisation violates the second constraint, while
elsewise they are inside the allowed parameter space. The second constraint
is only strictly valid in case of Thomson scattering, otherwise the line is
shifted to lower values of B and §. As already pointed out in this chapter, the
Thomson limit does not hold here for a dominant part of the inverse Compton
spectrum, due to the high peak frequencies (resulting in high Lorentz factors).
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Figure 8.4: The magnetic field B vs. the Doppler factor § as constrained from a single zone
SSC model for 1ES 23444514 for the highflux data sample (left) and the complete sample
(right). The different constraints are marked in red (i, Equ. 8.9), blue (ii, Equ. 8.12), black
(iii, Equ. 8.14) and green (iv, Equ.8.15). The dots show the chosen parameters for the
simulation; in the right panel also the values from Albert et al. (2007b), derived for the
same observation (triangle), as well as from Kataoka et al. (1999) for the SED of Mrk 501
(square) are shown.

How reliable are the other limits? The first constraint strongly depends
on the highest energies which are measured in the synchrotron and the inverse
Compton regime. As neither in the hard X-ray nor in the VHE band any
intrinsic cut-offs have been seen, the highest energies can be only estimated.
In case of the VHE cut-off, the highest observed energies are used. If the
intrinsic cut-off is located at much higher energies, the first constraint would
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be shifted to larger values of B. Except the first one, all other constraints
depend on the variability time scale, which is not known for many observa-
tions. Nevertheless the allowed parameter space (at least for the 2005 data)
has a good overlap with the one derived by Kataoka et al. (1999) for obser-
vations of Mrk 501 from 1996, yielding a similar magnetic field (B = 0.2 G)
and Doppler factor (6 = 15). This is not surprising as both objects show
comparable luminosities and spectral properties.
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Figure 8.5: The magnetic field B vs. the Doppler factor § as constrained from a single
zone SSC model for 1ES 2344+514 for the 1995 flare modelling including the X-ray data
(left) and without the measured X-ray data (right). The different constraints are marked
in red (i, Equ. 8.9), blue (ii, Equ. 8.12), black (iii, Equ. 8.14) and green (iv, Equ. 8.15). The
dots mark the chosen parameters for the simulation.

The values for the model parameter of the average 2005 spectrum are in
resonable agreement with the ones derived by Albert et al. (2007b) for the
same observation using another single zone SSC code. While the electron
spectrum is almost identically, they got lower values for the magnetic field
(B = 0.095G) and the Doppler factor (6 = 8.4). These values are clearly
outside the region enclosed in Figure8.4. The apparent mismatch can be
explained, taking into account the longer variability time scale, used for their
simulation (tys, /~ one day). Larger values of t,,, shift the constraints two,
three and four to lower values of B and .

8.3 1ES 12184304

This object was first suggested to be a X-ray emitting BL Lac object by
Wilson et al. (1979) from the identification of the former unidentified X-
ray source 2A 12194305, observed by the Ariel V satellite (Cooke et al.,
1978), with the radio source RS 4. Optical observations revealed a feature-
less continuum spectrum, typical for BL Lacertae objects. This result was
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confirmed at the same time by Schwartz et al. (1979) based on X-ray obser-
vations with the Scanning Modulation Collimator experiment onboard the
first High Energy Astronomy Observatory (HEAO 1), which provided a much
better spatial resolution than the instrument onboard the Ariel V satellite.
In addition the search for historical variability by L. Chaisson in the optical,
using the Harvard College Observatoy plate stack collection, revealed several
events including a 1.1+ 0.2 mag variation of the optical flux within 120 days
in 1941.

VHE gamma-ray emission was first discovered from this object by the
MAGIC telescope in an observation campaign carried out in January 2005
(Albert et al., 2006d). The new TeV source was recently confirmed by obser-
vations with the VERITAS stereoscopic system, taken place from December
2006 to March 2007, with a significance of 10.2 0 (Fortin, 2007). Several ob-
servations with the Whipple telescope between 1995 and 2000 resulted in an
upper flux limit of F/(> 350 GeV) = 8.3 x 10® photonsm~2s~! (correspond-
ing to ~8% of the Crab Nebula flux) (Horan et al., 2004). The source was
also observed by HEGRA between 1996 and 2002. An upper flux limit above
840 GeV of 2.67 x 108 photonsm™2s™" (or 12% of the Crab Nebula flux) is
reported by Aharonian et al. (2004a).

The mass of the central black hole is estimated to mgy = 1080 M, from
the tight correlation between black hole mass and central velocity dispersion
(Wu et al., 2002). The latter was derived from morphology parameters of the
host galaxy (adopting the fundamental plane for ellipticals). The redshift is
determined to z = 0.182 (Véron-Cetty and Véron, 2006), which makes it one
of the farthest objects, detected at VHE gamma-rays so far?.

The SED is modeled for three VHE data samples: (i) the average spec-
trum for the 2006 January to March MAGIC observations as derived in this
work; (ii) the spectrum of the first subsample of the 2006 observations as
described in Section 6.4.2; (iii) the 2005 MAGIC observations, taken from
Albert et al. (2006d). For each sample, simultaneously taken optical data
are available from KVA. Again archival X-ray data are used for the modelling.

8.3.1 Gamma-ray data

Due to the large distance of 1ES 12184304 strong attenuation is expected.
The correction is done analogue to Section8.2.1. Figure8.6 shows the dif-
ferential energy spectrum multiplied by E? for the complete 2006 sample as

4More distant VHE sources are 1ES 1101-232 (2 = 0.186), 1ES 0347-121 (2 = 0.188),
1ES 10114496 (z = 0.212) and the recently discovered quasar 3C 279 (z = 0.538) (Teshima
et al., 2007)
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well as for the first subsample before and after the deabsorption. Both sam-
ples are in good agreement with single power laws. For the complete sample
the slope is —(0.68 £ 0.80), from which a peak energy below ~ 100 GeV can
be concluded. In case of the first subsample, the energy density seems to
increase with increasing energy after deabsorption (slope of the power law
fit: 0.27 £0.79), although this is not significant due to the large error of the
last point. With the so far measured synchrotron peak energies an inverse
Compton peak in the TeV range seems not feasable for a single zone SSC
model (see Section8.3.3). Instead the peak is assumed to lie within or at
slightly lower energies than the measured energy range.
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Figure 8.6: Energy spectrum of 1ES 12184304 multiplied by E? for the complete data
sample (left) and the first subsample (right). The red points mark the observed spectrum,
the black one after deabsorption. The arrows are upper limits on a 99 % confidence level.
The red dashed lines are derived from the fits to the deabsorbed spectra (solid lines) by
multiplying with exp(—7(FE,z2)).

The deabsorbed spectrum measured in 2005 is well described by a power
law with spectral index —(0.34 & 0.50) (E*dN/dE-plot). Within the errors
this is in good agreement with the average 2006 spectrum. By the time of
this work no spectrum of 1ES 12184304 has been published by the VERITAS
collaboration from their 2006,/2007 observations.

8.3.2 Multiwavelength data - the X-ray properties

1ES 12184304 was observed many times by several X-ray satellites within the
last 30 years. A good estimation about the variability can be derived from
ROSAT observations (WGACAT?2), revealing variations by a factor of ~6
for the flux at 1keV, ranging from 0.8 to 4.2 in units of 107t ergecm=2s71.
Within the single observations no evidence for short time variability was seen.
The spectral behaviour is less extreme than for 1ES 2344+514. Spectral
investigations from various instruments (e.g. XMM-Newton (Blustin et al.,
2004) and BeppoSAX (Costamante et al., 2001)) showed a steep spectrum
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in the hard X-ray band, restricting the synchrotron peak to energies below
or close to ~0.1keV.

Except for the measurement in the optical (R-band) from KVA, no si-
multaneous multiwavelength data are available for the time of the MAGIC
observations. In 2005 and 2006 two X-ray observation campaigns were per-
formed on 1ES 12184304: one by Swift on October 30th and 31st 2005
(Tramacere et al., 2007) and one by Suzaku from May 19th to 21st 2006
(Takahashi et al., 2007). While the Swift observations showed the source
in a comparable flux state as observed in 1999 by BeppoSAX, the Suzaku
measurement gives the first evidence for a peak energy around ~ 1keV.

For the simulation of the 2005 spectrum as well as the complete sample
of the 2006 observation, the BeppoSAX observation from 1999 and the Swift
observation from 2005 are used. For the first subsample, which indicates a
slightly harder VHE spectrum, the Suzaku data from 2006 are used.

8.3.3 Model fit

Again the minimal Doppler factor shall be estimated using equation 8.5. For
a variability time scale t,,, = 5000s as used for 1ES 23444514, one gets
§ > 11.1 for photons with an energy of ~630GeV (v, = 1.5 x 10%° Hz,
vo = 1.0 x 10" Hz, F(vp) =~ 3 x 1072 ergem™2s7! and 8 = 0.60). The flux

E [eV]
10107 1 10 10% 10° 10* 10° 10° 10’ 10° 10° 10'° 10" 10'2 10"
10 ! B3 . Ehit b I - S W Einstein 05(06/79
[ 3 ROSAT 1980-1698
@ BeppoSAX 12-14/7/99
............................. Swift 30-31/10/05
H H H H & NED
""""""" TwoMASS
—_ @& MACGIC 01405
‘T'n 1M & KvAOvos
o & KVA01-03/08 all
'E @ KVA 005 (1st samplel
5
o O JOU WU - DO
S
KT
-
18
> 107
JpeH pousd covml vomd ool voomd ool vl vowed vood v v voed ol 1o

10" 10™ 10" 10'° 10" 10" 10" 10 10%' 102 10% 10** 10* 10*® 10% 10*®
v [Hz]

Figure 8.7: Spectral energy distribution of 1ES 1218+304 for the 2005 observation. The
optical data from NED are not host galaxy corrected.
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level around the peaks of 1ES 12184304 is comparable to the one of 1ES
23444514, yielding a 20 times higher apparent luminosity of 1ES 12184-304
due to its larger distance. With the resulting size of the emission region,
taking t,,, = 5000s and 6 = 11 the observed flux level was not reachable.
Instead a Doppler factor of 17 and a blob radius of 6 x 10'5 cm is used. This
choice is somehow arbitrary. The goals were (i) to keep 0 below 20 and (ii)
to reach values of t.,, of a few hours as observed for other HBL objects.
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Figure 8.8: Spectral energy distribution of 1ES 12184304 for the 2006 observation. The
2005 MAGIC observations are shown in the background in grey. The optical data from
NED are not host galaxy corrected.

The SED from the optical to VHE is shown in Figure8.7 for the 2005
and in Figure 8.8 for the 2006 observations. The radio band is excluded as
the radiation is supposed to originate from a different part of the jet. The
parameters are listed in Table 8.3. The synchrotron peak is around 0.3 keV,
at one to two orders of magnitude lower energies than for 1ES 2344+514.
This is reflected by the much lower Lorentz factors at the break and at the
cut-off. The magnetic field is higher than for 1ES 2344+514. This could
be in principle avoided by a larger Doppler factor as the consequences for
the SED are similar (shift of the flux level at almost all wavelengths and a
shift in the frequencies). The average VHE spectrum in 2005 has a slightly
higher flux level than in 2006 with a comparable spectral shape. As for both
samples the same X-ray data are used, the electron density in 2005 is two
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times higher than in 2006, resulting in a higher energy output in the inverse
Compton than in the synchrotron regime. As the first subsample of the 2006
observations shows the hardest spectrum, the Lorentz factors at the break
and the cut-off are higher. As a consequence of the higher synchrotron peak
frequency, combined with almost the same flux level, the electron spectrum
is chosen steeper to fit the optical data. This also results in a higher value for
K, as the density around the break should be similar to the other simulations.

The last data point(s) are always underestimated by the model, although
within the errors, the model is still consistent with the observations. Due
to the lower synchrotron peak values compared to 1ES 2344+514, inverse
Compton peaks above ~ 100 GeV seems not feasable with a single zone SSC
model. With =, in the order of 10*~®, the condition for Compton scattering
in the Thomson limit is no longer valid for photon energies above ~10eV.
The case is not as extreme as for 1ES 23444514, but also for this source, a
sharp cut-off is expected due to Klein-Nishina effects above ~ TeV energies.
Future measurements at GeV energies from the LAT onboard the GLAST
satellite should reveal the high energy peak of 1ES 12184304 in the 10 GeV-
range. Further measurements at TeV energies would clarify, if the observed
increase at the highest energies of the deabsorbed spectrum is real, or just a
statistical fluctuation or a so far unknown systematic error from the analysis.

MAGIC 2005 MAGIC 2006

parameter all first sample

R 6.0 x 10% 6.0 x 10 6.0 x 10°

) 17 17 17

B 0.33 0.45 0.33

K 5.8 x 10* 3.0 x 104 6.3 x 10°

S1 2.10 2.10 2.40

S9 3.10 3.10 3.40

Vb 4.0 x 10* 4.0 x 10* 1.0 x 10°

Yo 2.0 x 10° 2.0 x 10° 6.0 x 10°
x%/n.d.o.f. 1.16 1.77 1.36

Table 8.3: Values of the model parameters for the simulated SED of different observations
of 1ES 12184304 together with the reduced y>2-values of the fit.

In Figures 8.9 and 8.10 the constraints on B and 9, as derived at the be-
ginning of this Chapter are shown for all the three simulations of the SED
together with the chosen parametrisation. The values for the observational
parameters which are used to calculate the constraints are listed in Table E.2.
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In all cases the chosen parametrisation is well inside the allowed parameter
space. In contrast to 1ES 23444514, even the second constraint, which as-
sumes Thomson scattering, is not violated. Because the spectral properties
of 1ES 12184304 are less extreme, a larger fraction of the high energy output
is scattered in the Thomson regime.
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Figure 8.9: The magnetic field B vs. the Doppler factor § as constrained from a single
zone SSC model for 1ES 12184-304 for the 2005 observation. The different constraints
are marked in red (i, Equ.8.9), blue (ii, Equ.8.12), black (iii, Equ.8.14) and green (iv,
Equ. 8.15). The dot mark the chosen parameters for the simulation presented in this work,
the triangle the parameters as derived by Bretz (2006) for the same observation and the
square the one for the SED of Mrk 421 as derived by Albert et al. (2007c).

For the 2005 data, the parameters are in good agreement with the ones,
derived by Bretz (2006) for the same observation (see Fig.8.9). As the spec-
tral properties of 1ES 1218+304 are quite similar to those of Mrk 421, it is
not surprising that the parameters found here are consistent with the ones
derived by Albert et al. (2007¢) for observations of Mrk 421 in 2005 with
MAGIC telescope. The constraints two, three and four would be shifted to-
wards lower values for a larger variability time scale. In that case, the size of
the source region can be larger, which would also allow lower Doppler factors.

8.4 Summary and conlusions

The spectral energy distribution from the optical to VHE gamma-rays of the
two HBL objects 1ES 2344+514 (z = 0.044) and 1ES 12184304 (z = 0.182)
is successfully modeld with a single zone SSC model for different states of
activity. The set of model parameter found in this work is thereby not
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Figure 8.10: The magnetic field B vs. the Doppler factor § as constrained from a single
zone SSC model for 1ES 12184304 for the 2006 observations as derived in this work (left:
highflux sample; right: complete sample). The different constraints are marked in red (i,
Equ. 8.9), blue (ii, Equ.8.12), black (iii, Equ. 8.14) and green (iv, Equ.8.15). The dots
mark the chosen parameters for the simulation.

unique, as the VHE observations lack simultaneously X-ray data. Also the
huge spectral gap from ~ 100keV to ~ 100 GeV is a severe problem, as the
high energy peak is not clearly detected and intermediate peaks cannot be
excluded. Furthermore the only detected short time variability comes from
a X-ray observation from 1996 for 1ES 2344+514. The resulting parameters
are in good agreement with other SED simulations (Bretz, 2006; Albert et al.,
2007b) of these sources and also with the modelling of similar HBL objects
like Mrk 501 (e.g. Kataoka et al., 1999) and Mrk 421 (e.g. Albert et al.,
2007¢).

One finding of this study is the tendency of steeper electron spectra in
case of increasing peak frequencies. As the observed variability is always
stronger at X-rays than in the optical, a shift of the peak frequency with-
out a significant increase of the total flux level, requires a steeper electron
spectrum to fit the optical data. This problem could be easily solved with a
two component model, where one electron population is responsible for the
lower, more constant flux level at lower energies, while a second population
of electrons with a much larger Lorentz factor at the break and the cut-off
can produce the hard component of the synchrotron spectrum, which can
dominate the total energy output in case of strong flares. Such a model was
already proposed by Giommi et al. (2000) for 1ES 2344+514 and Massaro
et al. (2004) for Mrk 501.

A problem raises from the fact, that in every case, the last VHE data
points are underestimated by the model, even though they are still consistent
within the large errors. As in a single zone SSC model the electron spectrum
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is strongly constrained by the synchrotron spectrum, arbitrary high inverse
Compton peak energies are not possible. Indeed, a significant part of the
photons is scattered in the Klein-Nishina regime, which effectively limits the
maximum energy reachable with inverse Compton scattering. One possibility
for peaks at TeV energies would be a second component with higher Lorentz
factors, which would result in further peaks in the MeV range. Another
possibility would be an additional strong IR photon target field, which could
produce TeV photons mainly by scattering in the Thomson regime. However
such a photon field has to be less luminous in the observer’s frame than
the boosted synchrotron emission from the electrons. Hard VHE spectra
are also observed for other TeV sources like 1ES 1101-232 (Aharonian et al.,
2007c). Here the VHE spectrum is even harder and goes up to ~3TeV.
Observations in the X-ray band from Swq ft in 2005 reveal a synchrotron peak
slightly below 1keV for this object (Tramacere et al., 2007). Observations
by BeppoSAX in 1997 and 1998 showed also higher peak energies up to a
few keV (Donato et al., 2005). Nevertheless these peak values are still to low
for a single zone SSC model to produce an inverse Compton peak at several
TeV. Multi-component models or a hadronic origin should be investigated
for these sources.

As time variability is a defining property of BL Lacs further multiwave-
length observation campaigns have to be performed to reveal the emission
process of these source class. Beside the recommended simultaneous X-ray
and VHE observations, measurements at intermediate energies, as expected
to be soon available from the GLAST mission (20 MeV - 200 GeV), but also
from future medium gamma-ray telescopes, covering the 100 keV-10MeV-
range, will be crucial for the understanding of the entire SED.



Chapter 9

Constraints on the luminosity
function

The luminosity function at VHE gamma-rays of HBLs is still poorly known
due to the small number of detected objects and the lack of a complete
sample. Nevertheless the luminosity function can be contrained by the ob-
servations reported in this work.

In the following chapter the expected number of HBL objects at VHE
gamma-rays are derived from a complete sample of X-ray BL Lacs making
assumptions on the X-ray/gamma-ray flux correlation and on the complete-
ness of the used compilation. An upper limit on the omnidirectional flux at
200 GeV is derived from the investigated sample and compared with model
predictions, based on the X-ray luminosity function of BL Lac objects.

9.1 Complete BL Lac samples

The compilation of Donato et al. (2001) (in the following referred to as
Donato-sample) is not a flux limited sample. The first complete X-ray sur-
vey of the entire sky with an imaging X-ray telescope was performed by the
ROSAT X-ray satellite. The use of an imaging telescope lead to a major
increase in sensitivity and source location accuracy compared to former all-
sky surveys based on collimated counters (e.g. HEAO-1, Wood et al., 1984).
ROSAT was launched in June 1990. The all-sky survey was performed from
the end of July 1990 to the end of January 1991. The satellite scanned
the sky in great circles whose planes were oriented roughly perpendicular
to the solar direction. This resulted in an exposure time varying between
~400s and 40,000s at the ecliptic equator and the poles respectively. The
focal plane of the telescope was hosted by the positional-sensitive propor-
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tional counter (PSPC) which detects photons in the soft X-ray range from
0.1keV to 2.4keV. In total 145,060 sources have been detected of which the
brightest 18,811 form the ROSAT All-Sky Survey Bright Source Catalogue
(RASS-BSC, Voges et al., 1999).

A complete flux limited BL Lac sample comprises the Hamburg/ROSAT
X-ray bright BL Lac sample (in the following referred to as HRX-sample),
including 77 BL Lacs, 65 of them with known redshift (Beckmann et al.,
2003). The sample is derived from the X-ray/radio correlation of objects
of the Hamburg RASS Catalogue with the NRAO VLA Sky Survey (NVSS,
Condon et al., 1998) radio catalogue. For a certain sky region of 4770 deg? (=
1.45sr), corresponding to 11.6 % of the sky, 235 objects with an X-ray/radio
correlation have been found above the chosen limit on the PSPC count rate
of 0.09sec™!. Of these 235 objects, 77 are identified as BL Lacs. The optical
identification of the sample is 98 %.

As the sample considered in this work (in the following referred to as
HBL-sample) is based on the Donato-sample, the completeness has to be
estimated before the number of expected sources can be derived. Of the
77 objects of the HRX-sample, 53 are also included in the Donato-sample
(corresponding to 68.8 %). The coverage increases to 85.2 % for objects with
an X-ray flux of f(1keV) > 1puJy and to 100 % for objects with an X-ray
flux of f(1keV) > 2 uJy. Unfortunately the criteria on declination and right
ascension of the HRX- and the HBL-sample are not the same. While the
HRX-sample ranges mainly from 20° to 85° in declination and from 7" to
16" in right ascension, the HBL-sample covers the declination range from
—1.2° to 58.8° and the complete range in right ascension. The sky region of
the HRX-sample that is also covered by the HBL-sample is 1.17sr (or 9.3 %
of the sky), which is by a factor 4.7 smaller than the complete sky region
scanned by the HBL-sample (5.51sr). In the HRX-sample seven sources fulfil
the selection criteria as described in Section 6.1!. If the redshift criterion is
rejected, three additional objects have to be added. For two of them, the
flux limit would be violated if the absorption of gamma-rays is taken into
account?.

An extrapolation of the eight candidate sources of the HRX-sample to
the 5.51 sr patch leads to a total number of 38 objects. Compared to the 14
sources observed from the HBL-sample, a completeness of 37 % is estimated?.

1One additional object is classified as a LBL in Donato et al. (2001).

2Strictly, the flux limit was made on the X-ray flux without taking the absorption for
gamma-rays into account. As the redshift was restricted to z < 0.3, the effect is small.
For sources at high redshift an equal intrinsic flux at 1keV and 200 GeV will result in a
much lower observable gamma-ray flux.

3For the Donato-sample the completeness is slightly higher (~ 45 %).
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The large discrepancy between the 100 % completeness with respect to the
HRX-sample and the 37 % for the complete set is mainly due to a lack of
objects in the right ascension range from 18" to 23".

9.2 Redshift distribution

In the following the redshift distribution of the HBL-sample is compared to (i)
all HBLs from Donato et al. (2001) with f(1keV) > 2 pJy, (ii) all HBLs from
Donato et al. (2001) without any flux limitation, (iii) the complete HRX-BL
Lac sample from Beckmann et al. (2003) and (iv) all HBLs detected at VHESs
so far (Fig.9.1).
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Figure 9.1: Redshift distribution of different BL Lac samples.

All redshift distributions show a maximum in the second bin from z = 0.1
to z = 0.2. The distribution for the HRX-sample is slightly flatter than
the one of the full Donato-sample. While the Donato-sample contains more
sources in total, the number of objects in the highest redshift bins is the
same or even less. A reason could be that the Donato-sample contains only
objects with measured X-ray slope. As this usually requires a certain flux
level, the HRX-sample will include also sources with lower fluxes, which
are likely located at a higher redshift. This trend is also visible from the
comparison between the full Donato-sample and the same sample after the
cut in the X-ray flux. In the latter case the number of objects above z &~ 0.2
decreases strongly.
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All detected TeV HBLs are located at strikingly low redshift. This has
several reasons. (i) The sensitivity in terms of the energy density of current
ground based gamma-ray telescopes is much less than the sensitivity of X-ray
telescopes. Therefore the VHE HBLs are among the brightest X-ray sources
of their class. Since a larger distance requires a higher intrinsic luminosity, the
number of sources at high redhifts with a detectable flux is low. This simple
geometric effect goes along with (ii), the absorption of VHE gamma-rays
in the MRF. (iii) HBLs show evidence for negative evolution on a 2 o-level
(Beckmann et al., 2003), i.e. HBLs are less numerous or less luminous in the
past.
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Figure 9.2: Left: The gamma-ray luminosity v, L, at 200 GeV vs. redshift. The arrows
mark the upper limits calculated in this work, whereas the stars indicate the detected
sources that belong to the sample described in Sect. 6.1. The triangle marks the detected
flux of 1ES 10114496 from another observation campaign. The open circles mark all
other detected HBL objects with published fluxes. The dashed line indicates a flux of
4.8 x 10712 ergem 257! corresponding to 2 uJy at 1keV. The solid line corresponds to
the same flux taking into account gamma-ray attenuation at 200 GeV. Right: The absolute
number of all detected HBLs with known redshift above a the given luminosty at 200 GeV.

Figure 9.2, left panel, shows the luminosity v., L, at 200 GeV vs. the red-
shift. All detected sources are above or within the line that marks the corre-
sponding luminosity to a flux of 2 uJy at 1keV. The absorption of gamma-
rays by the MRF increases with redshift, so that at a redshift of z = 0.3 the
emitted luminosity becomes twice as large as the observable one. In addition,
the cumulative number of all HBLs, detected at VHESs so far, above a certain
gamma luminosity are shown in the right panel of Figure9.2. The object
PG 15534113 is excluded from both plots because of its unknown redshift.
The distribution is flattening towards lower luminosities. From the X-ray
luminosity function as derived by Beckmann et al. (2003), a power-law be-
haviour with a slope of -0.9 is expected, assuming a comparable luminosity
at gamma-rays. The flattening is caused by the limited sensitivity, which
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requires low redshifts in case of low luminosity objects, while the accessible
volume for high luminosity objects is larger. When calculating a luminosity
function, the scaling of the space density by the accessible volume for each
object corrects for this effect.

9.3 Number counts

Since the HBL-sample is not a complete flux limited sample, the luminosity
function at VHESs can not be calculated. However, based on the assumption
of a comparable luminosity at 1keV and 200 GeV and the estimation of the
completeness of the HBL-sample, the cumulative number above a certain flux
level is compared between the HBL- and the HRX-sample. The HBL-sample
includes six detected VHE sources: 1ES 10114496, Mrk 421, 1ES 1218+304,
1ES 1426+428, Mrk 501 and 2344+4514. From the HRX-sample only the
65 objects with known redshift are used. The number counts of the HRX-
sample are scaled by multiplying with 4.5 to reach the 44 % patch of the sky
spanned by the HBL-sample. To get the monochromatic flux at 1keV from
the HRX-sample, the 0.5keV-2keV fluxes are divided by 1.5 assuming a
differential energy spectrum with spectral index -2.0. For a reasonable range
of spectral indices the uncertainty in the flux is ~10%. Assuming the same
intrinsic luminosity at 1keV and 200 GeV, the observed fluxes of the HRX-
sample have to be corrected for absorption of the gamma-rays in the MRF.
The result is shown in Figure9.3.

From the differences of the black and red distributions, the effect of ab-
sorption is clearly visible. Above the vertical line 37 sources are expected
from the red distribution, which is by a factor of 6 more than the number
of detected sources. A lack of candidate sources is expected from the in-
completeness of the HBL-sample. When correcting for the incompleteness
by scaling the number of detected HBLs by a factor of 2.7, the number of
expected sources is still twice the one of anticipated detections. This discrep-
ancy can be solved by a different ratio between X-ray and gamma luminosity.
A fit to the scaled detections, assuming the shape of the distribution of the
red points, results in a 1.4 times less luminosity at 200 GeV than at 1keV.
This value corresponds to a broad-band spectral index of ax, = 1.02, which
is in good agreement with the ones found in Section 7.3.2 (Figure 7.3).

The small number of bright source candidates compared to the expected
number from the extrapolation of a complete sample clearly shows the lim-
itations of pointed observations for a Cherenkov telescope. A complete flux
limited BL Lac sample over the entire sky is still missing . The upcoming
GLAST mission will provide an all sky survey at GeV-energies within the



170 CHAPTER 9. CONSTRAINTS ON THE LUMINOSITY FUNCTION

10°

10?

N, ., > F(200GeV)

HRX-sample

] HRX-sample, absorbed

1 = v HRX-sample, absorbed, z<0.3
E * HBL-sample, detected
N HBL-sample, detected and scaled 7| . JEN
A I A N ‘ﬂ 3
1 R 1 1 [ (| | | | 1 1 Al
13 -12 -11 -10
10 10 10 10

vF(200GeV) [erg cm? s]

Figure 9.3: Cumulative number over the energy density at 200 GeV. The total number
of objects refers to a patch of 44 % of the entire sky. The black dots represent the dis-
tribution for all objects of the HRX-sample with known redshift (65 out of 77), assum-
ing vF(1keV) = vF(200GeV). The red dots show the expected number of BL Lacs at
200 GeV, assuming again the same energy density as at 1keV but taking the absorption
in the MRF into account. The green triangles are a subsample of the red distribution and
include only objects with z < 0.3. The blue stars mark the number counts for the detected
objects of the HBL-sample. The grey dots represent the expected detections, based on the
real detections, but scaled with 2.7 to account for the incompleteness of the HBL-sample.
The vertical line indicates the intended flux limit of the search (4.8 x 10712 ergem 2571,
corresponding to 2 uJy at 1keV). The solid line represents a fit to the red points. The
dashed and dotted lines resemble the solid line, but for a three and 1.4 times lower flux,
the latter one from a fit to the grey points.

next two years. This will not automatically lead to a complete sample of
BL Lacs, as all the detections have to be identified. The anticipated large
number of unidentified sources will ask for follow-up observations with ra-
dio, optical, X-ray and ground based gamma-ray telescopes. In addition,
the most sensitive energy range of the LAT instrument will favor LBLs and
quasars over HBLs. The identification is strongly hampered in the sky region
that is covered by the galactic plane.

From the cumulative X-ray number counts, assuming a slightly modified
correlation between the X-ray and gamma-ray luminosities, it can be seen
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that the current sample of detected VHE BL Lacs is still the tip of the iceberg.
Unfortunately the distribution of the expected number of VHE sources is
flatter than the corresponding distribution at X-rays due to the absorption of
gamma-rays in the MRF. Already with the current sensitivity of MAGIC and
an incomplete sample based on compilations, a total number of 20 sources are
expected, exploiting the full sensitivity of the instrument in 50 h pointings.
With the beginning of regular observations with MAGIC II, scheduled for
spring 2009, this goal could be achieved in much less observation time. Also
the lower energy threshold will lead to more detections, in particular for high
redshift sources. These considerations are based on population statistics. For
a single object the X-ray/gamma-ray correlation may be different. Also the
variability makes the estimation of a VHE flux, based on archival X-ray data
difficult.

9.4 Contribution to the extragalactic back-
ground

In the following the upper limit on the cumulative omnidirectional flux at
200 GeV from X-ray bright HBLs is derived, noting that GLAST will measure
the diffuse extragalactic background up to 200 GeV. The selection criterion
for the declination of the sample corresponds to a patch of the sky with
a size of 5.51 sr (or 44% of the sky). The sum over the fluxes as well as
the upper limits of all 14 sources of the sample and PG 15534113, which is
within the declination range, amounts to 2.48 x 10~% ergcm=2s7!. Divided
by the 5.51sr patch, this results in an upper limit on the total intensity at
200 GeV of Iyur(200 GeV) =€ -2.81 x 1078GeV em?sr s, where € ac-
counts for the incompleteness of the sample. Assuming ¢ = 2.7 as derived
in Section 9.1, the upper limit for the total intensity at 200 GeV is calcu-
lated as Iypg(200 GeV) = 7.6 x 1078GeV cm™2sr~'s~. This upper limit is
dominated by the two brightest sources, Mrk 501 and Mrk 421. Under the
assumption that the HBL-sample is complete for the brightest X-ray sources
(f(1keV) > 15pudy) the factor € counts only for the rest of the sample,
resulting in an upper limit of Iyyg(200GeV) = 4.5 x 1078GeV ecm 2 sr1s71.

In a second approach, the omnidirectional flux is calculated using the
HRX-sample. Under the assumption of f(1keV) = 1.4 -(200GeV), as de-
rived in the last section, and taking into account the pair production opti-
cal depth at 200 GeV, the total expected intensity at 200 GeV amounts to
Ivue(200 GeV) = 7.8 X 1078GeV em 2 s ! s7!. Again, a dominant contribu-
tion comes from Mrk 421, the brightest source of the sample, which is also
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scaled by the same factor than the other sources to cover a sky region of
44 %. Assuming only 2 bright sources in this region (Mrk 421 and Mrk 501)
results in a total intensity of Iyyg(200GeV) = 6.2 x 1078GeVem 2sr st
Note that these numbers decrease by about 40 % if only the brightest sources,
like in the HBL-sample, are taken into account. In this case, the expected
flux is well within the upper limit derived from the HBL-sample. All quoted
numbers are summarised in Table9.1.

Recently Kneiske and Mannheim (2007) showed that HBLs could ac-
count for up to ~ 20% of the extragalactic background radiation at GeV
energies, when including cascade emission from sources at higher redshifts.
The luminosity function used for their calculation was derived from the
X-ray luminosity function (Beckmann et al., 2003) assuming the same lu-
minosity above 300GeV as from 0.5keV to 2keV. For the HBL contri-
bution of faint point sources at 200 GeV, they obtain (somewhat model-
dependent) I&pﬁmt)(QOO GeV) = (4 —10) x 1078 GeV em 2sr!s™! which is
barely within the upper limit obtained here. For the total intensity, includ-
ing the diffuse component due to electromagnetic cascading, their result is
1315900 GeV) = 1.0 x 10-7 GeV em~2sr~!s~1. This estimate is based on
assuming that the emitted VHE spectra generally have peaks at energies well
in excess of 200 GeV.

HBL-sample HRX-sample
(1) (2) (1) (2)
Ipe(200GeV) < 7.6x107% <45x107® 7.8x107® 6.2x 1078

Table 9.1:  Estimation of the omnidirectional flux at 200GeV in units of
GeVem~2sr!s™!. Two different approaches are shown: one based on the HBL-sample,
including the upper limits, and another one based on the X-ray luminosity function (HRX-
sample). Note that the upper limits derived with the first approach are below the flux
estimation of the second one because only the brightest objects are taken into account in
the HBL-sample. For both approaches two numbers are calculated: the first one scales
the total flux of all objects to the complete sky taking into account the incompleteness of
the HBL-sample (1); for the second value (2) a completeness of 100 % is assumed for the
brightest objects (like Mrk 421 and Mrk 501).



Chapter 10

Conclusions

While the sensitivity of an imaging air Cherenkov telescope above TeV ener-
gies is mainly limited by the very low photon fluxes, the sensitivity at lower
energies is limited by the large number of background events. It has been
shown in this work that the images of single muons with large impact pa-
rameters look like showers initiated by gamma-rays with an energy below
~ 150 GeV. The expected rate of muon events has been estimated for the
MAGIC telescope in case of ideal observation conditions to lie in the range
from 150 Hz to 170 Hz. Compared to an event rate of ~ 230 Hz muons would
account for 2/3 of the data taken. Stereo observations in coincidence mode
reduce the number of recorded muon events, as these events usually trigger
only one telescope. A clone of the MAGIC telescope is currently under con-
struction at the same site. The commissioning phase is planned to start in
autumn 2008. A strong improvement in sensitivity is expected from MAGIC-
IT in particular by reducing the analysis threshold from currently ~ 200 GeV
to below 100 GeV.

Beside their role as a strong source of background, the images of single
muons with small impact parameters can be used to cross-calibrate different
data sets as well as to monitor the point spread function of the optical system.
This is achieved by an anlysis of well defined ring images in the detector and
the comparison of the light intensity of these rings as well as their width
with simulated muon events. The method, orignally developed by Vacanti
et al. (1994) for the Cherenkov telescope of the Whipple observatory and
later by Meyer (2004) for the MAGIC telescope, has been improved in this
work and implemented in the automatic analysis. The automatised muon
analysis revealed a continuous increase of the optical point spread function
in 2005. This was explained by a tiny instability of the laser position of
the reflector panels which are used by the active mirror control as reference
positions. The cross-calibration, based on the muon ring analysis, of data
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taken during 14 months yielded differences in the calibrated light intensity
up to 20 %.

The search for VHE gamma-ray emission from a sample of twelve X-ray
bright HBL objects resulted in the discovery of 1ES 12184304 as a VHE
emitter (Albert et al., 2006d) as well as in the detection of 1ES 2344+514
in a state of low activity with high significance (Albert et al., 2007b, and
this work). For ten sources no significant signal has been found. The upper
limits on their integral flux above ~ 200 GeV have been calculated on a 99 %
confidence level, yielding values between 2.3 % and 8.6 % of the Crab Nebula
flux. A hint of a signal has been seen from the direction of 1ES 1011+496 on
a ~ 30 level. The object has been confirmed as a VHE emitter by a second
observation in March 2007, triggered by an optical outburst, which led to a
clear detection of the source (Albert et al., 2007e).

The broad-band spectral indices, based on the monochromatic radio
(5 GHz), optical (640 nm), X-ray (1keV) and gamm-ray (200 GeV) luminosi-
ties of the detected sources, do not deviate from the so far non-detected
sources. The X-to-gamma-ray luminosity ratio (ax,) significantly exceeds
unity for the majority of the objects (the lowest X-to-gamma-ray luminosity
ratio of a detected HBL is 1/9) with an indication of an increasing ax. with
increasing X-ray luminosity. In the framework of a single zone SSC model,
equal luminosities of the synchrotron emission (here X-rays) and the inverse
Compton emission (gamma-rays) are expected for the case of equal energy
densities of the synchrotron photons and the magnetic field. In this context,
the deviation from unity in the distribution of ax. could be interpreted as
variations of the peak position with respect to the observed energy. As most
of the data have not been taken simultaneously, flux variability (e.g. high
state X-ray emission vs. quiescent VHE emission) can also account for some
deviations from unity. Assuming a short duty cycle for flaring activity com-
pared to the exposure time, fixed observations avoid a bias towards flaring
emission states. The detection of 1ES 23444514 showed that detailed spec-
tral studies become now feasilble also in a quiescent state. With the start of
regular observations with MAGIC-II, scheduled for 2009, the detection of all
known X-ray bright HBLs seems feasible. The lowered energy threshold of
MAGIC-IT will thereby increase the number of high-redshift sources as well
as sources with lower VHE peak energies.

For 1ES 23444514 and 1ES 12184304, evidence for time variability on a
time scale of 24 h and 17 days, respectively, has been observed, in the latter
case for the first time at VHEs. Shorter time scales can not be excluded due
to the low flux level and the limited sampling of the lightcurve. The SED
of both objects has been successfully modelled for different flux levels with
a single zone SSC model using archival X-ray data. The parameter values
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are in good agreement with those derived for similar HBLs. In particular the
spectral properties of 1ES 1218+304 are quite comparable to the one of Mrk
421 and the spectral properties of 1ES 2344+514 are comparable to the one
of Mrk 501 which belongs together with 1ES 1426+428 to a small subclass of
extreme BL Lac objects, revealing synchrotron peak energies above ~ 10 keV.

From the comparison of the investigated sample with the complete X-ray
BL Lac sample from Beckmann et al. (2003) the expected number of VHE BL
Lacs above the sensitivity of the scan is six times higher than the observed
one, assuming the same luminosity at 1keV and at 200 GeV. The discrepancy
can be explained taking into account the incompleteness of the investigated
sample (~ 37 % complete) and a slightly modified 1keV /200 GeV correlation
of 1.4 in average instead of unity. This is also consistent with the values and
upper limits found for ax,. A complete catalogue of HBLs over the entire
sky would be important to study them on a much larger statistical basis.
This could be provided in the near future by the planned all-sky surveys of
the gamma-ray satellite GLAST (launch scheduled for May 2008) and the
X-ray satellite eROSITA (launch scheduled for 2011).



Appendix A

Observation log: Crab Nebula

In the following tables all data used in this work for the analysis of the Crab

Nebula are listed together with the most important parameters.

Abbreviations used in the table headings: seqn. = Sequenz number; start.
time = starting time of the first data run; expos. = exposure time in min.;
ZD = zenith distance range; BP = number of bad pixels; ped. = pedestal
rms in photoelectrons; rate = data rate after image cleaning in Hz; inh. =
inhomogeneity; p-rate = rate of muon ring images in Hz; ratio = ratio of
light intensity of simulated and observed muon events; PSF = point spread
function of the optical system (in mm) as derived from the analysis of muon
ring images.

A.1 Observations in on-off mode

Table A.1: Observations of the Crab Nebula in on mode.

seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF
45636 2004-12-06  16.18 7-9 6 124 204 101 094 99.1 208
46068 2004-12-19 2343 2731 7 120 183 8.1 0.97 99.0 20.2
46533 2005-01-02 38.23 1522 5 1.14 188 89 1.02  103.0 20.2
46575 2005-01-03  12.60 8-9 5 115 190 9.0 1.00 103.3 20.9
46581 2005-01-03 16.35 10-12 7 1.18 190 8.9 1.06  102.5 20.1
46693 2005-01-03 150.13  7-21 6 1.14 178 88 0.95 100.8 19.6
47585 2005-01-08 23.20 19-23 6 1.15 161 9.6 0.78 97.9 173
47621 2005-01-08  69.52  7-17 6 1.15 171 8.7 0.86 98.1 19.1
48471 2005-01-12 192,52  7-28 5 115 161 89 0.80 99.0 20.6
48786 2005-01-13 1042 13-14 6 1.11 184 94 1.01 102.1 184
48791 2005-01-13 813 11-12 5 1.11 183 9.0 0.96 1009 17.6
48796 2005-01-13  5.38 10-10 5 1.10 183 9.1 0.92 101.7 18.6
48800 2005-01-13  42.87 7-9 4 111 185 95 0.97 99.8 18.2
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Table A.1: Observations of the Crab Nebula in on mode (continued).
seqn.  start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF
48817 2005-01-13  60.23  8-19 6 114 180 9.1 0.91 99.5 18.8
49098 2005-01-14 43.08 12-20 6 1.15 170 88 0.81 100.8 18.9
68514 2005-09-15 38.68 31-38 8 126 203 8.1 1.24 1047 16.6
68528 2005-09-15 46.90 19-29 9 127 215 7.7 1.30 1047 174
70181 2005-10-05 92.75  7-22 12 1.13 218 9.0 1.30  100.2 13.3
70350 2005-10-06  20.67 15-19 6 1.16 208 8.8 1.28 98.8 12.7
70629 2005-10-11  21.48 7-9 12 119 169 9.2 1.09 100.1  13.5
70695 2005-10-12 104.50 7-18 15 1.18 163 9.6 1.13 98.8 15.3
71208 2005-10-28 24.58 12-16 12 1.15 169 11.0 1.17 100.2 15.9
71219 2005-10-28 29.38 7-11 12 1.18 169 114 1.15 1014 158
71230 2005-10-28  19.62 7-7 12 122 169 109 1.13 99.9 159
71238 2005-10-28 33.27 812 10 1.25 167 10.7 1.10 98.6 16.3
71250 2005-10-28 21.38 14-17 12 1.27 169 9.8 1.11 98.1 16.3
71259 2005-10-28 28.38 1824 13 1.28 162 10.3 1.05 97.6 15.6
71389 2005-10-29 1942 2731 8 1.14 205 10.2 1.22 98.7 16.3
71398 2005-10-29 19.75 22-26 12 1.12 157 122 1.10 99.4 154
71406  2005-10-29 26.12 16-21 11 1.12 158 12.3 1.09 100.2 148
71416  2005-10-29  45.12 8-15 12 1.11 160 124 1.10 101.2  16.3
71716 2005-11-01 23.63 2428 8 1.11 149 122 1.05 99.1 15.0
71726 2005-11-01 1797 20-23 8 1.10 154 122 1.06 99.7 15.6
71733 2005-11-01 23.82 14-18 8 1.09 155 122 1.10 100.0 15.2
71742  2005-11-01  37.25  8-13 8 1.09 154 122 1.10 99.5 16.1
71754 2005-11-01  29.83 7-8 8 1.09 156 12.3 1.10 99.1 16.2
71764 2005-11-01 24.18  8-12 8§ 110 152 11.5 1.15 100.3 16.7
71773  2005-11-01 1510 12-15 8 1.10 159 11,5 1.11 99.9 15.0
73105 2005-11-03  24.92 7-9 10 1.07 158 124 1.06 101.3 149
73230 2005-11-03  17.05 7-8 9 108 158 12,6 1.13 1004 159
73422  2005-11-03  23.17  9-13 9 109 158 123 1.08 100.6 164
74345 2005-11-05 32.85 14-20 12 1.15 162 10.8 1.04 99.2 171
74356 2005-11-05 22.00 21-25 13 1.15 159 10.7 1.10 99.7 16.8
74364 2005-11-05 27.13 27-32 12 1.16 155 11.1  1.05 98.7 15.8
74700 2005-11-07 30.57 10-16 11 1.07 159 12,5 1.06 100.0 15.7
74711  2005-11-07  44.53 7-10 11 1.08 161 12.0 1.06 100.1 164
74727  2005-11-07  43.18 8-14 11 110 161 11.5 1.05 99.3 16.1
74742 2005-11-07 2545 16-20 11 1.10 158 11.1  1.11 99.8 16.5
74752  2005-11-07 23.65 21-25 11 1.11 157 11.5  1.08 99.5  15.8
74761 2005-11-07 19.77 2730 10 1.13 156 11.7 1.08 99.1 154
74769 2005-11-07 25.23 31-36 11 1.15 149 11.6  0.99 98.4 158
77618 2005-12-09 54.13 7-14 17 1.10 151 11.5 0.93 97.6 16.6
81669 2006-02-01  17.52 7-9 14 113 205 10.1  1.08 96.8 15.7
81889 2006-02-02 57.20 9-20 12 125 175 94 1.01 96.9 17.0
82894 2006-02-19 68.72 26-40 21 1.11 186 6.8 1.01 98.2 15.6
82957 2006-02-20  32.92 7-8 20 111 199 9.1 1.00 97.8 16.0
83129 2006-02-21  94.92 7-20 23 113 191 7.6 1.04 98.5 16.8
83578 2006-02-23 33.30 34-40 14 112 18 64 1.10 974 14.6
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Table A.1: Observations of the Crab Nebula in on mode (continued).

seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF

85805 2006-03-22 4935 28-38 14 1.20 162 11.5 1.06 98.0 16.3
86290 2006-03-24 34.40 31-38 12 1.21 173 94 1.08 99.1 16.0
87153 2006-03-28 20.15 35-39 10 1.25 171 9.6 1.03 99.0 144

Table A.2: Used off observations for the analysis of the Crab Nebula.

o3
e

seqn. start. time expos. 7D ped. rate inh. p-rate ratio PSF

45604 2004-12-01 31.42 7-14
45729  2004-12-09  59.85  8-19
46078 2004-12-19  27.87  27-32
46638  2005-01-03 123.33 10-27
47403  2005-01-07 160.72  7-25
47988  2005-01-10  96.15  10-22
48663 2005-01-13  71.40  1-12
48694 2005-01-13  10.02 5-6

49329 2005-01-21  92.87  1-15
63403 2005-08-02  24.88  28-29
63911 2005-08-05  43.17  12-16
63936  2005-08-05  27.30  17-22
64789  2005-08-08  46.87  28-30
64817 2005-08-09  38.32  30-35
65234 2005-08-11  34.52 12-13
65252 2005-08-11  36.80  14-20
65434 2005-08-12  55.93  14-20
65471 2005-08-12  30.67 14-14
65607 2005-08-13  12.72  33-34
66784 2005-08-28  29.92  18-22
69689  2005-10-01  34.25  18-22
70600 2005-10-11  25.55  9-12
71431 2005-10-29 76.82  8-12
71455 2005-10-29  40.83  13-20
74116  2005-11-04  55.25  10-20

1.12 200 104 0.95 99.0 18.7
1.02 198 9.2 1.08 102.5 17.7
098 236 74 0.93 102.8 189
1.04 236 7.6 1.06 102.2 19.6
1.16 172 9.1 0.94 99.6 18.6
1.07 229 8.1 1.00 100.9 18.9
0.90 247 7.5 0.95 102.8 18.8
091 246 7.2 1.01 101.3 19.1
1.20 203 9.7 0.97 99.3 18.5
1.11 171 6.8 1.20 99.2 154
1.00 174 64 1.20 100.2 16.8
099 171 6.3 1.14  100.0 15.7
1.11 160 8.2 1.14 99.7 16.0
1.12 157 8.1 1.11 99.0 15.7
1.02 167 7.0 1.25 101.0 15.1
1.03 167 7.5 1.22 1009 15.6
095 225 6.7 1.28 101.1 16.1
096 225 5.5 1.34  102.1 158
1.14 156 7.3 1.18 99.3 14.7
1.17 147 5.0 1.21 1023 16.6
1.05 177 6.7 1.23 99.1 131
1.12 170 9.6 1.20  100.7 14.6
1.17 164 117 1.17 99.6 16.2
1.22 159 103 1.13 98.9 15.7
112 142 114 111 99.1 159

= [\) — = = — =
S 0ORNAND L0000 SO0 DS 00U RO oW

74134  2005-11-04  8.95 7-8 10 110 145 114 1.16 98.5 16.6
74374 2005-11-05 3148 16-20 12 1.14 161 11.3 1.14 100.1 15.6
74386 2005-11-06 31.70 21-25 11 1.09 153 11.7 1.13 99.8 145
74397  2005-11-05 17.02 27-29 11 1.06 147 116 1.14 99.9 15.0
76312 2005-12-02  29.05 32-37 14 1.06 189 7.7 1.05  100.7 15.1
76606 2005-12-04 49.02 23-26 15 1.02 164 8.6 1.26  100.2 15.1
76787 2005-12-04 28.23 25-30 16 1.08 174 9.9 1.12 98.1 159
76804 2005-12-04 14.72 31-33 16 1.06 168 10.0 1.14 99.6 15.2
77523  2005-12-08  43.15 2832 13 1.04 199 9.2 1.07 99.2 152
77542 2005-12-08 118.65 27-36 12 1.06 192 9.2 1.05 98.3 152



A.l

OBSERVATIONS IN ON-OFF MODE

179

Table A.2: Used off observations for the analysis of the Crab Nebula (continued).

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF
79128 2005-12-31  56.55 27-30 13 1.15 175 9.5 1.02 98.4 16.0
79155 2005-12-31 22.22 27-28 13 1.17 172 9.1 1.02 98.2 16.3
79782 2006-01-02 34.55 23-24 13 1.00 179 10.0 1.13 99.5 16.1
79963 2006-01-03 95.58 7-13 17 1.12 144 11.3  1.00 99.8 16.7
82380 2006-02-05 119.85 24-47 16 098 200 9.3 1.06 99.0 16.0
83165 2006-02-21 80.58 7-19 21 1.02 215 5.7 1.12 98.6  16.3
84558 2006-03-04 17.93 23-27 20 0.92 228 8.3 0.97 98.1 15.3
84937 2006-03-07 108.25 1828 20 096 214 101 1.09 1005 16.7
85463 2006-03-20 54.93 24-35 17 1.20 161 9.6 1.07 98.0 17.1
86664 2006-03-26  58.98 36-41 18 1.08 178 10.0 1.15 99.4  15.7
86745 2006-03-26 32.18 28-35 11 1.20 163 10.8 1.08 98.0 14.9
87271 2006-03-29  56.20 36-41 13 098 192 9.4 1.03 100.0 15.2
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A.2 Observations in wobble mode

Table A.3: Observations of the Crab Nebula in wobble mode.

seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF

70006 2005-10-04 16.72 20-23 7 1.11 218 8.0 1.35 1014 13.5
70015 2005-10-04 23.08 15-19 7 1.11 224 8.1 1.32  101.1 138
70025 2005-10-04 2440 10-14 7 1.11 224 8.0 1.33 1014 144
70035 2005-10-04 18.70 79 6 113 221 87 1.35 99.3 145
76265 2005-12-02 24.83 11-15 14 1.08 144 10.8 0.93 99.0 17.1
76273 2005-12-02 2145 1821 13 1.10 143 11.0 0.98 1000 15.7
76280 2005-12-02  7.52 22-23 15 1.11 144 109 0.95 99.9 15.6
76911 2005-12-05 25.77 12-16 16 1.07 142 11.1  0.98 98.0 144
76922 2005-12-06 2.32 17-17 14 1.07 146 11.7 1.13 98.7 12.1
76925 2005-12-05 23.63 17-22 14 1.06 140 104 0.99 98.6 14.7
77319  2005-12-07 1532 11-13 14 1.09 144 11.7 0.88 96.2 149
77327 2005-12-07  13.67 14-16 14 1.09 143 11.2 0.88 97.0 16.2
77334 2005-12-07  16.63 18-21 13 1.11 140 10.9 0.90 97.5 16.0
77342 2005-12-07  5.60  22-23 14 1.11 137 115 0.84 95.0 15.6
80433 2006-01-20 30.82 7-12 12 1.04 217 7.8 1.22 101.8 16.0
80447 2006-01-20  27.20 7-8 14 1.06 201 8.3 1.30 101.0 16.6
83987 2006-02-26  19.95 25-28 16 1.12 198 7.9 1.14  100.0 16.8
83996 2006-02-26  19.95 30-34 16 1.13 181 8.0 1.07 98.2 15.1
84227 2006-03-02  14.95 34-3v 17 1.16 196 7.7 1.06 97.3 16.8
85247 2006-03-19 18.65 36-40 36 1.10 142 13.5 0.68 89.0 15.1
85290 2006-03-19  10.57 42-45 33 1.11 128 16.5 0.68 90.6 15.7
85625 2006-03-21  18.10 29-32 17 1.20 179 9.8 1.09 97.5 16.7
85633 2006-03-21 14.93 34-36 17 1.19 163 9.5 1.00 97.2  16.0
85640 2006-03-21 14.93 3740 17 1.19 161 104  0.97 98.9 14.7
86009 2006-03-23  9.20 29-33 12 1.25 151 94 1.15 99.7 16.9
86527 2006-03-25 19.92 32-36 10 1.24 175 11.1 1.01 99.0 154
86536 2006-03-25 19.93 36-40 11 1.22 160 10.6 1.00 99.3 149
86936 2006-03-27 19.90 35-38 11 1.24 190 9.1 1.06 974  16.2
87388 2006-03-29 19.92 3741 9 1.22 168 10.2 1.03 96.3 15.6




Appendix B

Monte Carlo comparison

B.1 Gamma initiated air showers

Figure B.1: Left panel: Distribution of the image parameters length, width, dist, size
and m3long of simulated gamma showers (red) and gamma events from the Crab Nebula
(blue). Right panel: Distributions of the differences in the same image parameters between
simulated and observed gamma showers.
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B.2 Muons

Figure B.2: Left panels: Distribution of the main muon image parameters radius,
arcwidth and arcphi for simulated muon events (red) and muon events extracted from
data of the Crab Nebula (sequence 70695, blue). The distributions are scaled by their
integrals. Right panels: Differences of both distributions.
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Appendix C

Observation log: HBL objects

In the following tables all data used in this work for the analysis of the sample
of HBL objects as described in Section 6.1 are listed together with the most
important parameters.

Abbreviations used in the table headings: seqn. = Sequenz number; start.
time = starting time of the first data run; expos. = exposure time in min.;
ZD = zenith distance range; BP = number of bad pixels; ped. = pedestal
rms in photoelectrons; rate = data rate after image cleaning in Hz; inh. =
inhomogeneity; u-rate = rate of muon ring images in Hz; ratio = ratio of
light intensity of simulated and observed muon events; PSF = point spread
function of the optical system (in mm) as derived from the analysis of muon
ring images.

C.1 1ES 01204340
Table C.1: Observations of 1ES 01204340 in wobble mode.
seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF
63776  2005-08-04 10.25  9-12 9 092 230 54 1.24 1003 174
64025 2005-08-05 24.20 9-12 10 092 226 5.6 1.23 101.7 16.9
64713 2005-08-08 30.98  6-13 9 091 217 6.9 1.30 101.5 16.1
64943 2005-08-09 45.13 6-13 10 093 224 6.0 1.29 101.0 16.3
65142 2005-08-10 46.45 6-13 10 090 227 6.0 1.26  102.0 16.5
65333 2005-08-11 3845 9-15 10 090 226 6.3 1.25 101.2 164
65356 2005-08-11  12.00 6-7 10 0.89 228 6.3 1.34 103.5 17.8
65531 2005-08-12 51.15  6-16 8 089 230 6.4 1.30 101.7 16.5
65563 2005-08-12  9.43 6-6 9 089 231 52 1.34 1023 17.0
65695 2005-08-13 44.83  8-16 9 093 216 7.1 1.29 101.7 164
65716 2005-08-13  30.12 6-8 11 092 211 6.6 1.28 101.0 16.2
65778 2005-08-14  44.70  6-10 9 091 224 538 1.30 101.2 16.8
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Table C.1: Observations of 1ES 01204340 in wobble mode (continued).
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
65860 2005-08-15 59.23  7-18 9 092 224 6.3 1.28 1014 16.8
65898  2005-08-15  29.90 6-7 12 093 225 5.9 1.26 101.4 16.7
65929 2005-08-16 59.88  6-17 11 094 224 6.3 1.29  100.8 16.5
65959 2005-08-16  26.43 6-7 12 096 226 4.7 1.29  100.0 15.8
65976 2005-08-17 81.75 6-13 11 0.92 222 6.4 1.26 101.0 16.7
67100 2005-08-30 39.78 16-24 7 098 161 7.2 1.45 102.6 15.6
67802 2005-09-04 19.25 23-26 9 1.01 153 11.8 1.20 99.6 14.9
67956 2005-09-05 38.27  8-14 7 097 155 13.1 1.22 98.8 15.4
68136 2005-09-10 16.53 27-29 7 1.09 147 115 1.11 94.2 15.4
68267 2005-09-11 59.73 19-31 8 1.07 145 8.2 1.12 96.7 15.3
68284 2005-09-11 63.62  6-17 8 1.04 158 8.9 1.16 98.0 15.9
68387 2005-09-12  20.17 20-24 8 1.11 176 9.5 1.19 100.1 17.4
C.2 RX J0319.8+1845
Table C.2: Observations of RX J0319.841845 in wobble mode.
seqn.  start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
69286 2005-09-29 20.40 1821 5 1.04 212 9.2 1.38 99.1 14.4
69301  2005-09-29 6.52 14-14 5 1.06 213 9.6 1.46 98.8 16.7
69807 2005-10-03 22.07 17-21 6 1.00 161 10.7 1.05 100.9 13.8
69815 2005-10-03  25.97 13-17 7 1.00 160 11.0 1.10 100.3 13.8
69824 2005-10-03 19.50 10-12 6 1.00 169 8.9 1.13  100.5 14.2
69831 2005-10-03 1830 10-10 7 0.99 171 9.0 1.12 101.1 144
69838 2005-10-03 17.63 11-12 6 099 169 8.8 1.14 100.5 13.3
70133 2005-10-05 20.77 1822 6 1.05 218 8.3 1.30 100.0 12.2
70142 2005-10-05 23.85 13-17 6 1.06 220 7.9 1.31 100.2 13.3
70153 2005-10-05 20.17 11-13 6 1.04 218 8.9 1.30 99.7 125
70162 2005-10-05 18.58 10-10 6 1.02 221 9.8 1.31 101.0 13.9
70170 2005-10-05 22.75 10-12 6 1.02 218 9.0 1.38 100.7 12.9
80727 2006-01-23 20.20 11-13 11 0.99 242 6.4 1.32 101.2 18.1
80738 2006-01-23 28.02 14-19 12 1.03 225 6.2 1.25 101.0 17.6
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Table C.3: Observations of RX J0319.84+1845 in on mode.

seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF

45626 2004-12-06  19.32  28-31
45768  2004-12-09  41.37  12-19
47360 2005-01-07  99.73  10-20
47546  2005-01-08  92.68 10-19
47766  2005-01-09 103.93 10-19
48208 2005-01-11  35.02  12-17

1.04 189 8.5 1.03 101.8 198
1.07 257 7.7 1.26 1019 19.0
1.06 228 8.2 1.04 100.5 18.3
1.03 227 88 0.99 99.6 18.3
1.02 168 9.7 0.83 100.1 185
1.05 235 8.6 097 101.2 18.7

~N O OOt

Table C.4: Used off observations for the analysis of RX J0319.8+1845.

seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF

45729  2004-12-09  59.85  8-19 3 102 198 9.2 1.08 1025 17.7
46078 2004-12-19 27.87 2732 7 098 236 74 093 102.8 18.9
46638 2005-01-03 123.33 10-27 5 1.04 236 7.6 1.06 102.2 19.6
6
5

47403  2005-01-07 160.72 7 -25 116 172 9.1 0.94 99.6 18.6
47988  2005-01-10  96.15  10-22 1.07 229 8.1 1.00 100.9 18.9
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C.3 1ES 0323+022
Table C.5: Observations of 1ES 03234022 in wobble mode.
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
69474 2005-09-30 19.23 31-33 6 1.10 181 8.9 1.18 97.8 13.1
69483 2005-09-30 19.55 29-31 6 1.11 185 8.5 1.17 98.2 133
69491 2005-09-30 23.45 27-28 6 1.10 190 9.0 1.20 98.6 134
69502 2005-09-30 16.02 26-27 6 1.09 190 9.7 1.15 975 12.1
69510 2005-09-30 18.03 26-27 6 1.10 191 9.1 1.21 97.5 12.8
69518  2005-09-30 2.67  27-27 6 1.10 188 9.2 1.25 98.0 11.3
69959 2005-10-04 15.93 32-34 7 1.00 215 7.8 1.19 101.6 14.1
69967 2005-10-04 22.23 29-31 7 098 221 7.8 1.20 100.5 13.7
69976 2005-10-04 24.57 27-29 6 098 224 74 1.20 100.5 13.6
69987 2005-10-04 21.12 26-27 7 097 223 7.6 1.21 100.5 14.7
69997 2005-10-04 20.83 26-27 6 0.97 221 8.0 1.18 102.4 13.2
70731 2005-10-13 18.12  26-27 6 1.01 213 8.5 1.16 100.0 12.6
70739 2005-10-13  22.63 26-27 9 0.99 208 7.8 1.20 99.8 14.2
71105 2005-10-26  14.25 34-36 9 0.99 200 9.9 1.11 101.4 144
71112 2005-10-26  17.80 32-34 9 1.00 200 9.3 1.19 101.7 14.6
71165 2005-10-28 16.65 27-28 11 0.98 230 9.1 1.25 100.3 16.1
71173  2005-10-28  21.13  26-27 9 0.99 227 9.2 1.26 102.5 16.4
71352 2005-10-29 31.65 30-34 9 0.98 209 10.6 1.19 99.9 16.0
71366 2005-10-29 24.07 2830 9 0.99 215 10.7 1.17 100.7 15.4
71377  2005-10-29 22.83 26-28 9 1.00 215 10.0 1.22 100.8 16.4
71510 2005-10-31  28.35 26-28 8 1.07 190 9.4 1.23  100.0 15.7
71679 2005-11-01 21.08 32-34 8 0.94 204 104 1.09 99.0 15.7
71688 2005-11-01 20.70 29-32 8 0.96 209 10.2 1.24 100.4 15.4
71697 2005-11-01 19.63 27-29 8 0.97 214 105 1.20 100.2 16.1
71706 2005-11-01  14.08 27-27 8 0.98 211 100 1.20 1004 16.0
71936 2005-11-02 22,55 32-36 9 0.93 203 10.1 1.11 100.2 15.1
71946 2005-11-02 22.65 29-31 9 0.92 207 10.0 1.14 101.6 16.0
71962 2005-11-02  20.37  28-29 9 0.93 208 11.0 1.22 105.2 15.5
71971 2005-11-02  15.92 26-27 9 0.93 208 10.6 1.15 99.7 15.6
75753 2005-11-24 26.62 29-32 16 1.05 180 9.8 1.14 101.6 15.6
75768 2005-11-24 36.50 26-29 15 1.04 187 10.0 1.17 101.6 154
76128 2005-11-30 25.77 27-29 14 0.96 200 8.8 1.06 102.6 16.2
76139 2005-11-30 19.95 26-27 14 0.96 199 9.2 1.11 101.5 17.0
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C.4 1ES 04144009

Table C.6: Observations of 1ES 0414-+009 in wobble mode

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

72012 2005-11-02  19.57 29-31 10 094 207 10.1 1.14 101.0 15.3
72021 2005-11-02 22.13 2829 9 094 207 102 1.15 101.2 153
72036 2005-11-02  22.25 28-28 10 1.01 206 9.6 1.15 99.9 15.8
72047 2005-11-02 20.17 2829 9 094 204 10.0 1.14 1005 15.9
72056 2005-11-02 23.25 29-31 9 096 202 10.8 1.16 100.3 14.7
72066 2005-11-02 23.18 31-3¢ 9 098 199 10.7 1.16 1004 16.0
74319 2005-11-06 23.93 29-30 8 1.03 210 10.2 1.24 100.5 16.3
74881 2005-11-08 23.15 28-29 10 094 188 11.0 1.12 99.7 153
74891 2005-11-08 23.02 30-32 10 095 18 10.7 1.09 96.5 15.6
74901  2005-11-08 15.17 32-3¢ 10 094 182 10.5 1.10 98.0 15.7
75271 2005-11-11  20.50 30-32 10 1.00 213 10.1 1.20 100.5 16.4
75282  2005-11-11 16.53 32-3¢ 9 0.99 208 9.9 1.15 99.8 15.8
75793  2005-11-25 25,57 29-31 17 1.01 183 9.6 1.26  103.0 17.0
75803 2005-11-25 23.73 28-29 15 1.04 183 9.1 1.22 1019 158
75813 2005-11-25 20.50 28-28 15 1.05 184 94 1.18 1015 154
75824  2005-11-25 1947 28-29 16 1.07 181 8.5 117 102.2 16.2
76148  2005-11-30 2248 29-30 14 098 188 9.5 1.05 102.0 16.5
76157 2005-12-01  20.05 28-28 14 097 189 9.2 1.03 102.2 15.2
76165 2005-12-01 2740 28-28 14 097 193 9.7 1.08 1029 15.6
76176 2005-12-01 17.33 28-29 14 096 183 9.8 1.07 1004 15.8
76432 2005-12-03 21.58 28-28 16 1.02 181 8.8 1.09 99.5 16.5
76441 2005-12-03  26.95 28-30 16 1.04 180 8.6 1.10 99.5 15.7
76869 2005-12-05 23.35 28-28 17 093 193 9.6 1.08 99.9 149
76879  2005-12-05 2292 29-30 16 093 189 9.5 1.13  100.0 15.3
77272 2005-12-07 1842 28-29 14 096 192 10.1  1.00 98.7 16.5
77281  2005-12-07 20.82 29-30 13 0.96 192 9.8 1.00 98.6 15.8
78105 2005-12-22 2148 33-36 11 1.03 173 9.6 1.00 99.8 16.2
78117  2005-12-22  22.00 30-33 12 1.02 175 9.8 1.01 99.9 16.5
78130 2005-12-22 2238 28-30 13 1.04 179 9.3 1.01 1014 16.8
78145 2005-12-22  21.07 28-28 13 1.03 182 9.5 1.05 100.2 16.7
78160 2005-12-22  18.10 28-28 13 1.02 181 8.8 1.05 100.0 16.1
78386 2005-12-24  20.22 34-36 12 1.02 179 9.5 1.06 1024 15.1
78394 2005-12-24 2047 31-3¢ 13 1.01 182 9.2 1.01 1022 153
78403 2005-12-24 1790 29-30 13 1.03 182 9.1 1.11  100.7 16.1
78411 2005-12-24 18.03 28-29 12 1.03 180 9.7 1.02 101.8 149
78419 2005-12-24  17.52 28-28 13 1.02 184 9.3 1.05 101.8 17.0
78428 2005-12-24  14.10 28-28 12 1.03 183 94 1.10 101.0 158
78513 2005-12-26  18.92 31-32 14 1.02 187 9. 1.08 100.5 16.5
78521 2005-12-26  25.10 31-31 13 1.03 182 9.1 1.06  102.0 174
78532 2005-12-26  23.78 28-28 12 1.01 183 9.5 1.07 101.7 17.2
78542 2005-12-26  18.98 28-28 13 1.00 184 9.7 1.04 1005 164
79014  2005-12-30  20.57 32-35 13 1.04 162 10.3 1.01 99.5 15.0
79035 2005-12-30 16.47 29-31 14 1.06 166 9.7 1.01  100.1 15.2
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Table C.6: Observations of 1ES 04144009 in wobble mode (continued).
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
79054 2005-12-30 15.35 2829 13 1.01 165 9.9 1.03 102.0 16.2
79061 2005-12-30 25.93 2828 14 0.99 169 103 1.01 101.3 15.5
79548 2006-01-01 19.18 33-35 12 0.95 169 11.1 1.00 100.3 17.3
79556 2006-01-01 19.50 31-33 13 0.95 173 11.2 1.07 99.8 15.5
79576 2006-01-01 17.32 2828 13 0.93 177 109 0.98 99.8 16.0
80322 2006-01-19 18.65 31-33 12 1.00 178 10.1 1.13 1014 17.5
80331 2006-01-19 19.23 30-31 12 099 181 10.0 1.15 102.0 16.8
80341 2006-01-19 21.92 28-29 12 1.00 183 9.8 1.17 1024 17.0
80350 2006-01-19 19.15 2828 11 1.00 172 10.3 1.08 102.3 16.2
C.5 1ES 0806+524
Table C.7: Observations of 1ES 08064524 in wobble mode.
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
71567 2005-10-31 23.12 32-34 7 1.07 181 8.0 1.14 100.0 17.4
71576  2005-10-31  25.30 29-32 7 1.05 186 8.7 1.20 1004 15.1
71586  2005-10-31 9.85 2829 7 1.05 192 &8 1.11 99.6 14.8
72079 2005-11-02 1690 32-3¢ 9 096 192 7.2 1.12  100.3 15.3
72087 2005-11-02 21.32 30-32 9 0.95 200 104 1.14 99.3 15.9
74524 2005-11-06 21.18 33-35 10 0.98 191 104 1.10 99.9 15.9
74533 2005-11-06 22.83 29-31 9 098 190 64 1.19 100.8 16.8
74543 2005-11-06  23.68 27-29 11 0.97 198 9.6 1.18 101.2 16.9
74553 2005-11-06  4.82 26-26 10 0.97 196 7.3 1.16 101.0 15.4
74557 2005-11-06 2140 24-26 11 098 199 7.9 1.23  100.2 15.9
74567 2005-11-06 32.02 2424 9 098 197 84 1.17  100.5 16.5
74911 2005-11-08 24.28 31-34 12 0.90 178 7.3 1.04 98.8 14.9
74921 2005-11-08 23.10 29-31 10 0.87 182 10.0 1.09 98.3 15.7
74930 2005-11-08 22.33 26-28 11 0.88 181 7.1 1.10 98.3 16.7
74939 2005-11-08 23.40 25-26 10 0.86 18 9.9 1.03 994 16.6
74949 2005-11-08 22.38 24-24 11 0.88 185 8.9 1.06 101.1  14.2
74958 2005-11-08 17.73 24-24 11 091 193 9.0 1.16 98.7 14.2
75290 2005-11-11 2423 33-36 9 096 195 103 1.08 100.2 16.2
76188 2005-12-01 24.53 25-27 13 097 174 105 0.96 100.3 16.1
76197 2005-12-01 24.53 27-29 14 0.98 166 9.1 1.01 101.5 16.8
76474 2005-12-03 26.08 2830 14 0.97 181 8.6 1.01 100.0 15.2
76484 2005-12-03 2293 25-26 13 0.99 179 7.5 1.04 99.8 15.1
76494 2005-12-03  25.27 24-24 14 1.00 167 8.6 1.08 99.8 14.5
76505 2005-12-03 24.23 2424 13 0.98 176 9.0 1.05 100.2 15.2
76523 2005-12-03 22.65 26-28 14 0.97 165 8.9 1.00 100.0 14.4
76943 2005-12-05 21.93 24-25 15 0.96 183 8.5 1.01 99.8 16.4
76959 2005-12-05 2290 24-24 16 0.95 187 9.8 1.04 99.4 16.7
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Table C.7: Observations of 1ES 0806+524 in wobble mode (continued).

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

76969 2005-12-05 2297 24-24 16 097 179 10.7  0.98 98.8 15.7
76979 2005-12-05 19.83 24-25 15 0.95 187 9.8 1.04 99.8 15.1
76991 2005-12-05 2248 26-27 14 096 182 10.2 1.05 98.7 159
77001  2005-12-05 23.08 27-29 15 097 177 8.5 1.01  100.2 15.5
77010 2005-12-05 888 30-31 14 0.99 173 9.3 1.01 100.6 144
77015 2005-12-056  6.88 32-32 14 1.00 159 8.5 0.93 97.8 149
77346  2005-12-07  23.32  24-26 14 093 188 9.7 0.92 99.3 152
77356  2005-12-07 2287 24-24 13 094 191 10.6 1.00 98.4 16.3
77367  2005-12-07 1237 24-24 13 094 192 89 1.01 99.9 157
77394 2005-12-07  4.72 24-24 13 094 195 94 0.94 98.8 159
77443  2005-12-07  4.28  24-24 12 094 198 9.6 0.93 100.5 18.9
77447 2005-12-07  22.85 24-26 13 096 190 10.5  0.96 99.6 15.2
77457  2005-12-07 793  26-26 14 094 193 10.2 0.92 99.3 154
77634 2005-12-09 16.63 27-28 15 093 190 7.6 1.00 99.8 153
77642 2005-12-09 1775  26-27 14 093 191 94 1.03 99.4 16.8
77651 2005-12-09 18.12 24-25 14 095 190 7.9 095 101.1 156
77660 2005-12-09 1793 24-24 15 093 196 9.6 1.04 100.0 154
77670 2005-12-09 18.00 24-24 15 095 191 10.0 1.07 98.9 159
77678 2005-12-09 18.03 24-24 15 094 194 9.6 1.07  100.0 16.3
77686 2005-12-09 1797 24-25 14 095 191 102 1.01 1009 15.1
77694 2005-12-09 18.07 25-26 14 094 191 98 1.05 101.2 16.5
77702 2005-12-09  17.88 27-29 14 097 190 9.7 1.09 100.9 15.7
77710 2005-12-09  18.17  29-30 14 097 184 9.3 1.02  100.0 15.3
78583  2005-12-27 1895 27-28 12 1.02 181 6.6 0.96 101.6 17.7
78591 2005-12-27  19.33  25-27v 13 1.02 187 8.8 1.00 101.2 17.3
78599  2005-12-27 16.72 24-25 12 1.03 183 8.0 1.06 98.6 15.7
78606 2005-12-27  20.13 24-24 12 1.03 185 84 0.98 99.2 15.8

C.6 1ES 0927+500

Table C.8: Observations of 1ES 0927+500 in wobble mode.

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

78615 2005-12-27  19.02 24-26 11 1.02 187 9.0 1.01  100.5 16.5
78623 2005-12-27 15.10 23-24 11 1.02 18 8.8 1.04 1005 16.2
78872 2005-12-30 21.42 24-26 12 1.02 182 9.8 1.14  102.8 16.2
78881 2005-12-30 19.25 22-24 11 1.02 180 103 1.13 103.0 16.1
78889 2005-12-30 18.95 21-22 12 1.02 180 10.0 1.15 101.8 164
78897 2005-12-30 21.10 21-21 12 1.01 180 94 1.10 1014 15.5
78905 2005-12-30 1873 21-22 11 1.01 179 9.2 1.11 1004 159
79168 2005-12-31 12.60 25-26 13 1.02 164 9.7 0.99 97.6  16.0
79175 2005-12-31  19.80 23-24 13 1.03 168 9.9 0.98 99.1 15.7



C.6. 1ES 0927+500 191
Table C.8: Observations of 1ES 09274500 in wobble mode (continued).
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
79185 2005-12-31 20.62 22-23 13 1.03 171 9.3 0.95 98.4 15.6
79196 2005-12-31 22.47 21-21 13 1.04 172 9.3 1.00 100.0 16.2
79206 2005-12-31 20.02 21-21 13 1.04 173 9.3 1.02 99.8 16.5
79466 2006-01-01 18.22 21-21 12 0.96 169 9.1 1.09 100.3 16.0
80075 2006-01-06 19.98 24-26 10 0.91 188 9.1 1.11 101.4 16.0
80083 2006-01-06  18.72 22-23 10 0.92 190 9.0 1.14  102.1 16.5
80091 2006-01-06 21.50 21-22 11 0.92 188 8.1 1.08 100.9 17.2
80100 2006-01-06  18.27 21-21 12 093 191 8.4 1.15 101.7 16.4
80110 2006-01-06 21.68 21-22 10 0.92 182 8.8 1.07  101.6 17.2
80652  2006-01-23 9.02 2323 9 098 171 6.7 1.18 1029 18.1
80657 2006-01-23 10.58 22-23 11 097 171 7.0 1.18 101.2 17.4
80899 2006-01-29 19.02 23-24 10 090 226 7.6 1.11 99.7 16.3
80910 2006-01-29 34.90 21-23 12 0.88 222 7.4 1.14 101.0 17.1
81358 2006-01-31 20.40 21-22 10 090 220 7.4 1.13  100.0 16.6
81368 2006-01-31 20.37 21-21 10 0.89 216 7.1 1.05 99.8  16.0
81726  2006-02-02 13.82 22-23 9 095 218 74 1.12 98.3 16.5
81733 2006-02-02 13.72 21-22 10 094 216 7.8 1.10 99.8 15.9
81740 2006-02-02 2845 21-21 11 0.95 214 8.5 1.14 98.5 15.3
81948 2006-02-03 20.57 22-23 9 096 225 8.1 1.14  100.0 16.5
81958 2006-02-03 24.93 21-21 11 097 219 8.1 1.13 99.0 16.3
82133 2006-02-04 27.85 22-23 8 094 224 85 1.20 101.1 16.2
82146 2006-02-04 27.92 21-22 9 093 220 8.4 1.17  100.3 15.8
82918 2006-02-19 19.92 22-23 12 0.91 222 5.4 1.07 99.4 17.3
82928 2006-02-20 39.80 21-22 12 094 215 7.0 1.10 100.1 16.2
83195 2006-02-21 19.93 22-23 12 090 231 5.5 1.08 100.0 15.8
83205 2006-02-22 26.83 21-22 11 090 230 6.5 1.10 100.2 16.5
83387 2006-02-22 14.93 22-23 9 093 224 6.8 1.13 99.3 16.5
83395 2006-02-22 29.87 21-22 10 093 220 6.4 1.17  100.0 15.7
83591 2006-02-23 14.95 22-23 12 091 215 5.7 1.13  100.5 17.5
83599 2006-02-23 44.80 21-22 11 090 209 5.5 1.11 100.1  16.1
83771 2006-02-24 24.90 22-23 11 092 221 6.8 1.18 1014 16.0
83783 2006-02-25 24.92 21-22 13 092 217 74 1.20 1014 17.0
84015 2006-02-26  19.92 22-23 12 092 221 7.3 1.10 101.2 15.3
84026 2006-02-26 19.92 21-21 12 0.92 214 7.7 1.11 100.0 16.8
84241 2006-03-02 24.93 22-23 14 098 227 7.0 1.13  100.2 16.2
84253 2006-03-02 24.93 21-22 14 099 218 7.3 1.19 100.5 16.7
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C.7 1ES 10114496

Table C.9: Observations of 1ES 1011+496 in wobble mode.

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

85481 2006-03-20 19.92  26-28 12 0.92 218 8.6 1.11  100.7 18.7
85491 2006-03-20 19.92 23-25 12 093 221 8.8 1.13 100.5 164
85501 2006-03-20 19.90 22-23 11 090 218 8.6 1.18 101.2 16.5
85512 2006-03-20 19.92 21-21 11 091 217 8.7 1.19 1014 174
85522 2006-03-20 19.83 21-21 10 090 218 9.0 1.16  100.8 17.5
85534 2006-03-20 19.90 21-22 10 0.92 213 9.1 1.19 101.7 16.6
85647 2006-03-21 19.92 26-28 14 091 210 9.0 1.14  100.5 16.5
85658 2006-03-21 19.90 23-25 13 091 210 10.0 1.19 100.8 16.9
85670 2006-03-21 19.90 22-23 12 0.89 209 9.8 1.14 99.9 18.2
85682 2006-03-21 19.85 21-21 13 092 206 9.5 1.16  100.9 16.8
85695 2006-03-21 19.88 21-21 12 091 206 8.3 1.10 101.0 18.1
85705 2006-03-21  19.85 21-22 12 096 190 8.9 1.21 99.2 173
85822 2006-03-22 19.92 2v-29 13 090 190 11.8 1.06 101.2 17.3
85831 2006-03-22 19.92 24-26 12 091 193 11.6 1.10 101.9 15.9
85840 2006-03-22 19.93 22-24 14 0.88 193 12.0 1.12 102.0 16.9
85849 2006-03-22 19.90 21-22 13 0.89 201 10.6 1.06 100.6 15.4
85862 2006-03-22 33.v8 21-21 13 0.89 201 109 1.13 101.8 16.7
86088 2006-03-23 19.85 26-28 16 094 197 11.0 1.11 103.0 16.3
86106 2006-03-23 19.83 24-26 11 091 201 10.8 1.12 102.8 15.8
86118 2006-03-23 24.87 21-23 11 091 205 113 1.15 103.8 15.2
86304 2006-03-24 1990 27-29 10 092 207 9.9 1.13  101.8 16.9
86313 2006-03-24 19.88 24-25 10 0.92 209 10.2 1.18 1025 16.9
86325 2006-03-24 19.87 22-24 10 0.89 211 9.9 1.13 1017 174
86338 2006-03-24  9.88 21-22 10 0.89 216 9.9 1.19  100.7 16.1
86545 2006-03-25 19.93 25-2v 10 0.92 210 11.1 1.07 1019 16.9
86554 2006-03-25 19.92 23-24 10 0.92 213 11.2 1.15 100.8 15.9
86563 2006-03-25 19.92 22-23 10 090 213 105 1.12 101.0 15.6
86757 2006-03-26  20.40 26-28 10 0.97 190 11.3 1.09 1004 16.8
86776 2006-03-26  15.v8 22-24 10 095 171 114 1.21 101.0 16.3
86784 2006-03-26  9.42  21-22 10 0.93 179 104 1.13 99.0 16.7
86946 2006-03-27 19.92 27-29 10 094 212 9.3 1.13  101.6 16.2
86956 2006-03-27 19.93 24-26 10 095 215 9.2 1.11 1009 16.7
86965 2006-03-27 14.72 23-24 9 092 219 9.6 1.17  103.6 16.8
86973 2006-03-27 13.65 21-22 9 094 218 9.6 1.17  101.2 16.6

87162 2006-03-28 19.92 2426 9 096 216 94 1.23  100.5 16.1
87172 2006-03-28 1547 23-24 9 094 213 9.8 1.17  101.1 16.6
87180 2006-03-28 11.45 22-22 10 095 214 100 1.25 100.2 16.3
87397 2006-03-29 18.67 2527 8 091 210 9.1 1.08 100.1 16.7
87407 2006-03-29 1093 24-24 8 092 211 9.7 1.08 98.8 16.6
87413 2006-03-29 24.27 22-23 7 091 204 94 1.11 1004 16.9
87608 2006-03-30 18.70 25-27 6 0.92 154 103 1.13 99.6 14.8
87616 2006-03-30 18.73 24-25 7 091 151 104 1.0 100.7 14.8
87624 2006-03-30 18.68 22-23 6 0.94 147 9.9 1.11 1004 15.1
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Table C.9: Observations of 1ES 10114496 in wobble mode (continued).
seqn. start. time expos. ZD  BP ped. rate inh. p-rate ratio PSF
87774 2006-03-31 18.73 21-21 9 091 141 9.0 1.04 98.8 16.3
87782 2006-03-31 18.68 21-21 7 091 141 10.1 1.10 98.0 16.5
87790 2006-03-31 15.13 21-21 9 0.89 136 11.0 1.09 97.1 15.3
87948 2006-04-01 537 21-21 7 089 172 10.6 1.11 98.7 15.2
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C.8 1ES 12184304

Table C.10: Observations of 1ES 1218+304 in wobble mode.

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

80927 2006-01-29 18.37 29-33 19 0.86 210 9.1 0.97 1005 154
80936 2006-01-29 21.72 25-29 21 0.86 219 85 1.05 98.8 16.1
81178 2006-01-30 19.60 31-35 19 0.85 184 7.1 0.98 100.1 15.3
81186 2006-01-30  28.97 23-29 21 085 194 7.6 0.98 99.1 16.1
81377 2006-01-31 1888 31-34 16 087 207 7.0 1.01 98.2 155
81386 2006-01-31 41.80 21-30 16 0.85 214 6.8 0.99 99.1 16.1
81754 2006-02-02 19.17 28-31 18 0.93 214 8.2 0.97 97.7 15.5
81763 2006-02-02  20.23 24-27v 17 0.90 215 85 1.01 98.9 16.7
81969 2006-02-03 24.93 30-35 17 0.95 203 9.2 1.07 99.1 16.0
81981 2006-02-03 24.93 23-28 20 094 210 9.6 1.07 98.7 16.7
82158 2006-02-04 2793 29-34 20 0.92 216 8.4 1.04 994 153
82170 2006-02-04 2788 23-29 21 0.90 218 8.3 1.05 99.4 15.7
82328 2006-02-05 19.93 27-31 21 091 211 8.1 1.05 98.8 15.5
82337 2006-02-05 19.93 22-26 16 0.90 214 8.0 1.10  100.1 16.3
83218 2006-02-22 14.92 31-34 20 0.89 222 6.0 1.00 98.9 159
83227 2006-02-22 1.73  30-30 21 0.89 213 5.0 0.93 103.3 13.5
83251 2006-02-22 14.88 18-21 21 0.87 226 7.6 1.05 99.9 16.8
83417 2006-02-23 13.57 30-32 21 0.92 214 7.4 1.03 98.4 152
83424 2006-02-23  44.7v7 19-28 21 0.90 221 7.0 1.04 99.6 16.3
83617 2006-02-24 1990 29-32 20 0.93 193 6.2 1.09 100.5 16.3
83626 2006-02-24 49.78 18-28 22 0.89 216 6.0 1.07 1004 16.0
83794 2006-02-25 19.93 32-35 30 092 210 7.1 1.00 1004 16.9
83804 2006-02-25 59.98 16-30 21 0.92 220 7.4 1.10 101.1 16.7
84035 2006-02-27 19.93 32-36 22 091 212 85 0.97 1009 17.0
84044 2006-02-27  59.77 19-32 21 0.92 203 7.8 1.04 99.4 15.8
84265 2006-03-03 19.95 32-36 28 0.99 218 7.0 1.02 99.3 16.2
84275 2006-03-03  59.77 17-30 27 0.98 223 7.5 1.09 99.0 17.2
84460 2006-03-04 19.92 30-34 20 0.88 221 8.0 0.95 98.5 16.9
84470 2006-03-04 59.70 17-30 19 0.87 232 7.7 0.98 99.3 17.0
84637 2006-03-05 19.87 24-28 21 094 229 7.4 1.03 99.7 152
84647 2006-03-05 49.78 12-22 21 0.93 229 7.8 1.10  100.7 17.1
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C.9 1ES 1426+428
Table C.11: Observations of 1ES 1426+428 in on mode.
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
50126  2005-03-15 19.92 14-15 8 0.99 201 8.3 1.03 102.6 23.1
50424 2005-03-18 45.40 14-17 10 1.02 18 7.8 1.04 100.0 22.0
51322 2005-04-04 88.42 14-17 5 0.87 186 8.8 0.93 99.2  20.1
54181 2005-04-29 19.07 23-25 6 0.94 201 89 1.04 103.0 22.7
55221 2005-05-09 96.50 14-24 12 0.94 207 11.7 1.16 99.0 14.1
55472  2005-05-11  44.25 14-17 11 0.84 245 8.5 1.21 100.1 145
55572 2005-05-12 56.95 14-20 11 095 206 8.4 1.26  100.6 15.2
Table C.12: Used off observations for the analysis of 1ES 1426+4-428.
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
50111 2005-03-15 19.95 17-19 10 1.03 202 8.9 1.05 1014 22.8
50137 2005-03-15 19.93 15-16 7 0.98 200 84 1.04 101.5 23.0
50456 2005-03-18 13.38 20-21 11 1.02 181 84 0.98 98.2 21.3
51448 2005-04-05 84.95 14-20 13 0.89 192 9.0 0.98 100.0 20.2
51803 2005-04-07 19.85 14-16 11 0.94 209 8.1 0.98 100.5 21.0
52016 2005-04-08 79.48 13-18 10 0.97 194 9.5 0.95 99.3 19.9
53241 2005-04-18 36.57 17-19 12 1.03 187 7.0 1.03 98.7 19.2
54263 2005-05-01 110.60 1-17 12 0.90 253 94 1.25 101.5 14.1
54468 2005-05-03  51.93 3-12 18 083 249 11.7 1.18 100.2 13.6
54491  2005-05-03 14.42 4-6 16 0.82 248 11.5 1.18 101.3 12.5
54564 2005-05-03 29.52 17-21 15 0.89 174 11.8 1.22 97.7 12.0
54579 2005-05-04 50.05 14-16 13 0.89 170 8.8 1.23 99.0 12.9
55333  2005-05-10 112.93 14-25 17 0.83 236 12.2 1.14 101.5 14.3
56567 2005-05-29  91.52 322 20 090 190 7.8 1.15 101.1  14.4
56636 2005-05-30 20.10 17-20 13 0.93 230 5.1 1.28 101.1  14.7
57134 2005-06-02  53.07 7-18 9 0.88 244 6.2 1.26 101.2 14.6
57158 2005-06-02  24.40 3-6 9 0.89 246 6.2 1.26  102.0 13.8
57170 2005-06-02  46.27  7-16 9 0.96 252 6.6 1.33  100.7 13.9
57193 2005-06-03  55.22 5-11 7 097 252 6.5 1.37 1019 13.9
57493 2005-06-05  32.58 9-15 11 086 243 6.2 1.26 100.6 14.4
57508 2005-06-05  35.10 3-7 10 0.87 240 6.5 1.21 100.6 14.3
57958 2005-06-09 34.72 14-18 16 0.90 240 6.0 1.22 1004 13.6
59938 2005-07-01 24.13 16-20 21 0.89 228 7.2 1.22 102.1 154
60397 2005-07-05 24.32 17-22 19 090 259 7.5 1.22 99.5 14.8
60630 2005-07-07 17.92 15-18 13 0.87 232 7.7 1.19 101.4 16.1
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C.10 RX J1725.04+1152

Table C.13: Observations of RX J1725.0+1152 in on mode.

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF
51643 2005-04-06 21.05 17-18 6 1.10 189 8.7 1.12 98.5 20.4
51817 2005-04-07 19.88 17-17 7 1.01 188 9.0 0.96 99.7 21.5
52064 2005-04-08 26.05 17-18 6 1.04 18 9.0 1.01 98.6  20.7
52377 2005-04-09 3770 17-18 7 1.01 192 8.7 1.02  100.1 20.8
52593  2005-04-10 41.00 17-18 6 1.04 180 8.3 1.08 99.0 20.4
53061 2005-04-14 56.87 17-18 9 1.04 151 7.3 1.08 97.9 193
53116  2005-04-15 4755 17-18 7 1.03 176 8.3 0.95 96.7 19.8
53313  2005-04-19 7450 17-19 7 1.05 178 7.1 1.00 99.0 20.1

Table C.14: Used off observations for the analysis of RX J1725.0+1152.

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

50111  2005-03-15 19.95 17-19 10 1.03 202 8.9 1.05 1014 228
50137  2005-03-15 19.93 15-16 7 098 200 &84 1.04 101.5 23.0
50221 2005-03-16  19.90 21-23 10 1.08 176 9.9 1.04 98.6  22.3
50456 2005-03-18 13.38 20-21 11 1.02 181 84 0.98 98.2 213
51448  2005-04-05 84.95 14-20 13 089 192 9.0 0.98 100.0 20.2
52016  2005-04-08 79.48 13-18 10 0.97 194 9.5 0.95 99.3 199
53036  2005-04-14  79.67 13-18 12 096 146 7.8 1.02 97.2  19.1
53198  2005-04-17 3448 17-19 8 1.16 187 7.3 1.11 99.1 21.3
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C.11 1ES 2344+514
Table C.15: Observations of 1ES 23444514 in wobble mode.
seqn. start. time expos. 7D BP ped. rate inh. p-rate ratio PSF
63953 2005-08-05 58.30 23-27 13 1.01 217 6.0 1.17 98.5 15.4
63997 2005-08-05 37.90 23-24 15 1.01 216 5.7 1.21 98.8 15.9
64882 2005-08-09 59.63 23-27 10 1.04 210 6.7 1.28 99.9 16.0
64917 2005-08-09 42.92 23-23 17 1.04 204 6.1 1.19 97.6 15.4
65274 2005-08-11 59.98 24-29 11 1.01 209 7.0 1.29 101.1 16.2
65307 2005-08-11 43.48 23-23 11 1.01 206 6.9 1.25 99.7 15.9
65639 2005-08-13 60.00 24-29 16 1.01 209 7.0 1.16 98.1 15.1
65670 2005-08-13 50.03 23-24 14 1.03 205 6.7 1.16 98.0 15.8
65802 2005-08-15 58.45 25-31 17 1.03 204 7.0 1.16 99.2 16.4
65835 2005-08-15 50.73 23-24 19 1.01 201 6.8 1.12 98.2 15.9
68070 2005-09-06 59.70 23-24 22 1.07 160 9.5 1.21 98.4 14.6
68087 2005-09-06 49.80 24-27 18 1.06 156 8.6 1.21 99.4 15.7
68373 2005-09-12 39.78 23-26 13 1.20 179 8.8 1.16 99.5 17.2
68396 2005-09-12 59.75 23-27 15 1.19 172 7.8 1.16 98.8 16.5
68941 2005-09-26 10.30 30-30 5 1.09 144 11.1 1.05 104.2 14.5
68946  2005-09-26 4.65 2929 6 1.09 148 10.3 1.00 102.2 14.9
68954 2005-09-26  16.68 26-27 5 1.10 149 9.8 1.10 101.3 13.1
68967 2005-09-26  17.80 24-26 5 1.10 149 9.7 1.11 101.6 13.6
69400 2005-09-29 18.88 29-31 6 1.10 178 8.8 1.19 100.0 12.1
69410 2005-09-29  21.27 26-28 7 1.12 179 8.6 1.26 97.2 12.5
69419 2005-09-29 22.22 24-26 7 1.10 178 8.7 1.23 98.5 124
69429 2005-09-29 18.75 23-24 7 1.11 177 9.0 1.22 98.4 12.6
69436 2005-09-30 16.98 23-23 7 1.09 174 85 1.19 96.5 12.2
76067 2005-11-26  21.95 23-24 14 1.03 156 8.2 1.28 101.3 15.2
76075 2005-11-26  23.82 25-27 13 1.06 156 7.8 1.28 1024 15.5
77815 2005-12-18  27.58 23-25 13 1.03 183 8.7 1.12 99.3 16.1
77832 2005-12-18 27.80 26-28 13 1.07 152 8.0 1.10 98.9 14.9
77850 2005-12-18 16.75 28-30 14 1.10 158 8.5 1.18 98.0 15.9
77997 2005-12-22 23.80 25-27 13 1.13 182 8.3 1.12 98.9 16.4
78010 2005-12-22 20.60 2830 13 1.14 179 8.5 1.05 99.7 16.5
78020 2005-12-22 423 30-30 12 111 175 7.9 1.00 99.8 13.8
78061 2005-12-22 29.60 31-36 21 1.12 169 9.1 1.05 974 15.6
78096 2005-12-22 16.12 37-39 12 1.13 162 7.9 1.05 99.6 16.4
78219 2005-12-23 2258 26-27 12 1.12 182 8.6 1.13 100.6 17.3
78228 2005-12-23  20.33 2729 12 1.09 175 8.2 1.09 100.1 16.4
78236  2005-12-23 540 30-31 11 1.10 175 9.4 1.08 99.9 17.7
78241 2005-12-23 16.47 32-34 11 1.11 169 9.1 1.02 99.5 16.9
78248 2005-12-23 27.02 34-37 11 1.11 165 8.9 0.99 99.6 17.0
78349 2005-12-24  20.85  26-27 12 1.12 179 7.8 1.13 99.9 17.0
78358 2005-12-24 1880 2830 12 1.14 177 7.3 1.13 99.9 17.0
78366 2005-12-24 18.67 30-32 12 1.17 176 7.9 1.13  101.1 164
78374 2005-12-24  32.17 33-38 14 1.12 171 8.1 1.03 100.1 15.8
78468 2005-12-26 17.42 27-28 12 1.11 188 8.3 1.09 100.5 17.9
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Table C.15: Observations of 1ES 2344+514 in wobble mode (continued).

seqn. start. time expos. ZD BP ped. rate inh. p-rate ratio PSF

78476 2005-12-26  19.7v8 29-31 13 1.19 184 8.2 1.13 102.2 19.2
78485 2005-12-26  21.58 31-3¢ 13 1.13 179 84 1.05 101.1 16.0
78494  2005-12-26  27.57 35-39 13 1.14 175 8.2 1.06 100.2 16.6
78699 2005-12-29  14.08 35-37 12 1.15 176 9.3 1.03 101.0 17.3
78706 2005-12-29  13.57 37-38 13 1.13 173 9.5 1.07 99.3 16.3
78958  2005-12-30 19.10 29-31 12 1.15 167 9.1 1.07 98.0 15.9
78966 2005-12-30  18.60 31-33 13 1.11 161 9.3 0.97 1002 17.2
78973  2005-12-30  15.67 34-36 13 1.12 159 9.6 1.03  100.8 15.6
78980 2005-12-30  12.78 36-38 12 1.10 152 9.9 0.98 100.0 15.9
79273 2005-12-31  19.65 28-31 12 1.07 147 9.7 1.09 98.3 15.7
79286 2005-12-31 2040 32-3¢ 13 1.06 142 9.5 1.06 98.5 15.3
79294  2005-12-31 13.60 35-36 13 1.04 137 9.7 1.07 99.0 16.4
79300 2005-12-31 10.68 37-38 12 1.05 152 9.8 1.00 99.0 16.8
79525 2006-01-01 20.05 32-3¢ 13 1.06 166 10.7 1.10 1004 14.0
79533 2006-01-01 19.32 34-3r 14 1.04 161 109 1.08 99.4 15.6
79542 2006-01-01  9.20 3839 14 1.06 155 10.7 1.01 98.5 16.5
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Spectral data points

D.1 Spectrum of 1ES 12184304

Table D.1: Differential energy spectrum of 1ES 12184304 derived from the complete
sample and the first subsample of the lightcurve. The flux upper limits are for an 99 %

confidence level.

energy all data first subsample
(GeV] Fi(E) [photonsm~2s~! TeV ]
112 < 1.35 x 107° < 1.09 x 1075

200 (9.95+2.60) x 10~7 (156 4 0.43) x 10
356 (1.19+0.54) x 107 (2.54 4 0.93) x 107
632 (1.61+1.57)x 1078 (6.17 4 2.74) x 1078
1120 <918 x 1077 <1.17x 1078
2000 <4.82% 1077 <719 %1077
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D.2 Spectrum of 1ES 23444514

Table D.2: Differential energy spectra of 1ES 23444514 derived from the complete sample
as well as for the highflux and the midflux samples. The flux upper limits are given for
an 99 % confidence level.

energy all data highflux midflux
[GeV] Fp(E) [photm™2s7! TeV 1]
152 (248 £0.72) x 107%  (2.66 £1.44) x 1075 (3.01 & 1.16) x 107°
242 (6.134+1.11) x 1077 (6.61 +2.47) x 107" (7.63 £ 1.85) x 1077
388  (1.1940.54) x 1077 (4.404+0.83) x 1077 (2.38 £0.60) x 1077
619  (6.7741.43) x 1078 (1.694+0.34) x 1077 (5.29 £2.36) x 1078
990  (1.36 £0.50) x 107% (3.70 +1.14) x 10~® <3.02x 1078
1580  (5.36 +1.93) x 1072 (1.434+0.47) x 1078 (4.73 £3.14) x 107?
2530 < 2.86 x 10° < 3.89 x 107 < 2.81 x 107°




Appendix E

Parameters for the constraints

on B and ¢

Table E.1: Observational parameters which are used to derive the constraints on B and §

for 1ES 2344+4-514.

1995 flare (Whipple) MAGIC 2005
parameter "with X-ray” "w/o X-ray” highflux  all
Esynmax [keV] 100 3000 100 10
Bicmax [TeV] 9.0 9.0 2.0 2.0
tyar [8] 5000 2000 5000 5000
VFn [107H ergem ™2 571 4.2 20.5 2.8 1.0
vFic [107 ergem 2571 20.0 15.0 14 1.2
Leyn [10%ergs™] 1.27 3.55 0.54  0.16

Table E.2: Observational parameters which are used to derive the constraints on B and §

for 1ES 1218+4-304.

MAGIC 2005 MAGIC 2006
parameter all  first sample
Eqynmax [keV] 1.0 1.0 10
EIC,max [TGV] 0.7 0.7 0.7
tvar [8] 12000 12000 12000
VFyn [107H ergem 2571 1.9 1.9 1.5
vFic [107 ergem™2s71] 3.5 1.7 2.5
Lgyn [10%ergs™| 5.77 5.58 8.47
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