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Chapter 1
Introduction

Astroparticle physics bridges the research elds of astrojpysics and particle physics, study-
ing the highest energetic phenomena in the Universe. The céral question of this research
eld is the origin of ultra high energetic charged particles, dubbed cosmic rays, stemming
from astrophysical objects and arriving at Earth isotropically. Due to de ection in in-
tergalactic magnetic elds, these particles cannot be traed back to their origins by their
arrival directions. Hence, their sources can only be idented indirectly through electri-
cally neutral particles as neutrinos and high energetic phtons, stemming from the same
sources. Blazars, a subclass of Active Galactic Nuclei witthighly relativistic plasma
out ows pointing towards the Earth, are for several reasonsgood candidates for being
the origin of cosmic rays. In this context, the spectral and tmporal long-term behav-
ior of the blazar 1ES 1959+650 is studied throughout this thesis. Having shown strong
hints of hadronic emission processes in the past, this blazds a primary candidate for a
source of cosmic rays and thus it was monitored with the MAGIC telescope since 2004.
The temporal variability for di erent wavelength bands, wh ich should be connected in
the case of non-hadronic emission processes is examined irighhesis. Furthermore, the
time-integrated spectral energy distribution is compiled from radio to very high energy
gamma-rays and modeled for hadronic and leptonic emission eoarios to unveil the char-
acter of the emitting particles.

Additionally, the idea of long-term monitoring of blazars at very high energy gamma-rays
is pursued further. The characterization of the mirrors for setting-up the FACT telescope
for blazar monitoring and the coordination of DWARF, a world wide network of Cherenkov
telescopes are presented.

The contents of this thesis is structured as follows.

gives a short overview of astroparticle physics, introduang the three messenger
particles of cosmic radiation, their acceleration and emision processes and their
inter-connections. Having introduced Active Galactic Nuclei as possible sources
for cosmic rays, their properties are outlined in the secondpart of that chapter,
focusing on the subclass of blazars and possible emission dats of their non-thermal
radiation.
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brie y reviews the nearly forty instruments used throughout this thesis for the
compilation of the multi-wavelength data from radio to high energy gamma-rays.

even enlarges the covered energy range to very high energyrgema-rays. The
working principle of imaging atmospheric Cherenkov telesopes is illustrated and
the HEGRA and MAGIC telescopes, from which data have been retieved, are in-
troduced. Additionally, general limitations of the latest generation telescopes are
discussed. Two methods to improve both the quality and the conputing perfor-
mance of multivariate classi cation algorithms, developed in the peripherals of this
thesis and used for the analysis of Cherenkov telescope datare outlined here.

is devoted to the FACT telescope. This is a completely refurlished former
HEGRA telescope and the very rst Cherenkov telescope whoseamera is entirely
based on semi-conductor devices for photon detection, calleG-APDs. In the course
of this thesis the mirror facets for FACT have been reworked ad characterized,
measuring the focal lengths and the spot sizes of each facetFurthermore, the
thickness of the protective quartz coating has been estimad from the measured
spectral re ectivity.

outlines the ways, in which long-term gamma-ray monitoring ofknown, bright
blazars can deepen our knowledge about these sources. Theabar monitoring pro-
gram of MAGIC is introduced and results on two of the tree souices monitored by
MAGIC are brie y summarized.

highlights the third source of the MAGIC monitoring program , 1ES 1959+650.
The observational history of this blazar is reviewed, and beh the spectral and the
temporal behavior is presented. Together with the new resuk from the monitoring
observations with MAGIC and recent observations with Fermi LAT, this enables for
the rst time the compilation of the complete spectral energy distribution of this
blazar. The presented measurements of the non-thermal emiss from this blazar
span over 20 orders of magnitude in energy with essentially m gaps. Although not
being simultaneously recorded, the compilation of these da allows to study the
underlying emission processes and particle populations.

ties in with the results stemming from the MAGIC monitoring ¢ ampaign as
it reports on the e orts to set-up a global network of Cherenkov telescopes for the
monitoring of bright blazars, DWARF. For this FACT, mention ed previously, will
serve as a rst cornerstone but here also the possibilitiesdr further international
collaborations are outlined and the feasibility of a worldwide network of Cherenkov
telescopes is addressed.

concludes the nding of this thesis and gives an outlook on futher research
possibilities based upon.



Chapter 2
Brief Introduction to
Astroparticle Physics

The research eld of astroparticle physics was founded a ceary ago in 1911 by Vik-
tor Hess Hes1l Hes13 . Being in uenced by many surrounding research areas such as
cosmology, magnetohydrodynamics, stellar and galaxy evolution and formation, it draws
a bow from the smallest known phenomena in particle physicswhich can be described by
relativistic quantum mechanics, to the largest astronomial structures like active galaxies
hosting supermassive black holes being described by the laws of general relativity. In
astrophysical sources, particles are accelerated to extneely high energies of up to 18! eV.
These particles are then propagated through the Universe, rniteracting with molecular
clouds, intergalactic magnetic elds and cosmological impints like the cosmic microwave
background” or cosmologically redshifted starlight. Subsequently, trey are detected with
space-born or ground-based instruments, shedding light on thir production and accel-
eration processes within their sources and thus on the astphysical sources themselves.

illustrates the described research eld as well as the di eences between the
three types of messenger particles:

charged patrticles, i.e. mainly protons (p) but also heavy n«lei,
neutrinos ( ), and
photons ( )

which are all utilized in astroparticle physics in contrast to classical astronomy which makes
use of the visible light. The following sections give a briefintroduction to astroparticle
physics. For more detailed descriptions the reader is refeed to review articles such
as Bec08KS11,HH09,LS11], to textbooks like [Aha04,DM09, Gai90, Gru00, Gru05,Lon10,
Méz10Q Perl0, Stal(, to lecture notes like [AIf11, Kol10] and to references therein and in
this text.

LFor a detailed description of the historical development of the eld of astroparticle physics see [Cir08].
2M agnetohydrodynamics, MHD

3Superm assive B lack H ole, SMBH

4C osmic M icrowave B ackground, CMB
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Figure 2.1: Overview of astroparticle physics: Sources ofasmic radiation, particle prop-

agation to Earth, absorption mechanisms and detection metlods Dre09 af-
ter [Wag04].

When speaking about cosmic rays, usually it is referred to the charged component of
particle ux reaching the Earth. Above 1 GeV itis mainly comprised by protons ( 85%)
and -particles (  12%), with small contributions of leptons ( 2%) and heavier elements
up to iron ( 1%) [Stal(. A direct measurement of the charge distribution and thus
the composition of cosmic rays, measured in the energy rangef 10 GeV to 100 TeV per
nucleon with the CREAM ° experiment, is depicted in

At higher energies the composition of cosmic rays has to be farred from indirect measure-
ments with ground based detectors. It is still under debate,whether the highest energetic
cosmic rays (above 1&° GeV) are comprised by heavy nucleons, i.e. iron, as measureay

5Cosmic Ray, CR
6Cosmic Ray Energy And M ass, CREAM, see http://cosmicray.umd.edu/cream
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Figure 2.2: The charge distribution of cosmic rays startingwith Beryllium, measured with
the balloon experiment CREAM. The number of events is depiced depending
on the nuclear chargeZ. From: [Bla08], see alsoP* 074.

the Pierre Auger Observatory’ [Thelld, or by protons, as measured by HiRes [A* 104
and the Telescope Array [T* 10b], see

As cosmic rays are comprised by charged patrticles, they areedected by intergalactic mag-
netic elds. Thus, they are hitting the Earth's atmosphere i sotropically and cannot be
traced back to their sources. Hence, the main research goakides the composition of cos-
mic rays, as outlined in | is their energy spectrum. From its spectral shape,
conclusions concerning the source populations might be dven indirectly, but nal conclu-
sions might only be drawn from astronomical measurements afieutrinos (see )
or (high-energy) photons (see ). A compilation of recent measurements of the
cosmic ray energy spectrum, i.e. the particle ux F = dN=dE plotted vs. energy E, is

depicted in . One can see that the spectrum of the cosmic rays can be dedoed
by a combination of power-laws for three ranges of energgyBM98,V* 990:
8
> E 2:67; E < 1015:4 eV
F(E)/ _ E 310. 1054 eV <E < 10185ev (2.1)
E 275, 10'8%eV <E

The energy ranges around 18 eV and 10'%° eV whereas the spectral indices of the power-
laws change are calleknee and ankle, respectively, as indicated in . For details

"Pierre A uger Observatory, PAO, see http://www.auger.org
8Hi gh Resolution Fly's Eye Detector, HiRes [ Tho04], seehttp://www.cosmic-ray.org
9T elescopeA rray, TA [ Tt09], seehttp://telescopearray.org
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Figure 2.3: The composition of UHE cosmic rays as measured bythe PAO (top
left) [Thelld, the TA (top right) [ T* 10b], and HiRes (bottom) [A* 104. De-
picted is the energy dependent mean of the shower maxima for easured events
(dots) and Monte Carlo predictions for pure proton and pure iron samples
(lines) computed with di erent interaction models as described in the inlays.

on the highest energetic part of the spectrum see } The basic power-
law behavior of the cosmic ray energy spectrum can be explagd by the diuse shock
acceleration process, formulated by E. Fermi in 1949Her49]. Within that framework,
test particles are accelerated via several (collisionle¥dnteractions with shock waves in
magnetized plasmas. This naturally leads to a power-law spdéwm of the accelerated
particles, as one can easily deduce, c.fGai90].

As the shock acceleration mechanism gives a natural explatian for the power-law be-
havior of the energy spectrum of cosmic rays but not for the clanges in spectral slope
at the knee and the ankle, it is a common approach to explain these by di erent source
populations. One example for this is depicted in . Therefore it is assumed that
the cosmic ray luminosity of a given source type is smaller thn its electromagnetic lu-
minosity. In one can see that the sum of cosmic ray luminosities agupernova
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well as the approximate particle ux per time and area [Bec0§.

, X-ray binaries

up to a total luminosity matching that of the cosmic rays pretty well.

One of many other alternative explanations for the spectralbreak at the kneemay be wind
supernovae having Wolf-Rayet stars as progenitors and being capable taccelerate par-

supernova R emnant, SNR
11X -Ray Binary, XRB
2pylsar Wind N ebula, PWN

10 11 12

, and pulsars, or rather pulsar wind nebulae“, naturally add
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Figure 2.5: Integral cosmic ray energy spectrum as expectefitom the electromagnetic lu-
minosities of galactic source types. The luminosity is ploted against the min-
imal energy Emin. The upper line (black) depicts the equivalent luminosity of
cosmic rays with E > E in The blue area shows the (electromagnetic) lumi-
nosity of supernova remnants. Similarly the red striped ara (above 13° GeV)
shows additionally the luminosity of X-ray binaries and the green hatched area
the luminosity of pulsars [Bec0§.

ticles to much higher energies than conventional supernova Thus they would contribute
to the cosmic ray spectrum also beyond energies of thknee [Rej98].

Cosmic rays exhibiting energies beyond thenkle, for several reasons are believed to be of
extra-galactic origin: For instance, the charged particlescan only be kept inside a galaxy
if their gyro-radius rg is smaller than the size of the galaxy:

pc sin

r 2.2
9 Ze Bc ' (2.2)

where p is the momentum of the particle, Z the nuclear charge and the angle between
the particles' trajectory and the magnetic eld B. The expressionpc=Zeis calledrigidity .
Assuming a galactic magnetic eld ofB =3 G and =90 , for relativistic protons with
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an energy of 188 eV, r4 equals the thickness of the galactic plane ( 300 pc). For further
details, see aioqQ].

If cosmic rays with energies beyond theankle were of galactic origin, there would be an
anisotropy in their arrival directions pointing towards th e galactic plane, which is not
evident in experimental data.

For energies even far beyond thenkle there is a natural limit. Above a threshold energy
of 5 10 eV the cosmic ray spectrum is diluted by photo-hadronic interctions with the
CMB photon eld, producing unstable delta-resonances and trerefore, converting high
energetic protons to lower energetic ones:

p+ ©
[0)
p+ cme ! 7 /o (2.3)
& +
n+

This process was independently predicted by K. GreisenGre66], and G. T. Zatsepin and
V. A. Kuzmin [ ZK66] in 1966. Thus, this suppression of particles with energie& 5 10*° eV
is usually referred to asGZK-cuto . Experimentally, this e ect was for a long time a
matter of debate, as one can also see in . The HiRes experiment reported
hints of con rmation of that prediction [ The05], whereas the AGASA~ experiment had
reported having observed so-calledrans-Greisen events i.e. events with energies beyond
the GZK cuto energy [ Y* 95]. Later, HiRes detected a suppression of the highest enertie
events leading to a deviation from a power-law with a signi carce of 5 [A*084. This
was subsequently con rmed by observations of the Pierre Augr Observatory [Y* 084,
showing a deviation from a power-law with a signi cance of 6 [A* 08d] and later of more
than 20 [A* 10f. Recent results, comprised by a 60% enlarged exposure coamed to
the previous publication are shown in [Thellh).

This provides an update on the highest energetic part of

g E 3:27 0:02; E < 1018:61 0:01 eV
F(E) / E 2:68 O:Ol; 1018:61 0:01 eV<Ec< 1019:41 0:02 eV : (2.4)
> g 42 01. 101941 0:02 gy < E

whereas an exponential cut-o at 10t%63 002y s slightly favored above the power-law
description stated above.

Starting from di use shock acceleration, as mentioned eaiier in this section, the energy
gain of the particles depends on the size of the acceleratioregion L on the one hand and
the strength of the magnetic eld B on the other hand, according to

Emax | ZLB; (2.5)

Bparsec, 1pc  3:24lightyears
14 G reisenZ atsepin-K uzmin, GZK
15Akeno Giant Air Shower A rray, AGASA, see http://www-akeno.icrr.u-tokyo.ac.jo/AGASA
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Figure 2.6: The highest energetic part of the cosmic ray engy spectrum as measured
by the Pierre Auger Observatory drawn together with broken power-law ts
according to as well as a smooth exponential cut-o [Thellb].

where Z is the atomic number. Therefore, when searching for astronmical objects being
the accelerators of the highest energetic cosmic rays, oneay easily identify them in the

so-calledHillas plot, c.f. :

As one can see front , the most promising candidates for acceleration of the high-
est energetic cosmic rays are neutron stars, gamma-ray burstand the di erent accelera-

tion regions of active galaxies, in particular the nuclei ard the hot-spots which are moving
along the radio jets. Although there are several attempts toexplain the high energy end of
the cosmic ray energy spectrum, through e.g. gamma-ray burst® [Der02, Vie95, Wax95],

or CenA, the nearest radio galaxy Bd11l] as main contributing sources, active galaxies
in general are believed the most favorable sources of the Higst energetic cosmic ray
particles [B* 09f, DR10, Der11].

Additionally, the arrival directions of the rst 27 events w ith energies beyond 56 EeV
observed with the Pierre Auger Observatory were excluded tobe isotropical at 99%
con dence level. Furthermore, they showed a correlation of69+1113% with nearby ob-

jects [A* 073 A*08d from the 12" edition of the catalog of active galactic nuclei by
Véron-Cetty and Véron [VV06]. However, these mainly resemble the matter distribution

along the supergalactic plane. In contrary, the most signi cant correlation that was found

18Gamma-R ay B urst, GRB
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Figure 2.7:
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Arg0Q].

by the HiRes experiment still had a chance probability of 24%[A* 08b]. Meanwhile, the
dataset of the Pierre Auger Observatory enlarged to 69 everst and the observed correlation
dropped to 38" 76%, compared to 21% expected for isotropic cosmic rayA[" 10d.

Being such promising sources of the highest energetic costmiays and thus maybe a key to

resolving a century old mystery, the nature of Active Galactic Nuclei

In

will be presented

17 A ctive Galactic N ucleus, AGN

11
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In contrast to cosmic rays, neutrinos () are neither de ected by intergalactic magnetic
elds, as they are not electrically charged, nor are they absrbed, neither in optically
thick sources nor on their way to earth due to their extremely small cross section. This is
sketched in . Thus, carrying information of the innermost region of their sources
and also keeping their directional information, neutrinos are optimal messenger particles
from astronomical sources. For supernovae it is even assumiehat up to 99% of the
energy is carried away by neutrinos UB07]. But their small cross section also makes them
hard to detect. To overcome this di culty one needs to instru ment huge e ective detector
volumes. The current generation instruments for such are othe cubic kilometer scale:
IceCube® whose building-up in the antarctic ice has recently been nised in 2011 with
an instrumented detector volume of 1kn? and KM3NeT ' which is going to be build-up
in the Mediterranean Sea with a possibly even larger volume.Anyhow, the most recent
results on the di use neutrino spectrum [A* 11b] as well as on the search for neutrinos
from GRBs [A* 114, and for single astrophysical neutrino sources as well aoarce classes
of stacked samples of possible neutrino source#\111d] show no hint of an excess of
astrophysical neutrinos over the (huge) background of neutinos produces by cosmic rays
hitting the Earth's atmosphere. Thus, the only astrophysical neutrinos (obviously besides
those from the sun) detected up to now have been observed frorthe Supernova 1987A
with SuperKamiokande [Sup9g and SNO-* [SNOO0J, which lead to the experimental
detection of neutrino oscillations.

As neutrinos are electrically neutral and cannot be acceleated by the mechanisms dis-
cussed before in the context of cosmic rays (see ), neutrinos at very high
energies can only be produced via decay or (weak) interactioprocesses. One of the main
processes contributing in the production of high energeticeutrinos has already been given
in , although in this context the cosmic rays are interacting with source in-
ternal photons instead of those of the cosmic microwave bagtound as outlined before

As the arising pions are unstable and the neutrons are beliead to leave the source and
decay on their way to earth the following decay chains evolve

p+ © I p+ +
0
pr 1+ B (2.6)
& n+ + | + + | + .
I p+te + ¢+ + ! n+e + o+ + e + + e
Additionally to the photo-hadronic process above, also the 6llowing hadronic process
contributes to the high energy neutrino production:

+p+ 9 I p+p+ +
w PTP Cptp
P+ P g (2.7)
p+n+ * I p+n+ + T I p+n+ +e"+ + o
The given scenario is only an approximation, neglecting e.ghigher resonances and multi-
pion production, but gives a good handle on qualitative resits. For quantitative results

18ceCube, seehttp://www.icecube.wisc.edu

¥km ® Neutrino T elescope, KM3NeT, seehttp://www.km3net.org

2 super Kamioka n  ucleon decay experiment, SuperKamiokande , seehttp://www-sk.icrr.u-tokyo.
ac.jp/sk/index-e.html

ZLsudbury N eutrino Observatory, SNO, see http://www.sno.phy.queensu.ca

2Those interactions lead to the so-called cosmogenic neutrinos BZ69].


http://www.icecube.wisc.edu
http://www.km3net.org
http://www-sk.icrr.u-tokyo.ac.jp/sk/index-e.html
http://www-sk.icrr.u-tokyo.ac.jp/sk/index-e.html
http://www.sno.phy.queensu.ca
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on photo-hadronic interactions one should rather rely on a fll Monte Carlo simulation
like SOPHIA [M* 00] or a more sophisticated parametrization like KA08] or [H* 10].
Anyway, it is obvious that a detection of astrophysical neutrinos from a single source or a
stacked source class would directly imply the origin of the harged cosmic rays.

Being electrically neutral, photons are not a ected by intergalactic magnetic elds and
thus have been used for astronomical observations for thoasds of years. Ever since the
invention of the rst (astronomical) telescope by Galileo Galilei revolutionized optical as-
tronomy more than 400 years ago, inventions of new telescogeand especially telescopes
operating in previously unexplored wavelength ranges haveevolutionized our understand-
ing of the Universe.
As sources of photon radiation are often compact and thus optally thick like e.g. the sun,
photons are dominantly emitted from the surface of these olgcts as depicted in .
The most obvious case of photon emission is thermal radiatio, i.e. blackbody radiation,
being described by Planck's formula and thus connecting phton uxes to a surface tem-
perature, which is e.g. about 5,770K for the sun B* 06h] and 2725 0:002K for the
cosmic microwave background B* 06b]. Herefrom it is already clear that astronomy can
be conducted at any wavelength of electromagnetic radiatia, ranging from radio waves
up to very high energy gamma-rays. But not all kinds of this radiation is evenly suited
for being detected by ground-based telescopes, as illustrat in . There, the
spectral penetration depth is depicted for di erent wavelength. Although not displayed
within that gure, the detection of the highest energetic gamma-rays is indirectly possible
with ground based telescopes which will be explained i
Furthermore, there are also non-thermal processes to prodecelectromagnetic radiation.
These are of special relevance for the production of VHE gamatrays but as shown in
can span over the entire electromagnetic spectrum. These presses may
be of leptonic or hadronic nature, which will shortly be outlined in the following subsec-
tions. An illustrative introduction to these processes is gven in [Wee03 whereas extensive
overviews can be found in RL85, Bra07, DM09].

The most important process for the production of non-thermal photons is synchrotron
radiation. Relativistic charged particles gyrating in magnetic elds and thus being accel-
erated emit synchrotron radiation. As the energy loss by sychrotron radiation is rigidity
and therefore mass dependent, synchrotron emission is gerafly dominated by a lep-
tonic origin, i.e. emitting by electrons (and positrons). However, there are also scenarios
in which the synchrotron emission of hadrons and their by-pralucts, heavy leptons and
mesons (mainly charged pions and kaons) play a major role dut signi cantly stronger
magnetic elds [MPO1]. In any case, synchrotron emission of a relativistic partcle is

Byvery High Energy, VHE. For the de nition of the energy ranges used throughout this t hesis see
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Figure 2.8: lllustration of the spectral penetration depth of electromagnetic radiation into
the Earth's atmosphere. Only for radio and optical frequendges a detection
from ground is possible. As examples for satellites operaig in the infrared,
optical, X-ray, and gamma-ray regime, IRAS%&1 Hubble?82 Chandra®83
and Fermi 284 are depicted NCS11].

281 |nfrared A stronomical Satellite, IRAS, see http://lambda.gsfc.nasa.gov/product/
iras
282 Y ybble Space T elescope, HST, sechttp://hubble.nasa.gov

2:8:3 Chandra X -ray Observatory, CXO, see http://chandra.harvard.edu
284 Fermi Gamma-ray Space T elescope, FGST, seehttp://fermi.gsfc.nasa.gov

strongly beamed into the particle's direction of motion, opening an angle of 1, with
being the Lorenz factor,

S

v2
= 1 2 ; (2.8)

where v is the particle's velocity and c the speed of light. Additionally, the time scale
of radiation gets shortened by 3, the emission frequency gets shifted by 2 and the
total emitted power is boosted by 2. Notably, not only monoenergetic primary particles
but also a power-law energy distribution of the primary particle population (as given by
Fermi acceleration, seesubsection 2.1.J lead to a power-law spectrum in the synchrotron
emission spectrum.


http://lambda.gsfc.nasa.gov/product/iras
http://lambda.gsfc.nasa.gov/product/iras
http://hubble.nasa.gov
http://chandra.harvard.edu
http://fermi.gsfc.nasa.gov
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In case of optically thick sources, where the mean free pathof photons in photon-electron
interactions is smaller than the actual source size, the sychrotron photons get re-absorbed
by their emitting electron population, which is called synchrotron self absorption [Ree67.
Regarding AGN, this is of special interest concerning the lav frequency end of the spectral
energy distributions, where in models featuring only one erission zone, the radio emission
is generally (self) absorbed.

Compton scattering is the interaction of free electrons wit photons with a non-negligible
momentum transfer. In general, this process is thought to tansfer momentum from a
high energy photon to the electron. However, the process ohiverse Compton scattering,
transferring momentum from the electron to the photon, is ofinterest here. In general, this
process takes place in the so-calleihompson regime i.e. following to the Thompson cross
section
|
_8 7
t5 3 e (2.9)
For extremely high photon energies, i.ehv & mec® 511keV, the Compton process en-
ters the Klein-Nishina regime, where not the classical (Thompson) approximation, but
the (rst order) quantum electrodynamical expression of the photon electron cross section
applies, which strongly suppresses this interactionKN29]. An obvious but important fea-
ture of the inverse Compton process is that the resulting (hgh energy) radiation density is
strongly depending on the initial photon density and thus edablishing a strong correlation
between the low energy regime and the high energy regime.

Another quantum electrodynamical process is the photon indiced pair production. Here
two photons react to form an electron positron pair. The threshold energy for this process
can be derived as

m2c*

h b
with h being the energy of the target photon andm, the electron rest mass. In general this
process is also important source internally (see e.gB[ 11h]), but for blazars, which are of
special interest here (see ), this process is subordinate. But regarding the

cosmological distances of AGN and the intergalactic radiaion eld this process, dubbed
extragalactic absorption, plays a major role.

E ir = (2.10)

In not only the extinction of photons by dust clouds but also the absorption
due to - pair production is depicted. The extragalactic backgrourd light<®, whose

24 Extragalactic B ackground Light, EBL
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main components are in the IR to UV energy ranges, interacts \ith high energy photons
preferably in the TeV energy range

Tev t R! € te: (2.11)

Thus, the VHE photon ux from cosmological distances (cosmdogical redshift z > 0:03)

is noticeably attenuated, the higher the redshift and the erergy, the stronger the atten-

uation. Having measured an VHE spectrum of a source with know redshift, the source

intrinsic spectrum can be inferred by modeling of the EBL andde-absorbing the measured
spectrum, with models like e.g. K* 043 FRV08,G* 09,KD10,D* 11b] and an sexperimental
limit on the density of the EBL can be inferred [A* 06b, MRO7,A* 08h].

For sources of VHE gamma-ray radiation whose redshift is unkown, the knowledge of
this process can be used to constrain the redshift of the soae [P* 10].

An alternative process for the production of high energeticphotons is the decay of neutral
pions. As stated in neutral pions decay into two photons, both having
energies in the TeV range. In this scenario, the gamma-ray uxis no longer necessarily
correlated to the X-ray ux as it is the case in leptonic models, which directly shows a way
of detecting such processes. Moreover, this process woulihk the VHE gamma-ray ux
to a proportional ux of high-energetic neutrinos, as the branching ratio of the processes
given in and is 2=3 for the neutral pions against =3 for the
charged pions~. Thus, the detection of a ux of high energetic neutrinos is another way
of identifying this process which would in turn be a smoking @in for the sources of the
highest energetic cosmic rays.

Modern surveys show that more or less every galaxy like our wn hosts a central black
hole (see Bch06H) with masses of 10°  10° solar masses. In active galaxies there is
an additional strong accretion ow onto the supermassive bhck hole, leading to the fact
that non-thermal emission of the innermost region of the galay, called nucleus, outshines
the whole rest of the galaxy by several orders of magnitude. e nucleus is comprised
by the central black hole, surrounded by an accretion disk ad a dust torus, as well as
two highly collimated relativistic plasma out ows perpendicular to the accretion disk,
called jets. The torus supplies the accretion disk with matter. It also obscures the central
region of the nucleus, depending on the viewing angle (c.f: ). Due to the process
of accretion, particles in the accretion disc are accelerad to relativistic velocities and
strongly emit non-thermal synchrotron radiation, which are the seed photons in external
Compton models, to be discussed later-on in 2 For further reading on
accretion disks in AGN the reader is referred to e.g.Bla07] and the contained references.

25 More sophisticated calculations alter this branching ratio by up to 20% [ H* 10].

26Black Hole, BH

2'In fact, near the center of the Mikyway there is even a second black hole with a mass
of 1,000solar masses orbiting around the Milkyway's central black hole that i s a 2,600 times more
massive B* 06h].
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According to [BZ77] the jets in AGN are formed by magnetic elds extracting the spin
energy of a rotating black hole. Although this formalism wasinitially derived for force-
free magnetospheres, recent general relativistic MHD simations show its applicability
also under these circumstancesJamO07]. Recent extensive overviews on MHD theory and
jet production can be found in [Pun08, Bes1(. Despite the not nally settled theoretical
guestion of jet production in the ergosphere of black holesit is obvious from observations
that these jets are highly magnetically collimated and can each lengths of millions of
light years=°. Charged particles move along the jets at relativistic (andapparently super-
luminal) speed within so-called plasmoids from which strongnon-thermal radio and X-ray
emission are observed. So, it is inferred that these plasmads are regions of strong shock
acceleration. For a recent overview on relativistic jets, ge [Ghill].

The rst AGN was detected in 1963 [Sch63, dubbed Quasi Stellar Object™; but only
in 1992 a general model of AGN was developed, unifying sevdriormerly distinct source
classes under a cylindrically symmetric model, attributing the di erences to the view-
ing angle of the observer w.r.t. the cylinder axis PU92, UP95, Urr04], as illustrated in

Further classi cation attributes of this uni ed model of AG N are the strength of the radio
emission, which seems to be correlated to the shape of the hogalaxy (spiral or elliptic)
and the optical luminosity. In a detailed classi cation diagram is shown. In
the following, only the subclass of blazars shall be of furtkr interest.

For a slightly outdated but extensive general overview on AQN the reader is referred
to [Kro99], for a more recent overview of e ects being related to jets fom AGN there will
soon be a new bookBHK11].

By far, most of the known extragalactic emitters of VHE gamma-rays are Active Galactic
Nuclei and among those, the largest subclass is comprised Wylazars. According to the
uni cation scheme for AGN, blazars are characterized by redtivistic plasma out ows (jets)
pointing towards the observer PU92]. Thus, it is plausible that already for geometric rea-
sons, observations of blazars probe deepest into the jets &GN and, by this, carry most
of the information about their central engine. Recent obsevations with high-resolution
VLBI °" support this assumption, pinning down the emission region boutbursts in blazars
as BLLac and M 87 to the innermost region of the AGN M*08a A* 094, though sim-
ilar observations of the blazar OJ 287 suggest an emission g@n located > 14 pc away
from the central supermassive black hole4A* 11j]. Blazars show non-thermal continuum
emission ranging from radio to VHE gamma-rays, covering an eargy range of 20 orders
of magnitude. The spectral energy distribution” of this emission typically shows a two
hump structure with one hump ranging from radio to X-rays and the second one peak-
ing in the GeV to TeV range. According to the overall shape of he SED, blazars are
phenomenologically classied into at spectrum radio quasars’s, low-frequency peaked

2For comparison: The diameter and height of the galactic plane of the Milky Wa y measure
about 100,000 light years and 16,000 light years, respectively B* 06b].

2 Quasi Stellar Object, QSO

30V ery Long B aseline | nterferrometry, VLBI

$1gpectral Energy D istribution, SED

%2Flat Spectrum R adio Quasar, FSRQ
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Figure 2.9: Left: An artist's impression of the morphology of AGN, showing torus, accre-
tion disk and two jets. Right bottom: A schematic sketch perpendicular to the
jet axis is depicted. In the inlay an accordant radio observaion, in which the
jets and the so-called radio-lobes at their ends are clearly s&. Right middle:
A sketch of the AGN observed under an acute angle. The inlay sbws an ac-
cordant optical observation with an extremely bright core and the jet pointing
past the observer. Note that the host galaxy is not visible. Right top: A sketch
of an observation along the jet axis. The accordant observaon in the inlay is
made in X-rays or gamma-rays. ESS07.

BL Lac objects® and high-frequency peaked BL Lac objects’. The rst ones show strong
optical emission lines, whereas the class of BL Lac objectsxbibits none or only very
weak optical line emission. Furthermore a trend is observedhat the higher the peak

frequency of the lower energetic hump in the SED, peak, the lower the overall luminosity,

with poR9°  LBLs  HBLS  This is called the blazar sequencdF* 98]. The emission

of blazars is typically highly variable in all wavebands. This may be caused e.g. by the
inhomogeneous medium that the jets are passing throughH* 104, the inhomogeneity
of the accreted material, or even by changes in the directiorof matter movement along
the jets. The latter would lead to strong ux variations caus ed by di erential Doppler-
boosting [Rie05h]. The strongest ux variations as well as the shortest variability time

33| ow-frequency peakedBL Lac object, LBL
3 High-frequency peakedB L Lac object, HBL
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scales are observed at the highest energies with timescalé&s ux doubling ranging down

to minutes as observed for Mkn 501 with MAGIC"> [A* 07] and for PKS 2155-304 with
H.E.S.S”° [A* 07d. Albeit, the variability timescales in other wavelength may last up to
years [S* 88| or even longer Hud11, HBOS].

The continuous emission spectra of blazars are subject of cent debates, just as the
nature of the underlying acceleration mechanism. Althoughtheoretical models, generally
can explain quite well the shape of the observed blazar SEDs$he question whether leptons
or protons are causing the electromagnetic emission in blazs is far from being settled.

In leptonic models, the low energy hump of the SEDs is causedybsynchrotron radia-
tion (see ) of a population of highly relativistic electrons. The same electron
population may interact afterwards either with those synchrotron photons (Synchrotron
Self Compton’’, see also ) [BK79, TMG98a] or an external photon eld
(External Compton °°) [DS93 via inverse Compton scattering (see ), account-
ing for the high energy emission. These models describe most the observed data very
well (c.f. and see A* 11 A" 11g Z* 11]) and can reasonably explain even the
shortest variability timescales. But for the Flat Spectrum Radio Quasar 3C 279 it has re-
cently been shown that single zone leptonic models, even ued the assumption of external
photon elds, are not suited to explain the SED [BRMO09].

Hadronic emission models are generally more complicated abkey also feature leptonic
emission processes for secondary leptons, which in this s@io are also dominantly con-
tributing to the low energy hump via synchrotron emission. The high energy bump, in
turn, is caused by either proton synchrotron emission (Probn Synchrotron Blazar [MPO01],
Synchrotron Mirror Model [ Boe0]), or by the decay of neutral pions, stemming from in-
teractions of protons with internal or external photons el ds or among themselvesNlan93]
(see also and ). These scenarios are not only able to explain
the SED shapes reasonably well, but are also capable of natalty explaining orphan
ares. These are enhancements of the high energy ux that are not accompanied by a
simultaneous enhancement in the low energy emission and havbeen observed for the
blazars 1ES 1959+650 K* 04b] in 2002, Mkn 421 B* 05b] in 2004, and recently also for
Mkn 501 [NST11]. In leptonic models, these observations can only be explaed by using
extreme source parametersl* 09b] or several emission zoneK[T06], as in general a cor-
related behavior of the low and high energy emission is expéad. Anyway, both of those
loopholes are theoretically disfavored as the former one tpiires ne-tuning of parame-
ters and the latter one e ectively doubles the number of freeparameters in the model.
Another feature of hadronic emission models is the predictin of high energy neutrino
emission Man95, HH05, RBP05, D" 114. Hence, the detection of either neutrinos from a
blazar or a SED only being explained by hadronic models, wod be smoking guns for the
source of cosmic rays.

%M ajor A tmospheric Gamma | maging C herenkov telescopes, MAGIC, see and http://
magic.mppmu.mpg.de

%High Energy Stereoscopic System, H.E.S.S., seehttp://www.mpi-hd.mpg.de/hfm/HESS

7 Synchrotron Self Compton, SSC

%8 External Compton, EC
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Figure 2.10: The spectral energy distribution of Mkn 501 with unsurpassed spectral cov-
erage as measured during an extensive multi-wavelength camagn between
March 15 2009 and August 1 2009 (blue points). Additionally, two SSC
models with variability timescales of 4 days (black curve) aad 0.35days (red
dashed curve) are shown, which explain the data extremely we For further
details see A" 111].

Unin uenced by the question for the predominant acceleraton mechanisms, also the ques-
tion of the central engine of AGN is under debate. In the receh bottom-up scenarios
of galaxy formation, the big elliptical galaxies, which hog most of the luminous, radio-
loud AGN, are built up by the merging of smaller spirals (see §ch064). This was also
supported by computer simulations M* 07]. Additionally, it is believed that every galaxy
hosts a supermassive black hole, as mentioned before. By #jiit is a natural expectation
that especially the big elliptical galaxies contain more than one central black hole. This,
in turn, leads directly to a model of binary black holes’™” [BBR80], as it was shown that
systems of more than one black hole are unstable except for ary systems EVA74]. One
might add that recent ndings suggest that for a fraction of m oderate-luminosity X-ray
selected AGN up to a redshift ofz = 2:2, processes such as disk instabilities or tidal disrup-
tions play a larger role in AGN fuelling than merging. Althou gh for high-luminosity AGN
(as focused on here) major mergers seem to be the main fuelimgechanism A" 11m.
Although widely separated binary black hole systems K* 03, H* 06, F* 114 and recently
also relatively narrow ones R* 09¢ BL09, LB09, TDDH11, EBHL11] have been observed,

%Binary Black Hole, BBH
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it is still quite ambiguous whether BBHs enter the separation where gravitational wave
emission becomes important and nally coalesce within a Huble time. On the other hand,
the activity of AGN seems to be intimately connected to galaxyy merging [R* 11b,E* 11]
and there are even models connecting the activity state of AGI (like Seyfert or quasar
type activity) to the separation of the internal BBH system [ Lob0#6], giving rise to the as-
sumption that especially in blazars, the separation of evetual binary systems is so small
that one will not be able to resolve them in the near future. Although, their detection is
not quite impossible, but indirect. Due to the interaction of the secondary BH with either
the accretion disc or the jet via tidal forces, a quasi perioit behavior should be observed
in the emission of the sources, e.g.Rie0g. In fact, there are several observational evi-
dences of such behavior (for an overview, se&dm06]): Helical trajectories along the jets,
as they have been observed in high-resolution radio imagespuld be explained as orbital
modulation in the framework of BBHSs, leading to quasi periodc variability as calculated
in [Rie07] and observed for the blazar 3C 279L* 09d. In a sketch of such a
trajectory on top of an artist's impression of a helical jet is depicted. The best studied
object, probably harboring a BBH, is OJ 287, where optical oubursts with a periodicity
of 12 years are observedd" 88] and even the period shortening due to gravitational wave
emission is tested Y* 08]. A similar periodicity of 10 years has recently been found n
optical data of Mrk 501 [Y* 08b]. This is especially interesting in the context of BBHs as
based on an observed periodicity of 23 days in gamma-rays by éhTelescope Array H* 98]
and HEGRA [Kra99,K ™" 01], the BBH interpretation of the source [RM00,RMO01] predicted
an optical periodicity of 6-14 years. Analyses of not only HEGRA and Telescope Array
gamma-ray data but also RXTE ASM X-ray data forti ed the ndin gs of a 23 day peri-
odicity [Oso0§. Recent studies con rm these results on MAGIC, VERITAS and Whipple
gamma-ray and SWIFT and RXTE X-ray data, additionally claimin g 36 and 72 day peri-
ods in the RXTE lightcurve [ R* 09b]. Furthermore, periodicities in the optical and X-ray
emission of several other, partially also gamma-ray emittig blazars (like PKS 2155-304)
have been reported, e.g.lJ* 09a Fan00]. Nevertheless, it should be noted that there are
also other explanations for this short-term periodicity, ase.g. instabilities in the accretion
disk [F* 084 and that for a redshift z < 1 simulations expect only 5 10 BBH systems with
sub-parsec scale separatiorMMDO09].

Another interesting aspect of such BBH systems is that thosevould be possible sources of
gravitational waves as predicted from general relativity. Such gravitational waves would
be detectable with the planed space interferometer LISA” [D* 03]. But in order to reach
the sensitivity needed and due to the low signal to noise rat it will be necessary to
simulate signal templates in advance fcK06], which is in general possible B* 064 but
needs to make assumptions about the masses and distances betBBH systems. These
in turn could be inferred from observations of periodic eletromagnetic signals.
Altogether, two conclusions arise from the presented scemi:

Monitoring of Blazars with a variety of instruments operati ng over the whole electromag-
netic spectrum, so called multi-wavelengthi- observations, are mandatory to shed light on
the internal structure and emission processes of AGN and mdye even solve the question
regarding the origin of cosmic rays. In the variety of instruments used in the
framework of this thesis will be introduced and in the results of this synopsis

40| aser I nterferometer Space A ntenna, LISA
“IM ulti- W avelength, MWL
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Figure 2.11: Sketch of the helical motion of the jet in an AGN @used by a binary black hole
system RMO01], underlaid with an artist's impression [NCWOQ7].

will be presented.

Gamma-ray observations of the duration of weeks are much be#r suited to nd periodic

behavior of the sources than optical observations for decags. Therefore, gamma-ray
monitoring observations are required on a long-term basis. r section 6.1 the results
of such observations with the MAGIC telescope will be preseted, in chapter 5 a new
Cherenkov telescope dedicated to monitoring observationsf blazars will be introduced,
which has partly been built up in the course of this thesis, am in chapter 8 a global
network of Cherenkov telescopes which is being set up will bpresented.
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Figure 2.12: AGN classi cation diagram: Classi cation is based on 1. the radio luminosity

(mainly corresponding to the type of the host galaxy), 2. the @tical lumi-

nosity and 3. the inclination angle [Bec09, after [Gro06g].






Chapter 3
Instruments for Multi-Wavelength
Astronomy

It has been shown in that AGN are possible sources of the highest energetic
cosmic rays as well as of gravitational waves. In either comxt, but especially in shedding
light on the particle acceleration and radiation production mechanism the great importance
of multi-wavelength observations has been stressed. In thishapter, a brief overview of the
various instruments used in this study is presented. Introducing forty instruments, this
overview is strictly limited in its level of detail, suitabl y for more information the reader is
referred to the instruments' o cial websites and references given in the text. As the main
work within this thesis deals with very high energy gamma-ray astronomy, Cherenkov
telescopes, used to detect these highest energetic photgrese described in more detail in
the subsequent .

The instruments are presented in rising order of the frequeny/energy range they operate
in. An illustrative overview is given in

GBT91m The 91m Green Bank Telescope was a 300ft ( 91 m) radio telescope at
the Green Bank Observatory before it collapsed on November 3, 1988. Conducting
the Northern Sky Survey, source catalogs at 4.85GHz (6cm)BWE91] and 1.4 GHz
(20cm) (WB92, WB95] have been composed.

UMRAO The 26m radio telescope of the University of Michigan Radio Astronomy
Observatory= [MurQ0] has build-in receivers for observations of the frequenciesf 4.8,
8.0, and 14.5 GHz. It can operate in a completely automated wg not requiring personal
attendance at the telescope and then reaches around 90% e ency in observation time.

191 m Green Bank T elescope, GBT 91 m, seehttp://www.gb.nrao.edu/fgdocs/300ft/300ft.html
2U niversity of M ichigan R adio A stronomy Observatory, UMRAO, see http://www.astro.lsa.umich.
edu/obs/radiotel
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http://www.astro.lsa.umich.edu/obs/radiotel
http://www.astro.lsa.umich.edu/obs/radiotel
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Most of this time is dedicated to monitoring the total ux and linear polarization from 200
AGN [A* 03h).

E elsberg100m The E elsberg 100 m Radio Telescope is used in the F-GAMMA pro-
gram” [F*07,A* 08j] for AGN monitoring and observes at the wavelengths of 110, 6, 36,
28, 20, 13, 9, and 7 mm.

RATAN 600 The RATAN 600 radio telescope” [KP79] is a stationary radio telescope
with a diameter of 576 m, operating in the frequency range of 0 MHz 30 GHz (1 50 cm)
with an angular resolution of 2arcsec. Since 1997, there haseen a radio broad band
monitoring campaign on 550 AGN [K*99b, K* 02].

OVRO Since 2007 the 40m radio telescope at the Owens Valley Radio®ervatory
conducts a monitoring campaign of about 1500 AGN at 15 GHz (26nm) [R* 11d].

Metsdhovi At the Metsdhovi Radio Observatory’ the 14 m radio telescope is used to
monitor blazars at the frequency of 37 GHz N* 074.

IRAM  The IRAM © 30 m telescope participates in the F-GAMMA program, monitoring
AGN at the wavelengths of 3, 2, 1, and 0.9 mm.

By using several spaced apart telescopes to observe the sasmuirce, the angular resolution
can vastly be improved as outlined in e.g. Bra03].

WSRT The Westerbork Synthesis Radio Telescopeis a interferometric system of 14
telescopes of 25m diameter each, arranged on a linear 2.7 knaseline, which performed
the Westerbork Northern Sky Survey'” [R* 97] at 92 cm wavelength.

UTRAO The University of Texas Radio Astronomy Observatory - was a ve element
interferometer operating at 335, 365, and 380 MHz, conducte the 365 MHz Texas survey
from 1974 1983 D* 96].

3seehttp://www.mpifr.de/radioteleskop

“Fermi-GST AGN M ulti-frequency M onitoring A lliance, F-GAMMA, see http://www.mpifr-bonn.
mpg.de/div/vibi/ffgamma

SRATAN, rus.: Academy of Science Radio Telescope, seéttp://www.sao.ru/ratan

50wens V alley R adio Observatory, OVRO, see http://www.astro.caltech.edu/ovroblazars

"seehttp://www.metsahovi.fi

8Institut de Radioastronomie M illimétrique, IRAM, see http://iram-institute.org/EN/
content-page-55-7-55-0-0-0.html

W esterbork Synthesis Radio Telescope, WSRT, see http://www.astron.nl/radio-observatory/
astronomers/wsrt-astronomers

O\We sterbork Northern Sky Survey, WENSS

" University of T exasR adio A stronomy Observatory, UTRAO


http://www.mpifr.de/radioteleskop
http://www.mpifr-bonn.mpg.de/div/vlbi/fgamma
http://www.mpifr-bonn.mpg.de/div/vlbi/fgamma
http://www.sao.ru/ratan
http://www.astro.caltech.edu/ovroblazars
http://www.metsahovi.fi
http://iram-institute.org/EN/content-page-55-7-55-0-0-0.html
http://iram-institute.org/EN/content-page-55-7-55-0-0-0.html
http://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers
http://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers

3.2 Infrared

VLA The Very Large Array *“ [T 80,NTE83] is an array of 27 telescopes with diameters
of 25m, each in a Y-shaped arrangement. The exact form of the aay can be altered to
give priority either to sensitivity or to angular resolutio n. The observed frequency bands
rage from 1.34 1.73, 4.55.0, 14.4 15.4, and 22 24 GHz.

VLBA The Very Long Baseline Array*~ [N* 94] is an interferometric radio telescope sys-
tem made of ten radio telescopes situated in the USA. Each sigle telescope has a diameter
of 25 m and together they span a maximum baseline of 8,000 kmdm Hawaii to the U.S.
Virgin Islands. With the superb angular resolution it is mainly used to resolve the inner
structure of AGN close to the core. The MOJAVE'" program [L* 09d, succeeding the
VLBA 2cm survey -~ is monitoring the brightest northern AGN at 15GHz (2cm) since
1994.

Planck The Planck satellite® [A™ 11i] uses the LFI'" [M* 11] and the HFI“ [A* 11h] to
measure the anisotropy of the cosmic microwave backgroundAnyway these instruments
can also be used to study foreground sources. The LFI operaseat 30, 44, and 70 GHz,
whereas the HFI measures at frequencies of 100, 143, 217, 3535, and 857 GHz.

Spitzer IRS  The InfraRed Spectrograph® [H* 04b] aboard the Spitzer Space Tele-
scope” [W*04] is an infrared spectrometer with four sub-detectors, operéing in the
wavelength ranges of 5,200 14,500 nm (Short-Low Module), 900 19,600 nm (Short-High
Module), 14,000 38,000 nm (Long-Low Module), and 18,700 37200 nm (Long-High Mod-
ule). The Spitzer Space Telescope started its operation in Agust 2003.

2MASS  Strictly speaking, 2MASS is not an instrument, but the 2 Micron All Sky Sur-
vey-' [S* 06]. It has been performed in the near-infrared J- (1,250 nm), H{1,650 nm), and
Ks-band (2,160 nm) with two automated 1.3 m telescopes at the Frd Lawrence Whipple
Observatory, Arizona (USA), and the Cerro Tololo Inter-American Observatory, Chile,
between 1997 and 2001.

12y/ ery Large Array, VLA, see http://www.vla.nrao.edu

13V ery Long Baseline A rray, VLBA, see http://www.vlba.nrao.edu

14M onitoring Of Jets in Active galactic nuclei with V LBA Experiments, Mojave, see http://www.
physics.purdue.edu/astro/MOJAVE

15 seehttp://iwww.cv.nrao.edu/2cmsurvey

18 seehttp://www.esa.int/SPECIALS/Planck

71 ow Frequency | nstrument, LFI

18High Frequency I nstrument, HFI

9 nfraR ed Spectrograph, IRS, see http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs

20 gpitzer Space T elescope, SST, Spitzer in honor of Lyman Spitzer, Jr., see http://www.spitzer.
caltech.edu

212 Micron All Sky Survey, 2MASS, see http://www.ipac.caltech.edu/2mass


http://www.vla.nrao.edu
http://www.vlba.nrao.edu
http://www.physics.purdue.edu/astro/MOJAVE
http://www.physics.purdue.edu/astro/MOJAVE
http://www.cv.nrao.edu/2cmsurvey
http://www.esa.int/SPECIALS/Planck
http://irsa.ipac.caltech.edu/data/SPITZER/docs/irs
http://www.spitzer.caltech.edu
http://www.spitzer.caltech.edu
http://www.ipac.caltech.edu/2mass
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NOT The 2.5m Nordic Optical Telescope“ on the Canary Island of La Palma, equipped
with the NOTCam -~ is capable of conducting near infrared observations in the <] H-, and
Ks-band centered at 1,250nm, 1,626 nm, and 2,140 nm, respectiye

Hubble WFPC2 The Wide Field Planetary Camera 2°* [H* 95b, H" 954 aboard the
Hubble Space Telescop€ has been in operation from December 1993 until May 2009 and
had build-in optics to correct for the spherical aberration caused by the primary mirror.

It could be operated with several optical Iters <° in the wavelength range of 115 1,100 nm.
The used F702W Iter (595 820 nm) is similar to the Cousins R-band.

INTEGRAL OMC  The Optical Monitoring Camera“’ [M* 03] aboard the INTEGRAL
satellite”® [W* 03,J* 03] observes with a Johnson V- lter centered at 550 nm.

KVA  Within the Tuorla blazar monitoring program several blazar are monitored in the
optical R-band (centered at 650 nm) with the 1.03 m telescope fathe Tuorla Observatory
and the robotic 0.35m telescope KVA on La Palma”.

Goddard Robotic Telescope The Goddard Robotic Telescope” [SF 094 is a 14 optical
telescope at the Goddard Geophysical and Astronomical Obseatory which is used for
the follow-up of Swift and Fermi GRBs as well as observations bFermi LAT AGN.

New Mexico Skies New Mexico Skies™ is a privately operated observatory o ering sev-
eral optical telescopes in six domes located at 2,225 m a.s.within the Lincoln National
Forest.

Tenagra-Il  The automated 0.81 m Tenagra-Il telescope” is operated privately in South
Arizona and is o ering observation time to academic institutions.

22N ordic Optical T elescope, NOT, seehttp://www.not.iac.es

2 seehttp://www.not.iac.es/instruments/notcam

2\ ide Field Planetary Camera 2, WFPC2, see http://www.stsci.edu/hst/wfpc2

ZH ubble Space T elescope, HST, seenttp://www.nasa.gov/mission_pages/hubble

2 seehttp://www.stsci.edu/hst/wfpc2/documentsffilters.pdf

2’Optical M onitoring Camera, OMC, see http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=31175&fbodylongid=722

®|nte rnational Gamma-Ray A strophysics Laboratory, INTEGRAL, see http://sci.esa.int/
science-e/www/area/index.cfm?fareaid=21

2 seehttp://users.utu.fi/~kani/lm

%0Goddard R obotic T elescope, GRT

31N ew M exico Skies, NMS, seehttp://www.newmexicoskies.com

32 seehttp://tenagraobservatories.com


http://www.not.iac.es
http://www.not.iac.es/instruments/notcam
http://www.stsci.edu/hst/wfpc2
http://www.nasa.gov/mission_pages/hubble
http://www.stsci.edu/hst/wfpc2/documents/filters.pdf
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=31175&fbodylongid=722
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=31175&fbodylongid=722
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=21
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=21
http://users.utu.fi/~kani/1m
http://www.newmexicoskies.com
http://tenagraobservatories.com
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Perugia Automatic Imaging Telescope The Perugia Automatic Imaging Telescope” is
a 0.4 m robotic telescope that has been used since 1994 for aqal variability monitoring
of blazars.

Palomar60 The 60-inch (1.5 m) telescope at the Palomar Observatory’ [C* 06] is mainly
used for photometric follow-up observations of Super Novae it also observed AGN in g-
band (centered at 524 nm).

Swift UVOT  The Ultraviolet/Optical Telescope *~ aboard the Swift satellite™® [G* 044
operates in the 160 800 nm range. For a technical descriptio see R* 05b), for information
about the band passes and photometric calibration seeHd* 08].

GALEX The Galaxy Evolution Explorer °' [M* 05 started its operation in 2003 and was
the rst instrument to conduct e.g. an extragalactic ultrav iolet all-sky survey. It measures
in two bands, near ultraviolet*® and far ultraviolet °”, being centered at 227.1nm and
152.8 nm, respectively.

Recently, cross-calibration measurements have been condied with Chandra ACIS,
Suzaku XIS, Swift XRT, and XMM-Newton EPIC (MOS and pn) for  the soft-band (2
8keV), and Suzaku HXD-PIN, RXTE PCA, and INTEGRAL IBIS-ISG  RI, and for the
hard-band (15 50 keV). These revealed di erences as large a80% and 9% for the soft-band
ux and power-law index, respectively, and 46% for the hard-band ux [ T* 11].

Swift XRT  The X-Ray Telescope” aboard the Swift satellite®* [G* 044 observes in the
energy range of 0.2 10 keV with an energy resolution of 140 e\at 5.9 keV. Details can be
found in [B* 05d].

XMM-Newton EPIC (MOS) The European Photon Imaging Camera“ [V* 96] aboard
the XMM-Newton satellite “* [J* 01] is comprised by three cameras of which one is made

33 A utomatic 1 maging T elescope, AIT, seehttp://astro.fisica.unipg.it/osserv.htm

34 seehttp://www.astro.caltech.edu/palomar/60inch.html

% Ultraviolet/ Optical T elescope, UVOT

36 seehttp://swift.gsfc.nasa.gov

%7 Gal axy Evolution E xplorer, GALEX, see http://www.galex.caltech.edu

38N ear U ltra violet, NUV

Far Ultraviolet, FUV

40X -Ray T elescope, XRT, seehttp://swift.gsfc.nasa.gov/docs/swift/about_swift/xrt_desc.html

“ seehttp://swift.gsfc.nasa.gov/docs/swift/swiftsc.html

“2European Photon Imaging Camera, EPIC, see http://xmm.esac.esa.int/external/
xmm_user_support/documentation/technical/EPIC

43X-ray M ulti-Mirror M ission-Newton , XMM-Newton, see http://xmm.esac.esa.int


http://astro.fisica.unipg.it/osserv.htm
http://www.astro.caltech.edu/palomar/60inch.html
http://swift.gsfc.nasa.gov
http://www.galex.caltech.edu
http://swift.gsfc.nasa.gov/docs/swift/about_swift/xrt_desc.html
http://swift.gsfc.nasa.gov/docs/swift/swiftsc.html
http://xmm.esac.esa.int/external/xmm_user_support/documentation/technical/EPIC
http://xmm.esac.esa.int/external/xmm_user_support/documentation/technical/EPIC
http://xmm.esac.esa.int
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of pn-CCDs™ [S" 01] and two are made of metal oxide semi-conductor-CCDs [T* 01]. It
has been operating since December 1999 in the energy range®15 15 keV.

BeppoSAX The BeppdSAX™ [Sca93 X-ray satellite was in operation from April 1996
until April 2002. It was equipped with three narrow eld inst ruments for di erent energy
ranges: LECS' [P*97] (0.110keV), MECS"® [B*97] (1.3 10keV), and PDS"’ [F* 97
(13 300 keV), allowing spectral studies over more than three decades in energy.

RXTE ASM  The All-Sky Monitor * [L* 96] aboard the Rossi X-ray Timing Explorer
has been monitoring the whole sky in the energy range of 2 10&V since December 1995.

INTEGRAL JEM-X  The Joint European X-Ray Monitor [B* 04 aboard the
INTEGRAL satellite provides images in the 3 35keV energy band with a spectral res-
olution of 1.3keV at 10 keV.

RXTE PCA  The Proportional Counter Array ~~ [J* 06] aboard the Rossi X-ray Timing
Explorer has been in operation since December 1995 in the emgy range of 2 60 keV with
an energy resolution< 18% at 6 keV.

Swift BAT ~ The Burst Alert Telescope’™ [B* 054 aboard the Swift satellite”” [G* 044 is
mainly used for the immediate detection of GRBs in the energyrange of 15 150 keV but
with long time integration it is also capable of determining the spectral properties of faint
sources in the hard X-rays”.

RXTE HEXTE  The High Energy X-ray Timing Experiment °’ [R* 98] aboard the Rossi
X-ray Timing Explorer has been in operation since December 195 in the energy range
of 15 250 keV with an energy resolution 15% at 60 keV.

44Charge Coupled D evice, CCD

45M etal Oxide Semi-conductor, MOS

46 3atellite per Astronomia X, ital.: X-Ray Astronomy Satellite, SAX, Beppo in honor of Giuseppe
Beppo Occhialini, see http://www.asdc.asi.it’/bepposax

4L ow Energy Concentrator Spectrometer, LECS

“8M edium Energy Concentrator Spectrometer, MECS

“°p hoswich D etector System, PDS

S0All-Sky M onitor, ASM, see http://xte.mit.edu

*1RossiX -ray Timing Explorer, RXTE, Rossi in honor of Bruno B. Rossi, see http://heasarc.gsfc.
nasa.gov/docs/xte

52 Joint European X-Ray M onitor, JEM-X, see http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=31175&fbodylongid=721

3Proportional Counter Array, PCA, see http://heasarc.gsfc.nasa.gov/docs/xte/PCA.html

SBurst Alert Telescope, BAT, seehttp:/swift.gsfc.nasa.gov/docs/swift/about_swift/bat_desc.
html

%5 seehttp://swift.gsfc.nasa.gov/docs/swift/swiftsc.html

*¢see e.g.http://heasarc.gsfc.nasa.gov/docs/swift/results/bs58mon

*"High Energy X-ray Timing Experiment, HEXTE, see http://heasarc.gsfc.nasa.gov/docs/xte/
HEXTE.html
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http://heasarc.gsfc.nasa.gov/docs/xte
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=31175&fbodylongid=721
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=31175&fbodylongid=721
http://heasarc.gsfc.nasa.gov/docs/xte/PCA.html
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http://swift.gsfc.nasa.gov/docs/swift/swiftsc.html
http://heasarc.gsfc.nasa.gov/docs/swift/results/bs58mon
http://heasarc.gsfc.nasa.gov/docs/xte/HEXTE.html
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As shown in gamma-rays are absorbed high up in the Earth's atmosphere. Ts,
observations only become possible by the use of satellite-boe experiments. This in turns
leads to the main limitation of these instruments, as the limited size and payload of the
rockets and satellites restricts the (e ective) detector area, resulting in an intrinsic upper
bound to the energy range of about 100 GeV for the strongest soces, c.f. . For
the detection of even higher energetic gamma-rays, Cherenkdelescopes can be utilized,
which is describe in

INTEGRAL IBIS-ISGRI  The INTEGRAL Soft Gamma-Ray Imager °° [L* 03] aboard the
INTEGRAL satellite is the top layer of the Imager on-Board the INTEGRAL Satellite
This in turn is an imaging gamma-ray telescope utilizing the mded-mask technique. It
is comprised by 16384 pixels made of CdTe and operates in thenergy range from 15 keV
to 10 MeV with a spectral resolution of 8 10% in the energy rarge from 100 keV to 1 MeV.

CGRO COMPTEL The Imaging Compton Telescope” [S"93b] aboard the Compton
Gamma-Ray Observatory’~ has been in scienti ¢ orbit from April 1991 until June 2000.
It operated in the energy range of 0.8 30 MeV with an energy resolution better than 8.8%.
Though the COMPTEL source catalogue was published a decadegm [S" 0Q], recent pub-
lications on limits to the MeV photon ux of Active Galactic N uclei [S" 08b] and on the
reanalysis of the original COMPTEL data [Z* 10] may have strong scienti ¢ impact, espe-
cially as the MeV energy range is still widely unexplored.

AGILE GRID The GRID"“ [P* 034 aboard the AGILE satellite °° [T*08b] has been in
scienti ¢ operation since April 2007. Based on a silicon traker, its energy range is 30 Mev
50 GeV.

Fermi LAT  The Large Area Telescop&® [A* 09K aboard the Fermi Gamma-ray Space
Telescope®” is gamma-ray detector based on pair conversion. It operatesnithe energy
range of 20 MeV 300 GeV though the upper end of the energy rang is mostly limited by

the number of detected photons. Scienti ¢ operation started in August 2008.

Recent theoretical modeling of the emission of the Crab Nebla suggest slight di erences
in the energy scale of the ground based Cherenkov telescopasd the test-beam calibrated
Fermi LAT of 3% for MAGIC and 4.2% for the Hegra CT system [ MHZ10].

8INTEGRAL Soft Gamma-Ray Imager, ISGRI, see http://sci.esa.int/science-e/www/object/
index.cfm?fobjectid=31175&fbodylongid=720

| mager on-B oard the INTEGRAL Satellite, IBIS, see http://projects.iasf-roma.inaf.it/ibis

%maging Comp ton Tel escope, COMPTEL, see http://heasarc.gsfc.nasa.gov/docs/cgro/cgro/
comptel.html

51Compton G amma-R ay Observatory, CGRO, see http://heasarc.gsfc.nasa.gov/docs/cgro

52G amma-R ay I maging D etector, GRID

53 A strorivelatore Gamma a |l mmagini Leggero, ital.: Light Imager for Gamma-ray Astrophysics, AGILE,
seehttp://agile.rm.iasf.cnr.it

| arge Area T elescope, LAT, Fermi in honor of Enrico Fermi, see http://www-glast.stanford.edu

% Fermi Gamma-ray Space T elescope, FGST or Fermi, seehttp://fermi.gsfc.nasa.gov
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Frequency ranges
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Figure 3.1: Frequency ranges of the di erent instruments ugd in this study.



Chapter 4
Cherenkov Telescopes

As mentioned in ; the detection of the VHE gamma-rays is not possible by
satellites, but conducted with imaging atmospheric Cheretkov telescopes. A compre-
hensive overview on the detection technique of IACTs is give in [Wee03 Boj02] and the
technique as well as recent results are reviewed irHH09, A* 08f, Hin09, CLN08]. Accord-

ingly, only a short introduction is presented in . After that, an overview of the

latest generation Cherenkov telescopes is given in before in

to short introductions to the IACTs used within this thesis are given. A
detailed overview of the performance characteristics of thse IACTs is given in

Lastly, in the problem of distinguishing gamma-ray induced signals frm the

huge hadronic background is outlined and the algorithms deegloped in the context of this
thesis are introduced.

The main constraints of satellite-born experiments are the ery restricted possible payload
and instrument size. These intrinsically limit their e ect ive area and thus their sensitivity
at very high energies as the detectable photon ux is rapidlydecreasing with energy, c.f.
. To overcome this, Cherenkov telescopes are utilized whicimake use of the
atmosphere as part of the detector and thus allow for huge dedctor volumes.
High energetic photons impinging on the Earth's atmospherenduce so-called electromag-
netic air-showers via (leptonic) pair production and subsegent bremsstrahlung of the
electrons and positrons. As the energy transferred to the lgtons is so high, they move
at velocities larger than the speed of light in the atmosphee and as a result produce
Cherenkov radiation [Che34. The emitted spectrum depends on wavelength as4 2, but
due to absorption in the atmosphere at 2,000 m a.s.l. it has tk form depicted in

This light is focused by the mirrors of IACTs and imaged on a photon detector plane. The
signals are recorded most e ectively by very fast data acqusition systems like FADCs~,

YI'maging A tmospheric Cherenkov T elescope, IACT
2D ata AQ uisition, DAQ
3Flash A nalog to Digital Converter, FADC
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Figure 4.1: Spectrum of Cherenkov radiation from air showes in 2,000 ma.s.l.

sampling the temporal evolution of the around 5ns short air fiowers. In the
working principle of IACTs is illustrated.
As not only gamma-rays but also charged cosmic rays (c.f ) induce air showers,

the detection of sources of VHE gamma-rays is highly non-trival. In general, the shapes
of hadronic and gamma induced showers dier e.g. in width, lght density, temporal
evolution and orientation. This is also re ected in the images recorded from air showers
utilizing Cherenkov telescopes Hil85]. These dierences are due to the production of
massive mesons in hadronic interactions, leading to a muchatger transverse momentum
compared to electromagnetic air showers. In simulations of a proton induced
air shower, an iron induced one, and a gamma induced one withraenergy of the primary
particle of 1 TeV are depicted to illustrate the di erences.

The rst HEGRA “ Cherenkov telescope, CT 1, was operated between 1992 and 20at
the Observatorio del Roque de los Muchachos on the Canary lahd of La Palma, Spain.
In 1995 the former camera with only 37 pixels was exchanged fmne with 127 pixels and
in 1998 the DAQ system was upgraded and the former 5/ round glass mirrors were
exchanged with hexagonal all-aluminum mirrors with in total 10 m? mirror area. Further

details, especially on the upgrade in 1998 can be found irC[' 00,K* 98].

“High Energy Gamma Ray A stronomy, HEGRA, see http://www.mpi-hd.mpg.de/hfm/HEGRA/HEGRA.
html
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Figure 4.2: Working principle of an IACT: An air shower is developing in the atmosphere
and emits Cherenkov light. The time evolution of the air shower is depicted in
color code from red to blue. By the co-axial alignment of the téescope to the
air shower main axis the form and temporal evolution of the slower is imaged
onto the camera. The numbers depicted are examples for a gameminduced

air shower with a primary energy of about 1 TeV [Mun06].
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Figure 4.3: Side view onto simulated air showers with an engy of 1TeV each, of the
primary particle for perpendicular incidence, i.e. zenith angle = 0 , and the
rst interaction in taking place in a height of 30km. Left: a gamma induced
air shower, Middle: a proton induced one, Right: an air shower caused by a
primary iron core (°6Fe) [Sch074.

4.2.2 HEGRA CT System

The HEGRA Cherenkov telescope system was a stereoscopic $ys of ve identical
Cherenkov telescopes (CT2 CT6) in operation between Septmber 1995 and Septem-
ber 2002. One of those, namely CT 3, is depicted in~igure 4.5, The HEGRA ar-
ray has also been situated at the Roque de los Muchachos on thea Palma at about
2,200m.a.s.l. Four of the telescopes have been arranged insguare shape with sides
lengths of 100m and one, CT 3, stood at the center of the squareContaining a mirror
area of ve times 8.5 and cameras consisting of 271 pixels with a eld of view of 0.8 ,
each, the energy threshold of the system was about 0.5TeV. Fomore information see
e.g. D" 97,DHH97,K* 993 P* 03h].

4.3 Latest Generation Instruments and General Limitations

Since the rst ground-based detection of very high energy gama-rays from outer space
in 1989 W* 89, the eld of gamma-ray astronomy with IACTs has made a signi cant
progress, increasing the number of detected VHE gamma-ray soces from 14 in 2004 to
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Figure 4.4: The HEGRA telescope CT 1 after the upgrade with h&agonal aluminum mir-
rors in 1998 K* 98].

presently more than 120 of both galactic and extragalactic aigin®. This progress is owed
to the IACTs of the latest generation, namely CANGAROO-III °, H.E.S.S., MAGIC ¢,
and VERITAS °. They are depicted in Figure 4.6, and general characteristics are given
in Table 4.1. The MAGIC telescopes are introduced insubsection 4.3.1 The tremendous
increase in source detections became possible by both, deassing the energy threshold and
increasing the overall instruments' sensitivity simultaneously. Hence, in the VHE regime
IACTs are much more sensitive than gamma-ray satellites or weer Cherenkov experiments,
like e.g. Fermi LAT and Milagro '°, respectively. But IACTs su er from their extremely
limited elds of view, compared to the former. Thus, instead of all-sky surveys IACTs
are used for deep single source exposures, in general leaglio a dependency on external
triggers for the observation of already known sources. To cercome this bias the regular
monitoring observations of the TeV-brightest AGN have been @nducted with the MAGIC

5For a recent overview of detected sources sedttp://www.mppmu.mpg.de/~rwagner/sources  or http:/
tevcat.uchicago.edu

5Collaboration of Australia and Nippon (Japan) for a GA mma Ray Observatory in the Outback,
CANGAROO, see http:/ficrhp9.icrr.u-tokyo.ac.jp

"High Energetic Stereoscopic System, H.E.S.S., seehttp://www.mpi-hd.mpg.de/hfm/HESS

8M ajor A tmospheric Gamma-ray | maging Cherenkov Telescopes, MAGIC, seehttp://magic.mpp.mpg.
de

®V ery Energetic R adiation Imaging T elescopeArray System, VERITAS, see http://veritas.sao.
arizona.edu

Y seehttp://umdgrb.umd.edu/cosmic/milagro


http://www.mppmu.mpg.de/~rwagner/sources
http://tevcat.uchicago.edu
http://tevcat.uchicago.edu
http://icrhp9.icrr.u-tokyo.ac.jp
http://www.mpi-hd.mpg.de/hfm/HESS
http://magic.mpp.mpg.de
http://magic.mpp.mpg.de
http://veritas.sao.arizona.edu
http://veritas.sao.arizona.edu
http://umdgrb.umd.edu/cosmic/milagro
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Figure 4.5: The HEGRA telescope CT3 of the HEGRA Cherenkov téescope sys-
tem [Ast07].

Instrument Telescopes Mirror @ Altitude Site

CANGAROO Il 4 10m 160m Woomera, Australia

H.E.S.S. (I) 4 (+1) 12m (28m) 1,800m Gamsberg Mountain, Nanibia
MAGIC 2 17m 2,200m La Palma, Spain

VERITAS 4 12m 1,275m Amado (AZ), USA

Table 4.1: General information on the four major IACT systems.

telescope for several yearschapter 6) and even a worldwide network of IACTs for such
monitoring observations is being set-up ¢hapter 8). The physical motivation as well as
the results of the MAGIC monitoring campaign and the status of the DWARF network

for VHE gamma-ray monitoring will be outlined in the given chapters.

4.3.1 MAGIC Telescope(s)

The MAGIC telescopes are the largest IACTs for VHE gamma-ray atronomy, featur-
ing two times 236 m? mirror area. They are situated at 2,200m a.s.l. at the Obserato-
rio del Roque de los Muchachos of the European Northern Obseatory on the Canary
Island of La Palma. The rst MAGIC telescope [A* 08i] has been in scienti c opera-
tion since 2004 B* 044 and underwent a major upgrade in the beginning of 2007 when
a 2GSamples/s FADC data acquisition system was installed G* 08]. With this high
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temporal resolution, the in uence of background photons caild be signi cantly dimin-
ished and the separation of signal events from the hadronic dckground events could be
improved [A*09h]. Both e ects resulted in a sensitivity such that a source enitting a
gamma-ray ux of 1.6% of that of the Crab Nebula with the same spectral behavior could
be established with 5 signi cance within 50 h of observation time. Thus, above 300GeV,
a ux of 30% of the Crab Nebula ux could be detected within 30 min [H* 09b] (see

). Furthermore, MAGIC can be operated under moderate moonlght and twi-
light conditions (c.f. ) and despite the higher amount of background photons
these data can be processed with the standard software pipiae [BWMO03,M* 09d without
any further modi cations. For even brighter conditions, sp ecial image cleaning procedures
have been developedA* 07g B* 09k,HeilQ. In 2009 the second telescope started scienti ¢
operation [T* 10d], leading to a sensitivity improvement of a factor of two in the whole
energy range from 50 GeV to several TeV, at the same time alsariproving the energy
resolution [A™ 11K].
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Figure 4.6: Pictures and sites of the recent major imaging anospheric Cherenkov tele-
scopes IHCO7, Col07b, Col07a CIAQ7].
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Figure 4.7: The MAGIC telescopes observing during moonligh MAGIC Il is at the left,

MAGIC | at the right.

100 Crab.
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Figure 4.8: MAGIC-I sensitivity corresponding to a detection with 5 signi cance accord-
ing to [LM83] as a function of observation time H* 09b).
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At the lowest detectable energies, the number of events is bfar the largest (c.f. ).
Yet especially for those, the di erences between gamma-ray rad hadronic air showers
mentioned in are only subtle and as sucg their separation is di cult. To cope
with that, not only one-dimensional cuts in the surface brighthess BW97] or in the (nearly
equivalent) signal dependent ellipse areaRie053 R* 054 are currently being conducted,
but multivariate methods [ B* 04d are used. These statistical learning methods like random
forest [Bre01,A* 08¢, boosted decision treesQvEQ9], or arti cial neural nets [ D* 094] are
capable of using non-linear multidimensional classi catia criteria and therefore can handle
even the harsh signal to background ratios of about 1:1,000f the strongest sources down
to about 1:100,000 for the weakest sources. In the context dhis thesis the optimization
of the separation of signal and background events via statigcal learning methods has been
approached in a twofolded way.

New multivariate classi cation methods have been developd, focusing on the optimiza-
tion of both, the separation power, and the computation time. The stratied sampling
classi er Ada?Boost [Sch07 has been upgraded to use real value con dences instead of
bi-nominal values for classi cation. In this manner, it is possible to exploit the advantages
of ensemble classi ers as random forest or decision stump sambles within the Ada?Boost
algorithm, resulting in a superior classi cation performance. Additionally, a re-sampling
of the training set was introduced for very large data sets. Wthin this context the same
separation power is achieved with a smaller amount of over &ltraining examples and
additionally, the amount of examples handled at a time is by far reduced. Both result
in a signi cantly lower execution time compared to the original algorithm. A detailed
discussion can be found inHelll] and [11].

Besides the question of performance of the separation algitihm, the question of the opti-
mal classi cation threshold has been addressed. In Cheremyv astronomy one deals with
highly imbalanced data, as outlined before, and additionaly with unknown classi cation
costs. In [1Q] it is shown that the assumption of a binomial classi cation probability, i.e. a
single classi cation probability for all events independent of the event properties is justi-
ed. Following this assumption, the cut value for a real-value con dence classi cator can
be chosen ensuring that the mean squared error in the estimatof the number of gamma
events in a mixed sample can be minimized.



Instrument: \ CT1 CT1* CT3-CT6 MAGIC Whipple 10 m FACT
Mirror area [m?] 5 10 8.5 236 75 9.5
Mirror diameter D [m] 2.8 3.9 3.9 17 10 3.9
Mirror re ectivity 8385% 8589% 80 90% 80 90% 85 93%
Focal length F [m] 4.9 4.9 4.92 16.97 7.3 4.89
F=D 1.7 1.26 1.26 1.0 0.73 1.26
Field of view (FoV) [ ] 3.2 3.2 4.3 3.5 2.6 4.5
# of pixels 127 127 271 396+180 379 1,440
FoV per pixel [ ]| 0.25 0.25 0.25 0.1; 0.2 0.12 0.11
Pixel diameter [mm] 21 21 21 30; 60 9.5
PMT diameter [mm] 19 19 19 25; 38 13 3 33
PMT quantum e ciency 14% 14% 14% 21% 35% (peak)
FADC [MHz] | QDC QDC 120 300/ 2,000 QDC 2,000
Trigger rate [Hz] 1 5 250 100 70
Trigger threshold [ph.e.] | 2P: 22 2T2P:8 4NNc.p.: 95 3NN: 30 t.b.d.
Energy threshold [TeV] 15 0.7 0.5 0.06 0.3 t.b.d.
Sensitivity: Crab- in1h 1.9 3.7 2.3 18 5.6 t.b.d.

" CT1* stands for CT1 after the upgrade of the mirrors and the DAQ

Trigger conditions: x P=x pixels, x NN= x neighboring pixels, x NN c.p.= x double adjacent pixels, y T=y telescopes.

Table 4.2: Performance characteristics of selected IACTs[JHH97,D* 97, C* 00,K* 98 K* 074|.
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Chapter 5
FACT The First G-APD Cherenkov
Telescope

As outlined in the recent achievements in VHE gamma-ray astronomy were
mainly driven by technological developments enabling a giat leap in sensitivity as achieved
by the most recent instruments. Now the eld is standing at the crossroads, seeking
another signi cant increase in sensitivity compared to the currently best instruments for
the next generation instrumentation, CTA - [Thel(].

As the sensitivity of IACTs depends on the overall photon detction e ciency, i.e. on
the conversion of Cherenkov photons re ected from the primay mirror into measurable
photoelectrons, it is only natural to seek for better devices for photon detection. For all
IACTs built up to now, photomultiplier tubes < have been the rst choice. Recently, a new
semiconductor device with excellent single photon resporsbecame available: the so-called
Geiger-mode Avalanche Photodiode. The First G-APD Cherenkov Telescope€' is the rst
Cherenkov telescope employing a camera based entirely on GPDs. An introduction to
these new photo sensors is given ig and the rst prototype test for the camera
is outlined in . An overview of the newly developed G-APD camera, employing
a highly integrated data acquisition system is given in ; The FACT telescope is
based on the former HEGRA telescope CT 3, still situated at the Roque de los Muchachos
Observatory on the Canary Island of La Palma at about 2,200 m &s.l. as presented on
several occasionsH* 08b, B* 083 B* 09h]. The telescope mount has received a complete
technological upgrade, including a new drive system, desidred in I Also the
mirrors have been exchanged by completely refurbished onesThe characterization of
the mirrors has been conducted in the course of this thesis ahis outlined in

Finally, the recent status of the telescope is summarized ir

1Cherenkov T elescopeA rray, CTA, see http://www.cta-observatory.org
2P hotom ultiplier T ube, PMT

3G eiger-mode A valanche P hotodiode, G-APD

4First G-APD Cherenkov T elescope, FACT
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PMTs have been the workhorse in detecting single or few photas ever since their invention.
The main reasons for this are a photon detection e ciency’ of 20 30% around 300 450 nm
wavelength and their high intrinsic ampli cation ( O(10° 107)). But due to their

limited possibilities to increase their quantum e ciency ° further,
sensitivity to even weak magnetic elds,

needs of stabilized HV power supplies,

easy damage by high light levels,

expensive production techniques

one would like to replace them by more advanced devices. Witlthe invention of G-APDs
many of these drawbacks could be overcome by robust semicoadtor devices, keeping the
high intrinsic ampli cation and promising even higher PDEs than that of PMTs (for an
overview, see RL09]): G-APDs are operated at voltages around 70V, much lower tha
for PMTs, and they are neither damaged by bright illuminatio n during operation nor sen-
sitive to magnetic elds. Altogether, this makes them promising candidates for replacing
PMTs in the next generation of Astroparticle Physics instrumentations and especially in
IACTs [T*08c B*08d, W*094. For this purpose, several intrinsic properties of a given
G-APD type, including the afterpulse behavior [K* 094, the angular acceptance and the
dependence of the charge output on the illumination K* 09b] have been studied with a
special focus on their possible application in IACTs. In addtion, the rst Cherenkov light
from air-showers has been detected with an installation of ararray of four G-APDs on the
MAGIC telescope B* 07d. Motivated by this, the idea of a two-step test for this new tech-
nology to be operated under Cherenkov telescope conditionsas developedB* 09g. In a
rst step a small test camera consisting of 144 G-APDs should ke evaluated ( )
and the second step a full-size camera operated on an existirigherenkov telescope should
be build ( ).

In the rst step of the test to study G-APDs as a possible replacement for photomul-
tipliers in IACTs, a small test camera was built [W*09b]. This camera was made up
of 144 G-APDs of the type Hamamatsu MPPC S10362-33-50-CHam09]. The signals of
groups of four G-APDs were combined in an analog sum to make onpixel. Therefrom,
the camera consisted of 36 pixels being arranged in a 6x6 ldte. The trigger decision was
derived from a 3-fold coincidence from the innermost 16 pixed. Upon a trigger, all signals
from the 36 pixels were digitized using the Domino Ring Samphg chip® DRS2 [Rit04].The
latter is based on a capacitor array, allowing a high samplig rate of 2 GSamples/s and

5P hoton D etection E ciency, PDE

5Quantum E ciency, QE

"sometimes also calledSilicon Photo M ultiplier, SiPM
8D omino Ring Sampling chip, DRS
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being read out after a trigger by a fairly slow (40 MHz) ADC" system. A similar dig-
itization system, also based on the DRS2, was previously useby the second MAGIC
telescope P* 07b], which is upgraded with a system based on DRS4.

Figure 5.1: An air shower event detected with the Test CameraMO, for which the signal
amplitudes (left) and the corresponding signal arrival times, de ned by the
time of half-amplitude crossing (right) are given.

This test set-up, combined with an 80cm diameter focusing miror, served to observe
Cherenkov light from VHE air-showers (c.f. ) in the presence of the rather bright
night-sky background” of Zurich. This test proved that it is possible to observe air
showers by a self-triggered camera built entirely of G-APDsA* 09i,A* 11q]. In

the dependency of the trigger rate on the single pixel threshld for the Test Camera MO is
depicted. The transition between the trigger rate being domnated by the NSB to being
dominated by air showers can clearly be seen.

Figure 5.2: The dependency of the trigger rate on the single igel threshold in a 3 out
of 16 trigger con guration for the Test Camera MO.

°Analog to Digital Converter, ADC
N ight- sky background, NSB
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This, and similarly auspicious ndings of another group [M* 09b, MT10] convinced us to
design the rst real-size Cherenkov telescope equipped witla G-APD camera, FACT.

The FACT camera consists of 1,440 G-APDs of the same type as aady successfully
operated in the test camera. Each G-APD represents a pixel ands equipped with a light
guide and connected to a read-out channel. To account for the on-linear dependence
of the G-APDs' gain on their temperature, a feedback system fo readjusting the bias
voltages is in use. It was developed based on an external terepature-stabilized LED
pulser and was extensively tested4* 11n).

Taking into account the isotropic angular acceptance of theused G-APDs K* 09b], a new
design for non-imaging light concentrators made of UV transmrent plexiglas has been
developed B* 09h] and produced by injection molding [H* 11]. These light concentrators
have an upright parabolic shape (in contrast to Winston cones with a tilted paraboloid
shape), guiding the incident light with total re ections fr om a hexagonal entrance to
a square exit window which matches the sensitive area of the @PDs. This scheme
allows an arrangement of the pixels in a hexagonal pattern. Terefor, it matches the
requirements of a minimal angular dependence of light colletion used for advanced analysis
methods developed for Cherenkov astronomy, as e.g. introdied in [A* 09h]. The use of
solid material for the light guides allows higher input area=output area-ratios and avoids
Fresnel re ections at transitions of materials of di erent refraction indices as at the camera
front window. For this, the material of the light guides and t he front window was chosen
to match the refraction index of the protective epoxi layer on top of the G-APDs. To avoid
plexiglas-air surfaces between the front window and betweethe cones, and the cones and
the G-APDs, those are glued upon each other as described irK[ 11b]. The light loss
due to air bubbles introduced during this glueing processeaccount to less than 0.5% and
can be neglected. In a conceptual sketch of the camera is depicted:

shows a picture of the assembled camera during lab tests.

In contrast to a simple majority coincidence in the 36-pixel test camera, the trigger signal
for FACT is generated by a signal over threshold logic for evey analog sum of 9 adjacent
pixels, arranged in non-overlapping patches. The data acqaition (DAQ) system is based
on the DRS4 [Rit08], which is an improved successor of the DRS2, used in the tesimera.
This allows higher sampling rates (up to 5 GSamples/s) and aigni cantly reduced dead-
time. Calibrating any cell of these capacitor arrays, redues the RMS to 2mV compared
to the amplitude of a single photon signal of 10mV K* 114. The trigger logic and the
DAQ are housed in water cooled crates, located directly befmid the sensor plane inside
the camera ( ). The data transfer down from the telescope is handled via opcal
link Ethernet connections. Details on the trigger and data acquisition electronics can be
found in [AT 110 A* 11p].

The new telescope drive system is essentially a down-scale@ngion of the drive system
implemented in the MAGIC telescopes B* 09j]. It is based on a programmable logic
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Connectors
Crates

Ethernet
switches
Sensor
compartment

Figure 5.3: Conceptual drawing of the FACT camera. The lengh is 81.2 cm, the diameter
amounts to 53.2cm.

Figure 5.4: Picture of the assembled FACT camera during lap ésts.

controller, accessible via Ethernet. New gear trains, tting the new motors to the ex-
isting telescope system, have been designed and all drive mponents have already been
assembled and successfully used, e.g. during the focusingtbe mirrors.

49
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The existing glass mirrors of HEGRA CT 3 have been exchanged ith the mirrors originally
built for an upgrade of HEGRA CT1 [ C* 00]. These mirrors are made entirely of aluminum

with an honeycomb inlay between the front and the back plates c.f. . They are
of hexagonal shape, covering an area of 0.317meach. Being comprised of 30 of such
mirrors (c.f. ), the total re ective surface of FACT amounts to 9.51 m?.

Figure 5.5: The inner structure of the FACT mirrors [ C* 0Q].

The over twelve year old mirrors have been re-machined per dimond-milling by the com-
pany LT Ultra Precision Technology GmbH . Subsequently, they have been coated with
SiO; at the Fraunhofer Institute for Manufacturing Technology and Applied Materials
Researchi. Within a Methane atmosphere of a few mbar, silicon is deposed to the
mirrors with a sputtering technique and afterwards oxidized. Thus, SiO; is build up
with some admixture of Carbon from dissociation of Methane. The coating thickness
has a major in uence on the spectral re ectivity by thin laye r interference and should be
less than 120 nm, taking the spectral shape of the Cherenkovadiation into account (c.f.
). Measurements of the spectral re ectivity of MAGIC-II mirr ors show, that
homogeneity across single mirror facets is often not giver§ch09. Instead, for the FACT
mirrors, the specular re ectivity of all mirrors was measured to be constant within 4%

" seehttp://www.lt-ultra.com
12 Fraunhofer Institute for Manufacturing Technology and Applied Materi  als Research,ger: Fraunhofer-

Institut fir Fertigungstechnik und A ngewandte M aterialforschung, IFAM, see http://www.ifam.
fraunhofer.de
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over the surface of every single mirror. The mean measured sptral re ectivity of all
mirrors is shown in . The extrapolation for values below 360 nm wavelength is
done with a t of a polynomial function of sixth order to the da ta, c.f.
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Figure 5.6: Mean measured re ectivity of the mirror facets for FACT. The standard de-
viations are given as error bars. The former re ectivity of the used mir-
rors (CT1) [C* 0(], as well as those for H.E.S.S.B* 03g and MAGIC [ B* 04b]
mirrors are given for comparison. The shape of the individuhcurves for CT1,
MAGIC, and FACT is determined by the thickness of the SiO, coating via
thin layer interference.

As already pointed out in [Rol09], the coating of the mirrors has been conducted in two
charges e ecting the coating thickness and thus the spectriare ectivity. The di erent
charges form two classes of mean re ectivity as depicted iri . The parametriza-
tion of the sixth order polynomial ts is given in

Parameter \ Distribution 1 Distribution 2 Mean

Po [10°] 1:06465 1:12449  1:36456
P1 11:70600 1147170 1457980
P2 [10 2] 4:87834 4:44898  6.02623
ps [10 9] 10:77200 908789 1319940
P4 [10 7] 1:33333 1:03024 1:61782
ps [10 14 8:76387 612355 1051050
Ps [10 4] 2:38826 1:48743  2:82706

Table 5.1: Parametrizations of the sixth order polynomial ts to the re ectivity distribu-
tions: f(x)= po+ pr X+ P2 X2+ p3 x3+ ps x*+ ps x>+ pg X°.
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Figure 5.7: Mean measured re ectivity of the two classes of rirror facets for FACT. The
standard deviations are given as error bars. The mean valueeported in
is shown as a reference. The shape of the individual curves is
determined by the thickness of the SiQ coating via thin layer interference.

In order to determine the coating thickness, the re ectivity of a single mirror has been
remeasured with a PerkinElmer LAMBDA 650 UV/Vis Spectropho tometer . This o ers
a wider wavelength range of 190 900 nm compared to 360 740 nnof the former measure-
ments; the wavelength accuracy is stated as 0:15nm in the manufacturer's technical
speci cations'”. The measurements have been conducted in steps of 1nm in theawe-
length range of 200 800 nm. These results as well as the mearfsr distribution 1 from
are shown in . Clearly an inter-instrument o set can be seen, prob-
ably due to slightly di erent integration angles for the specular re ections. Applying a
scaling factor of 1.0375 to the new measurements, the ressglfor both measurements are in
such good agreement, that they can both be described by the sae sixth order polynomial
between 270 750 nm.
From the interference minimum measured to occur for ,in = 272 nm, the coating thick-
nessd can be calculated using the rst order approximation

2 n2 sin?()

where n is the refractive index of the SiO, coating and the incidence angle”.

13 seehttp:/iwww.perkinelmer.com/Catalog/Product/ID/L650
14 seehttp://www.perkinelmer.de/CMSResources/Images/44-74791SPC_LAMBDAB50UVVis.pdf
15For a deduction see e.g. Bch0g.
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Figure 5.8: Measured re ectivity of a single mirror with the PE LAMBDA 650 UV/Vis
Spectrophotometer along with the mean values for the distibution 1 from
. Additionally, the spectrophotometer measurement scaled i a fac-
tor of 1.0375 is depicted.

Assuming an incidence angle of 3Q the refractive index of SiO, at 272 nm wavelength is
reported as 1.58874¢G99] and 1.58879 B* 09 for crystalline silica and 1.49719 MALG65]
for fused silica®. Hence, the coating thicknessd is estimated as 90.2nm and 96.4nm
respectively.

After the milling process described in some tension might persist inside
the aluminum plate and cause distortion to the spherical synmetry of the mirror. By this,
a non-spherical distortion would be introduced to the re ected image due to the e ect of
astigmatism: A unidirectional tensional force inside the duminum plate would cause the
mirror to have two di erent focal lengths, one for the direction parallel (sagittal focus) and
one for the direction orthogonal to the direction of the force (tangential focus) as shown
in :

To check the in uence of astigmatism to the planar focal lengh measurements presented
in [Rol09], a new test setup was designed. To test for the astigmatism ect the whole
mirror should be illuminated from twice the focal length measured before and the re ection
in the same distance from the mirror should be evaluated. Forthis purpose a laser-LED
was used, which was expanded by a concave lens with a focal gh of 30 mm ( ),
so that the given laser spot of a diameter of 1 mm was expanded to 60 cm in a distance
of 9.8 m. An additional laser-LED of the same type together with an adjustable mirror
stand ( ) was used to set the optical axis and half-transparent paper th a mm

%The values have been retrieved via http:/refractiveindex.info
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Figure 5.9: Sketch of astigmatism e ects caused by unidirettonal internal tension inside
a mirror [Sch09.

.o

|

Figure 5.10: Laser-LED and concave lens (left) and mirror stad (right) for the focal
lengths measurement.

grid was used as a screen. This screen was backside-illumieakt by the re ection of the
mirrors and pictures were taken of the front side. A sketch ofthis setup is depicted in
. An overview of the resulting images is shown in
From it is clearly visible that all but the mirrors 6, 13, 16 19, 30, and 34
show signi cant e ects of astigmatism. From some pictures ke for the mirrors 11, 17,
or 25 it is obvious that the conducted planar focal length meaurement was at best
capable of determining the sagittal or tangential focus. Additionally, lots of additional
distortions can be seen in the pictures. Due to this, the tessetup has been re ned for being
capable of measuring the global (pseudo) focal length of thevhole mirror. Additionally,



5.5 Mirrors

Figure 5.11: Set-up for the focal length measurement. The pot like light source is de-
picted in the front, the light paths are illustrated by red li nes, falling onto the
hexagonal mirror and from there onto the screen (blue) whichis protected
from stray light by a light tight tube. In pink the laser beam d e ning the
optical axis is depicted.

it provides information about the size and form of the image d the pseudo focal point, i.e.
the PSF

Here, the light source was exchanged for a (normal) red LED bgind a 1 mm pinhole
to avoid image distortion due to interference. illustrates the measurement
procedure: At several distances from the mirror, starting fom in front of the near focal
point to behind the far focal point, three pictures of the re ected light source are taken with
a commercial Sony 550 camera with an image resolution of 4592 3; 056 pixels equipped
with a SIGMA MAKRO 105 mm F2.8 EX DG objective lens. The pictur es taken near the

pseudo focal point for all mirrors are shown in and
The distribution of the focal lengths as well as the individual focal length for each mirror
facet are depicted in . The distribution shows a very small spread of 8 mm

around the mean focal lengthf of 4.890 m.
Additionally, pictures without light source are taken to pr oduce di erence images. To these
di erence images ellipses are tted, containing 95 % of the emaining light. Afterwards
the half-axis of these three ellipses per position are averagl and the area of the ellipses
are assigned to the corresponding distance to the mirror, s . By calculating
the minimum of a parabolic t of this area vs. distance depencdence, both, the focal length
and the minimal spot size of 95% light content are obtained atonce as exempli ed in
. Other methods like searching for the focal distance wherefhte excentricity of
the ellipse equals 1, have also been tried, but the estimatio of the ellipse area yielded by
far the most robust results.

In the distribution of the spot sizes of the 30 mirrors used for RCT are
depicted as well as the spot sizes of the individual mirror faets. The physical pixel
size of FACT pixels is about 78 mn?, thus the green lines in and

correspond to one quarter of the pixel area, i.e. 19.54 mf The mean of the distribution

7P oint Spread Funktion, PSF
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Figure 5.12: Images of a point-like light source at twice the janar focal distance.



5.6 Status and Outlook

Figure 5.13: Focal length and PSF measurement procedure ibtrating the astigmatism
e ect on the PSF depending on the distance to the mirror.
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Figure 5.14: Area of the ellipse vs. twice the focal distancéor one of the mirror facets.

of spot sizes is (15 6:73) mm?. Therefore, nearly all of the mirror facets focus 95 % of
the re ected light in an area well below one quarter of a pixelsize, which is an excellent
value.

The construction and extensive lab testing of the cameraB™ 114 as well as the assembly of
the new telescope components have been carried out during ¢hyear 2011 B* 11g B* 11f].
The nal assembly has been conducted in October 2011 and theatnmissioning has begun
directly afterwards. A picture of the rst data taking opera tions is shown in

and rst events induces by Cherenkov light of atmospheric paticle showers have been
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Figure 5.15: Left: Distribution of spot sizes of FACT mirrors. Right. Spot sizes of the
individual mirrors.
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Figure 5.16: Left: Distribution of the focal lengths of the FACT mirrors. Right: Focal
length of the individual mirrors.

recorded, see . For the analysis of the recorded data, the fully functional
analysis software package MARSB* 05¢ BDO08] is at hand and can be used with only a
few changes for the analysis of FACT data. For the mandatory Monte Carlo simulations,
CORSIKA [HK10] air-shower simulations and the newly developed detector siulation
subroutines in MARS CheObs BD09] are used. First simulations based on this software
showed very promising results B* 09i]. A successful test of the novel G-APD camera will
be a rst step to consider the new photosensors for the next geeration of IACTs, including
CTA. After the successful technological demonstration, FACT itself will be transferred to
conduct a physics observation program. It will be the rst telescope installed in order
to build-up a world-wide network of Cherenkov telescopesB* 08¢ B* 07¢ for monitoring
bright blazars in the northern hemisphere B* 094, which will be discussed in detail in

18 seehttp://fact.ethz.ch/first
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Figure 5.17: Images of a point-like light source near twice tlk (pseudo) focal distance. Note
that those images are taken only near and not exactly at twicethe pseudo
focal distance and that for completeness also images for theéefect mirrors 8,
9, and 20 are shown.
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Figure 5.18: Images of a point-like light source near twice tle (pseudo) focal distance. Note
that those images are taken only near and not exactly at twicethe pseudo
focal distance and that for completeness also images for thdefect mirrors 28,
36, and 37 are shown.
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Figure 5.19: The FACT telescope conducting nightly observéions during a full-moon night
in the commissioning phase in October 2011. Picture courtgsof Thomas
Krahenbihl.
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Figure 5.20: Some of the rst air shower events recorded by th FACT telescope in the
commissioning phase in October 2011.



Chapter 6
VHE Gamma-Ray Monitoring of
Blazars

The variability of the very high energy emission from blazais seems to be connected to
the feeding and propagation of relativistic jets stemming fom supermassive black holes.
The key to understanding their properties may be measuring \ell-sampled gamma-ray
lightcurves, revealing the typical source behavior unbiasd by prior knowledge from other
wavebands. But observations and detections of Active Galatic Nuclei by Cherenkov tele-
scopes are often triggered by information about high ux staes in other wavelength bands,
as outlined in . To overcome these limitations, monitoring observations vhich
are independent of the source state are mandatory. The goalsf monitoring observations
are to obtain an unbiased distribution of observed ux states shedding light on the duty
cycle of AGN, to investigate potential spectral changes dung periods of di erent source
activity, and to correlate the results with multi-wavelengt h observations. Also clues on a
potential periodic behavior of the sources might be drawn fom a study of the obtained
lightcurves. By testing predictions of theoretical models like e.g. the correlation between
the TeV ux level and the peak frequency predicted in SSC modés, monitoring deepens
our knowledge about the particle acceleration and photon enssion processes in AGN.
To achieve this, single deep observations of di erent soure states and monitoring ob-
servations providing information about the long-term behavior of the sources have to be
combined. A wide multi-wavelength coverage is mandatory forboth kinds of observations.
Moreover, unbiased monitoring is obviously the only handleto the detection of orphan
ares, being a strong indicator for acceleration sites of hadrord cosmic rays as pointed
out in 2 Robust estimations of the aring state probabilities (as studied
in [R* 094)) might open the opportunity of cross-correlating gamma-ray observations with
those of the neutrino telescope IceCube and allow for an estiation of the statistical signi -
cance of such a correlation of blazar ares with possible exa-terrestrial neutrinos observed
by IceCube [SBAe0§. Instead, conclusions on single neutrino events can onlyddrawn
from cross-correlating complete data samples from both, thggamma-ray and the neutrino
astronomy. Either way, such a cross-correlation would be thesmoking gun of hadronic
acceleration processes within the sources and would immeately settle this fundamental
guestion of modern high energy astrophysics. In this senselso a database has been set
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up, collecting all available VHE lightcurve data on the longest known VHE gamma-ray
blazars [T* 10c, TSKBO7]. Another important aspect is the possibility to trigger Ta rget of
Opportunity - observations of either telescopes in other wavelength barsj or even other
IACTs. Especially for that reason, the VERITAS collaborati on has until recently oper-
ated the Whipple 10 m telescope Pf09], and now started monitoring observations with
VERITAS [ B* 11d]. Also the ARGO-YBJ experiment [ Df11] conducts monitoring obser-
vations of TeV-bright blazars [B* 11b]. In the course of this thesis, a worldwide network
of Cherenkov telescopes conducting blazar monitoring has éen proposed B* 094 and
initiated, see '
In the following, the monitoring program with the MAGIC tele scopes will be outlined and
the according results on the blazars Mkn421 and Mkn 501 will Bortly be summarized in
. The blazar 1ES 1959+650 will extensively be discussed andndings on its
temporal behavior and spectral properties will be presentd in . Afterwards, the
DWARF network for long-term monitoring of the TeV-brightest b lazars will be introduced
in

The VHE gamma-ray telescope MAGIC has conducted dedicated maitoring observations
of nearby AGN since 2006. The observations have been scheddlin an unbiased way, not
making use of e.g. information from other wavelengths. Theyhave been evenly distributed
over the according observation periods. Three well estaldhed, TeV-bright blazars were
selected for this monitoring campaign: Mkn421, Mkn 501, andLES 1959+650. The former
being on average the two VHE brightest blazars, the latter ore being especially interesting
because of a huge ux increase in 2002. Simultaneously, evewo neutrino events from

the same direction have been observed by AMANDA, whereas this was not statistically
signi cant [ BfO5]. The observations for the brighter sources had a typical duation of 15-

30 min, lasting at least 30 min for 1ES 1959+650. As MAGIC is cpable to observe during
moderate moon and twilight conditions, a sizable amount of he monitoring has been
conducted in such conditions. In the following results of tte monitoring of nearby AGN

with the MAGIC telescope during the complete phase of mono-sgpic observations are
presented, i.e. from summer 2004 until summer 2009. Data tadn under poor observation
conditions have been rejected based e.g. on trigger rate, mtospheric transparency, and
mean sky brightness measured as DC current of the photomulgliers. Most of the obser-
vations have been performed in wobble-mode, i.e. with simulineous determination of the
ux of background events [F* 94]. All analysis steps have been veri ed on contemporary
Crab Nebula data.

Mkn 421 was the rst extragalactic object detected to emit VHE gamma-rays P* 92] and
is on average the brightest AGN in the VHE regime. It has been bserved by MAGIC

1T arget of Opportunity, ToO
2A ntarctic M uon And Neutrino D etector A rray, AMANDA, see http://icecube.wisc.edu/science/
amanda
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since 2004 A* 074, showing remarkable aring activity in 2006 [A* 09f] during a multi-
wavelength campaign A* 10h] and in 2008 D* 09b], revealing a signi cant correlation of
the VHE and X-ray emission [H* 09b]. Altogether there have been 118 observations with
MAGIC resulting in the lightcurve depicted in

31.12.2004 31.12.2005 31.12.2006 31.12.2007 31.12.2008 31.12.2009
T T II I T T T

50 T T T T T T T ] T T 7 T T

VHE (>0.3TeV) flux [10 **ph cm 2 s

Modified Julian Date

Figure 6.1: MAGIC lightcurve of Mkn421 observed above 0.3 T¥ from 2004 until 2009.
Observations less signi cant than 1 have been omitted.

Mkn 501 was detected as an emitter of VHE gamma-rays in 1995 * 96] and showed
an extreme outburst in 1997 P* 98] when even a periodic behavior of the gamma-ray
emission was observed by the Telescope Array[ 98] and HEGRA [Kra99,K* 01]. MAGIC
observed Mkn501 in an extreme outburst in 2005, showing a stng correlation of the
spectral shape on the observed ux A* 07f. Since that time it has been observed with
the MAGIC telescope, resulting in over 90 hrs of observatios on 103 days, presented in

. Subsets of these data have already been published separbtg A* 07f, A* 09,
A" 11gFMV * 10|

Results of the long-term monitoring campaign conducted oversix years with the rst

MAGIC telescope were presented. Further studies on the ux $ate distribution, the

spectral slope dependence on the ux and correlations with ther wavelengths for Mkn 421
and Mkn 501 are ongoing and will be presented in]2]. Results of the MAGIC monitoring

and multi-frequency observations of 1ES 1959+650 will be preented in
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Figure 6.2: MAGIC lightcurve of Mkn501 observed above 0.3 T¥ from 2005 until 2009.
Observations less signi cant than 1 have been omitted.

Although there are ongoing monitoring programs of bright blazars with MAGIC [ GB™ 08,
B* 07a H* 09b] and until recently with Whipple [ S" 08d, those observations which occur
especially in the case of MAGIC at most of about 30 min duration are far from being
complete and thus can complement the full-time IceCube or Femi LAT observations only
in a very limited way. But as the latest generation Cherenkovtelescopes, such as MAGIC,
H.E.S.S., and VERITAS are overbooked with discovery obserations at their sensitivity
limit or deep multi-wavelength observations of known sourcs, it is obvious that these
instruments cannot assign more precious observation timed time-consuming monitoring
observations. This issue as well as using ground-based gammay observatories with
exposures limited by dark-time lead to the fact that a global network of several telescopes
needs to be set-up to carry out full-time measurements this isthe starting point for the
DWARF network, rst proposed in [ B* 08d and outlined in



Chapter 7
The Blazar 1ES 1959+650

The blazar 1ES 1959+650 was rst observed in X-rays within the Einstein Slew Sur-
vey [E* 92] with the Imaging Proportional Counter © [GHF81] aboard the Einstein Obser-
vatory” [G* 79]. It was subsequently identi ed as a BL Lacertae object by a @mbined
X-ray/radio/optical technique [ S" 934, supplying also optical spectroscopy measurements,
revealing a at and featureless spectrum with no emission les (see alsoNlI* 96]) and
only few absorption lines from which a redshift ofz = 0:047 was derived $ 934. In a
later analysis of the whole Einstein Slew Survey for BL Lacetae objects, optical spectro-
scopic measurements, taken with the 2.1 m telescope and the dBlcam spectrograph at
Kitt Peak National Observatory, were presented (see ), yielding a higher sig-
nal to noise ratio and leading to a redshift estimate ofz = 0:048 [P* 96]. Also optical
polarization of (2.76 0.25)% and (2.92 0.41)% with polarization angles of 147.1 2.1
and 163.4 4.0, respectively, have been observedP[" 96], supporting the BL Lacertae
classi cation and even showing variability in the polarization angle.

Optical high-resolution observations for 990s with NOT (see ) in July 1996
revealed an unusual radial brightness pro le, signi cantly deviating from a de Vaucouleurs
pro le [ de 48 of an elliptical galaxy. The data was best described by a thee component
(core, disc, and bulge) model with position angles changingrom 95 at a radius r = 3%
to 140 at r = 15%and a diminishing excentricity from 0.2 to 0. Additionally, a dust lane
was observed 1%north of the center in the E-W direction, roughly oriented along the
major axis of the host galaxy H* 99h), see . These ndings have been con rmed
by Hubble Space Telescope WFPC2 (see ) observations of a dust lane 8%
north of the nucleus of 1ES 1959+650%" 99, F* 00).

IRA =19h 59m 59:8s Dec = +65d 08 m 55s in EquJ2000.0 coordinates

2Imaging Proportional Counter, IPC

3also High Energy A stronomy Observatory 2, HEAO 2, see http://heasarc.gsfc.nasa.gov/docs/
einstein/heao2.html
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Figure 7.1: Optical Spectroscopy of 1ES 1959+650 showing @&&tureless spectrum with no
emission lines P* 96].

The mass of the black hole in the center of 1ES 1959+650 amousitto about 1M . An
overview of the values stated in the literature is given in . There are three types
of methods used to derive the mas#1 of the black hole either relating it to the variability
time scale, to the velocity dispersion of the central area around the black hole, or to
the host luminosity. Notably, the variability time scale used in [M* 10] is seven hours
from VHE gamma-ray observations H* 03d, as no optical micro-variability, i.e. short-
term ux variations, has been observed from 1ES 1959+650, nigher in 1994 [CamO04], nor
in 2003 [X* 02], or 2005 Pog04.

Method Reference log, o~  Reference

Time scale [X*02] 8.6 M*10]

Velocity dispersion [MFOla] 8.12 0.13 [FKTO2]
[MFO1b]  8.30 WLZ02]
[G*00  8.22 WLZ02]

[B*03h 8.15 0.17 [F*03
[T*02]  7.96 0.16 [W*O05

[Wu02] 8.1 M* 10]
Luminosity [MDO3] 8.3 [FKTO02]

[B*03b] 8.56 F* 03]

[B*03h]  8.53 [FCTO3]

Table 7.1: Overview of the values for the mass of the central lack hole in 1ES 1959+650
derived by di erent methods.



7.1 Basic Properties of 1ES 1959+650

Figure 7.2: Optical images of 1ES1959+650 byH* 96] (top left), Hubble Space Tele-
scope §"99 (top right), with the arrow pointing north, and NOT, before
(bottom left) and after galaxy subtraction (bottom right), where in the latter
the dust lane is indicated by an arrow H* 99b].

The radio morphology of 1ES 1959+650 has deeply been studiedith VLA observations
at 1.4 GHz [RGS03G* 04b] and with VLBA observations at 5 [ RGS03B™* 04d], 15.4 [PE04,
PPEOS,L* 114, 22.2 |PPE08, PPE10], and 43 GHz PPE10], respectively.

Pictures of the VLA and 43 GHz VLBA observations are given in . Basic source
parameters derived from those observations are summarizeih . The Doppler
factor depends on the Lorenz factor (see ) and the viewing angle as
1
= (7.1)

(1 Cos ) :
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There is no counter jet observed but an upper limit on the luminosity is given as 1=8
of the luminosity of the visible jet [G* 04h).

Figure 7.3: Radio Morphology of 1ES1959+650. Depicted are WA observations
at 1.4 GHz [G* 04b] (left) and 43 GHz VLBA observations [PPE10] (right).
For the latter the scale on the axis is mas.

Apart from the morphological studies reported in , monitoring observations of
the 15GHz radio ux have been conducted with UMRAO [K™ 04b, G* 06b], within the
MOJAVE program [L* 114, with OVRO [ Pan11] and with the E elsberg 100 m telescope
within the F-GAMMA program [ FA11]. These data are depicted in . The large
values reported in 2003 are accompanied with extremely larg average relative errors of
(51 19)% compared to average relative errors of (3 0:4)% and (21 0:4)% for E els-
berg 100 m and OVRO data, respectively. Thus, the UMRAO data will be excluded from
further analysis. Additional data, especially for spectrd studies presented in

have been retrieved from RATAN-600 A* 104, Metsahovi [LTN11], IRAM [ FA11] and
from NED” for GBT 91 m, WSRT, and UTRAO.

Besides the searches for optical micro-variability reporté in , 1IES 1959+650
has been subject of several optical monitoring campaigns. fie Abastumani Astrophysical
Observatory started monitoring observations in May 1997 Kap09,K™* 09d (see )
but as a publication on those is pending, they may not be useddr further analysis in the
course of this thesis. The latter holds also true for opticaldata taken in the course of a

“N ASA/IPAC Extragalactic D atabase, NED, seehttp://ned.ipac.caltech.edu
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Reference\ Apparent Speed []

PA[] EVPA[]

Pol [%]

[RGS03

[PEO4] (c1)
(c2)

[B* 04d] (core)
(jet)

[G* 04b]
[PPEOS] (c2)
[PPE10Q] (core)
(c2)

[L* 11Db] (core)

0.1

0.1 0.02

-5 (VLA)
-5 (VLBA)
158.1 159.9
134-140.5
362
0 13
-5
124.0 126.7
-59.4
-32.6
139 149
143 156

15

3.9

4.0

2.3
2137

[L* 114

=3 [] =5 [ ]

[PE0O4] 0.8
[G*04b] | 16 26 16 26 1.73.3
[G* 064 17 5° 3.4
[W* 07] 6.9 11.1 9.7 5.2
[P*09b] | 37.6
[L*11b) | 37

Reference| [ ] =10 [ ] =5

® Only PA EVPA given in [ B* 04d].
’ Assuming 1=sin 3:4.

Table 7.2: Radio morphology parameters. The apparent speeis given in units of the speed
of light, PA denotes the position angle of the jet (componen), EVPA is the
electron vector position angle and gives the direction of tle linear polarization,
and Pol gives the intensity of polarized emission in percent is the jet opening
angle, the angle to the line of sight, and the Doppler factor for a given Lorenz
factor

multi-wavelength campaign with the WIYN ~ 0.9 m telescope in 2006 and 2007 [Fie07],
see .

The vast majority of the optical observations have been condcted in R-band. Most of
those data have been taken in the context of the Tuorla blazamonitoring program [T+ 074
with the 1.03 m telescope at the Tuorla Observatory, and the % cm telescope at the KVA
Observatory”. The aim of this monitoring program is to study the connection between op-
tical and VHE gamma-ray mission from blazars [.* 09d]. Data from the Perugia AIT have
been obtained from [T*084. The Goddard Robotic Telescope, New Mexico Skies, and

SUniversity of W isconsin, Indiana University, Y ale University, and N ational Optical Astronomy
Observatory (NOAO), WIYN

bseehttp://www.noao.edu/0.9m

"seehttp://www.astro.wisc.edu/~fields/pages/Project.html

8seehttp://users.utu.fi/~kani/Im
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| Radio lightcurve for 1ES 1959+650
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Figure 7.4: Radio lightcurve of 1ES1959+650 in the frequeng range of 14.5GHz ob-
tained from UMRAO [G*06b], MOJAVE, E elsherg100m [FA11l], and
OVRO [Panl1]]. The magenta horizontal line indicates the average ux that
was observed in 2002 with UMRAO K* 04b]. The green vertical lines denote
the observation window of the MAGIC monitoring campaign.

Figure 7.5: Optical lightcurves of 1ES1959+650 by Abastumai [Kap09] (left) and
WIYN [ Fiel]] (right).

Tenagra-ll delivered data in R- and V-band [Panl11]. Swift UVOT observations have been
acquired from [T* 084, and INTEGRAL OMC data are retrieved via HEAVENS ° [W™* 10].
For all optical measurements the host galaxy ux has been sutracted, in R-band according
to [N*07b] and in V-band following the z = 0 approximation from the model of [FSI95],
stating Fy  Fr = 0:61mJ. The resulting optical lightcurve is displayed in .

9High-Energy A strophysics Virtually Enlightened Sky, HEAVENS, see http://www.isdc.unige.ch/
heavens
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| Optical light curve for 1ES 1959+650 (2002-2009)
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Figure 7.6: Optical lightcurve of 1ES 1959+650 compiled by he data mentioned in the
text. The green vertical lines denote the observation windav of the MAGIC
monitoring campaign.

After the detection with HEAO 2 [ S"934, 1ES1959+650 was also observed with
ROSAT 'Y [Tru82] and listed in the ROSAT all-sky bright source catalog [V* 994, it was
observed with RXTE PCA from July till September 2000 and wit h the USA** [R* 0]]
experiment aboard ARGOS'“ from October until November 2000 [G* 02]. BeppdSAX
observed 1ES 1959+650 in May 1997H" 02] and in September 2001, and hence it was
included in the spectral catalog of six years of observatios [DSG0Y, reporting bro-
ken power-laws with spectral breaks around 1keV. Additionaly, it was included in the
BeppaSAX WFC *° [J* 97] X-ray source catalogue [V* 07], which reports a mean unab-
sorbed ux between 2 10keV of (9.6 4.4)10 Mergcm 2?s 1, whilst the minimum and
maximum values are reported as 4.6 and 25.00 ergcm ?s 1, respectively, indicat-
ing strong variations. The pointed observations report acording uxes of 1.38, 8.3,
and 10.6010 Mergcm 2s ! [DSG0Y. Fluxes (again between 2 10keV) reported by
Swift XRT in April 2005 and additional data taken during a mu lti-wavelength campaign
in 2006 are reported by T*07b] and [T*084. Data obtained with XMM-Newton EPIC

in November 2002, January and February 2003 are reported in* 05]. A comprehensive
overview of BeppoSAX, XMM-Newton EPIC and Swift XRT pointed X-ray observatio ns

19R6 ntgensat ellit, ROSAT, ger.: X-ray Satellite, see http://www.dIr.de/dIr/en/desktopdefault.aspx/
tabid-10424

U nconventional Stellar A spect, USA

12 A dvanced R esearch andG lobal Observation Satellite, ARGOS

18\ ide Field Camera, WFC, two X-ray cameras aboard BeppoSAX with wide elds of view, perpendicular
to the pointed observations.
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is given in [M* 08b], from which also the spectral data points depicted in are re-
trieved. The all-time lightcurve of X-ray uxes between 2 10k eV can be seen iri

For this, 75countss ! in RXTE ASM correspond to the ux of the Crab Nebula in that
energy range (3* 02]'*, which is measured asl:7 10 Mergcm 2s ! [G*02]. Addition-
ally, the daily RXTE ASM observations have been averaged ower 20 observations. Time
integrated uxes reported by BeppoSAX and Suzaku are given in
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Figure 7.7: X-ray lightcurve of 1ES 1959+650 in the energy rage of 2 10 keV compiled by
the data mentioned in the text. The daily RXTE ASM uxes have been aver-
aged over 20 observations, denoted by the horizontal bars. Ae green vertical
lines denote the observation window of the MAGIC monitoring campaign.

Additional spectral information are acquired from time-int egrated observations by RXTE
PCA, RXTE HEXTE [ RMR11] and Swift BAT, see . For the latter several
time windows have been published: nine months’ [T* 08d], 22 months® [T* 10d, and
58 months'’ [B* 10b]. Observing in an all-sky survey mode, daily quick-look resus have
been provided by the ASM/RXTE team “°. Swift BAT transient monitor results between
15 50keV are provided by the Swift BAT team ~” and are shown in . Addition-
ally, regular monitoring of LAT Monitored Sources (see belav) is done with Swift XRT in
the energy range of 0.3 10 keV within the Swift Monitoring Pr ogranr”, see

“The same number is given at http://xte.mit.edu/ASM_Ic.html.
15 seehttp://heasarc.gsfc.nasa.gov/docs/swift/results/bs9mon

16 seehttp://heasarc.gsfc.nasa.gov/docs/swift/results/bs22mon
7 seehttp://heasarc.gsfc.nasa.gov/docs/swift/results/bs58mon
18seehttp://xte.mit.edu/ASM_Ic.html

19 seehttp://heasarc.gsfc.nasa.gov/docs/swift/results/transients
20 seehttp://www.swift. psu.edu/monitoring
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Figure 7.8: X-ray lightcurve of 1ES 1959+650 in the energy rage of 0.3 10 keV obtained
from Swift XRT. The green vertical lines denote the observation window of
the MAGIC monitoring campaign.

Instrument Reference Date Date F2 100kev
[MJD] [10 Tergcm 2s 1]

BeppcSAX WFC [ V*07] 1996 - 4
until 2002 - 4 9.6 4.4
Suzaku T*08d 2006-5-241 53879 1 20

Table 7.3: Time integrated X-ray uxes between 2 10keV reported by BeppoSAX
WFC [V™* 07] and Suzaku [T * 084 for the given time windows.

INTEGRAL IBIS  Although neither being listed in the second INTEGRAL AGN cat -
alog B* 094 nor in the INTEGRAL IBIS 7-year catalog [ KTR " 10], an integral ux
of 1.9 0.4ergcm ?s 1 between 20 200keV has been reported inBRS09. Anyway, it
was detected in November 2007 with a signi cance of 5.3 during two days [B* 07d],
triggering pointed Swift observations [B* 07b] and resulting in a multi-wavelength SED
modeling of this INTEGRAL high state of 1ES 1959+650 [B* 10d.

CGRO COMPTEL As neither a detection of 1ES 1959+650 was reported in the r$
COMPTEL catalog [S" 00], nor upper limits have been published §" 08b] in the course
of this thesis a reanalysis of COMPTEL data was triggered. Ths resulted in the rst
available upper limits for this source, based on all CGRO COMPTEL data taken between
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| Hard X-ray lightcurve for 1ES 1959+650
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Figure 7.9: Hard X-ray lightcurve of 1ES 1959+650 in the energ range of 15 50 keV ob-
tained from Swift BAT. The daily uxes have been averaged over 91 obser-
vations, denoted by the horizontal bars. The green verticallines denote the
observation window of the MAGIC monitoring campaign.

April 1991 and June 2000 Col11d. The values of 2 upper limits under the assumption
of an E 2 energy spectrum are given in

F +
[Hz] [erg/cm?/s] [Hz] [Hz]
3.985e+020 1.030e-010 1.744e+020 3.067e+020
1.248e+021 8.300e-011 5.428e+020 9.821e+020
3.985e+021 1.920e-010 1.755e+021 3.101e+021

Table 7.4: Spectral energy distribution upper limits basedon all COMPTEL data [ Col11d.

CGRO EGRET 1ES1959+650 was not detected with EGRET aboard the CGRO nei-
ther in the third EGRET catalog [ H* 994, nor in an revised version CGO08§].

AGILE GRID Neither being included in the rst AGILE catalog [ P* 094, nor in recent
publications on TeV sources R*11d, 1ES 1959+650 has been continuously observed by
AGILE and a reanalysis of the data triggered in the course of his thesis led to the
preliminary 2 upper limit of 6:0 10 8cm 2s ! for E > 100MeV. [Lon11].

ZlEnergetic Gamma Ray Experiment T elescope, EGRET, seehttp://heasarc.gsfc.nasa.gov/docs/
cgro/egret
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Fermi LAT 1ES1959+650 was one of 42 BL Lacertae objects already detet with a
signi cance of 10 after the rst three months of observations with Fermi LAT a nd thus
included in the LBAS““ [A* 09d and in the list of LAT Monitored Sources~~. By this, daily
and weekly ux averages above 100 MeV are available, but 1IES959+650 is such a weak
source for Fermi LAT that signi cant detections are very sc arce on those timescales. In
subsequent publications, a lightcurve of the rst ve month s in monthly bining [A* 09d],
and a detailed energy spectrum based on the rst six months obbservations A* 10d] were
presented. Later the rst and second Fermi LAT source catalogs were published, based
on eleven months (1FGL) JA* 10b] and two years (2FGL) [Thelld of data, respectively.
These re ned especially the energy spectrum as depicted iR . The most detailed
lightcurve so far published comprises the rst eleven montts of data in weekly time bins
with uxes above 300 MeV [A* 104, see
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Figure 7.10: Gamma-ray lightcurve of 1ES 1959+650 in the engy range of >300 MeV
obtained from Fermi LAT [ A*10d in weekly time bins. The green vertical
lines denote the observation window of the MAGIC monitoring campaign.

After the upper limits had been reported by the Whipple [C* 97,Buc99,H* 044 and CAT
collaborations [Khe02], the detection of 1ES 1959+650 was reported by the Utah Seve
Telescope Array [Y* 99 for data of 1997 at an overall signi cance level of 3.9 , with two
subsets of the data passing the commonly applied 5 limit for source discoveries Nis99],
but without accounting for trials. The nal undisputed dete ction was reported by the

22 AT Bright AGN Sample, LBAS
2 seehttp://fermi.gsfc.nasa.gov/ssc/data/policy/LAT_Monitored_Sources.html
24Cherenkov A rray at T hémis, CAT
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Whipple 10 m telescope in 2002\[/o02,H* 03a H* 03b], when the source underwent a strong
aring activity in VHE gamma-rays, also reported by the HEGRA system of Cherenkov
telescopesifior03,A* 03g, HEGRA CT1 [ Kra03,TK03], and CAT [Khe02 DT03]. Later it
was also detected by MAGIC (as outlined in detail below), by the GT-48 Cherenkov
telescope of the Crimean Astrophysical Observatory in 2004Fid06] and recently by
VERITAS [B*11d]. The aring activity observed in 2002 triggered a multi-wav elength
campaign, during which the rst orphan are was observed [K*04b], i.e. a gamma-
ray are without a simultaneously enhanced X-ray ux as expected from SSC models.
Nevertheless, these and also subsequent multi-wavelengthbservations in 2003 G* 06h]
and 2006 H* 08, T* 084 succeeded in explaining the observed spectral energy digiution
by single-zone SSC models. An overview of the modeling so fas given in

1ES 1959+650 was one of the rst objects observed by MAGIC in B04 [T * 05,Tt06,Ton06],
resulting in one of the very rst MAGIC publications [ A*06d. Since then a regular
monitoring has been conducted GB* 08, H* 09b, S* 09b, W* 114, resulting in 71 h of
useful data, spread over 47 days with more than 1 detections as shown in :
An overview of the observations through the di erent years is given in . For
further details on the according analysis procedure and da selection criteria, the reader
is referred to the references given in the table.

Also considering the previous publications A* 06¢ T* 084, no signi cant ux variations
have been observed for 1ES 1959+650 as discussedsin 3 For an overview
and the discussion of the spectral properties see

Year Tops Te =" h References References

[h] [h] for cross checks
2004 6.92 582 8.2 3.4 Tpn06,A* 06d
2005 223 196 6.3 1.4 Hay08§| [Sch06aZzan04
2006 17.4 143 104 2.8 Hay08T*084 [BacOg
2007 18.79 12.77 10.6 3.0 UEI0Y [Sat1q
2008 13.80 4.91 45 2.0 Uel09 [Sat1q

2009 22.03 13.86 9.7 2.6 Uell?Z

Table 7.5: Spectral energy distribution upper limits basedon all COMPTEL data.

After the detection of a gamma-ray orphan are in June 2002 K* 04b] two neutrinos have
been observed from the direction of 1ES 1959+650 with the AMADA-II neutrino tele-
scope, one of them being coincident with the gamma-ray are Bf05, A* 054. Although
this coincidence has not been statistically signi cant, this conspicuous hint for hadronic
acceleration processes within the source (c.f ) triggered theoretical mod-
eling [HHO5, RBP05] as well as the search for time-clustered neutrino events fra prede-
ned source directions in lceCube BEBAe0d. Also a program for MAGIC follow-up ob-
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Figure 7.11: MAGIC lightcurve of 1ES 1959+650 observed abos 0.3 TeV from 2004 un-
til 2009. Observations less signi cant than 1  have been omitted.

servations in case of observed time-clustered neutrinos hdseen initiated [A* 08g A* 07h).
Anyhow, none of the subsequent analyses neither of time-intrated data from AMANDA-

Il [AckO7, A* 09b], IceCube (22 string con guration) [A* 094, or IceCube (40 string con-
guration) [ A* 11d], nor time-dependent analyses of IceCube (22 string con guation)
[B*09d], or IceCube (40 string con guration) [A* 11d showed any signi cant excess, albeit
this would be a crucial result.

In 2006 the HiRes collaboration reported on the cross-corration of UHE cosmic rays with
BL Lacertae objects. For 1ES 1959+650 they stated two eventsn excess of the expected
background, which was only found in 0.8% of isotropic Monte @rlo sets [A* 064].

To study the variability of a given data set, e.g. a time series, one has to distinguish between
the intrinsic variability and the variations expected from measurement uncertainties. For
this, in [V* 03] the fractional variability amplitude F4; is derived. Diminishing the sample
variance S? by the expected contribution from the measurement errors, he mean squared
error

2: (7.2)
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one gets the excess variance
)2(8 =g2 2 (7.3)

and by normalizing by 1=x? and extracting the root one gets the fractional variability
amplitude

S P
S2 2
Fvar = <2 : (7.4)

The error on Fy,r is derived as

V
U r_ 1, us — 12
2 e Cla. (7.5)
Foar = 2N X2F yar Nx '
In the values of the fractional variability according to are depicted
for the lightcurves presented in to against the observation
wavelength. For this calculation, only data points larger than 0 by more than 1 have
been considered. The according values are given in . One can clearly see that

there is strong variability of up to 40% present in the optical and in X-ray lightcurves.
Concerning the optical emission, the variations in R-band ae signi cantly higher than
those in V-band, for any single telescope measuring both, R-rad V-bands and for all
measurements of one band together. Except for the are of 208 discussed earlier, hardly
any variability is seen in the radio emission. Due to the misgig measurement uncertainties
of any daily data presented in , no fractional variability could be calculated for
those lightcurves. The Swift BAT lightcurve lacks highly s igni cant observations, even in
the used binning of 91 observations per bin and thus no variattity could be detected. The
Fermi LAT lightcurve shows a medium level of variability, ¢ omparable with the overall
R-band variability but lower than the variabilities in X-rays observed by RXTE ASM
on 20days time-scale and by Swift XRT on daily values.

Noteworthy, all MAGIC observations show no hint of variabil ity. Except for 2004, where
Fwar = 0:07 0:56, for all single years of data, i.e. 2005 2009, and for the ligtcurve
spanning all the six years,Fyy = 0 is obtained. This steady state in VHE gamma-rays
of 1ES 1959+650 will be utilized in to obtain the most precise gamma-ray
spectrum of that source up to now and to justify the modeling d a time-averaged spectral
energy distribution.

Motivated by the theoretical implications of periodic signals in VHE gamma-ray lightcurves
outlined in an initial study on this issue has been conducted. Based on &
long-term VHE lightcurves of Mkn 421, Mkn 501 and 1ES 1959+650compiled for [T* 104

the methods of Pal09] and [Ree0q have been employed. As these yielded spurious periods
of around 28 days, most probably being connected to periodiobservational gaps due to

Bsee http://nuastro-zeuthen.desy.de/magic_experiment/projects/light_curve_archive/
index_eng.html
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Instrument Band Binning [days]  Fyar Fuar Far —Fvar
OVRO 14 GHz 1 0.0528 0.0030 5.7%
UMRAO 14.5GHz 1 0.4515 0.1712 37.9%
E elsberg 100 m 14.6 GHz 1 0.0876 0.0105 12.0%
KVA R-band 1 0.2130 0.0008 0.4%
Perugia AIT R-band 1 0.0651 0.0113 17.4%
GRT R-band 1 0.0808 0.0097 12.0%
NMS R-band 1 0.2529 0.0129 5.1%
Tenagra ll R-band 1 0.4154 0.0019 0.5%
all R-band R-band 1 0.2557 0.0009 0.4%
GRT V-band 1 0.0578 0.0058 10.1%
NMS V-band 1 0.0658 0.0045 6.8%
Tenagra-ll V-band 1 0.1420 0.0007 0.5%
INTEGRAL OMC  V-band 1 0

Swift UVOT V-band 1 0

all V-band V-band 1 0.1612 0.0024 1.5%
Swift XRT 0.3 10keV 1 0.3323 0.0022 0.7%
RXTE ASM 2 10keVv 20 0.3891 0.0146 3.8%
Swift BAT 15 50 keV 91 0

Fermi LAT > 300MeV 7 0.2610 0.0831 31.8%
MAGIC 2004 > 300GeV 1 0.0735 0.5555  756.0%
MAGIC 2005 > 300GeV 1 0

MAGIC 2006 > 300GeV 1 0

MAGIC 2007 > 300GeV 1 0

MAGIC 2008 > 300GeV 1 0

MAGIC 2009 > 300GeV 1 0

all MAGIC > 300GeV 1 0

Table 7.6: The fractional variability F4 for the di erent instruments and wavelengths.

full moon, an extensive overview of methods to search for sigls in irregularly sampled
datasets has been performedd]. As we saw considerably scope to improve those methods,
an uni ed approach, utilizing also robust regression methals has been developed®]. This
method bears a possibility to calculate a signi cance levelalso against the assumption of
red noise in contrast to the usually assumed white noise. Arlyow, it is still not capable to
cope with signals leaking into neighboring frequencies. More details on the forthcoming
algorithms will be reported in [Thil2].



7.3 VHE Energy Spectrum of the Steady State of 1 ES 1959+650

Very high energy gamma-ray spectra of the aring state of 1ES 59+650 in 2002 were
reported by the HEGRA [K* 04b], CAT [ DT03] and Whipple collaborations [D* 05]. Ad-
ditionally, the HEGRA collaboration reported on an energy spectrum of any non- aring
state observations of that source from 2000 2002K * 04b]“° and on a time averaged spec-
trum measured with HEGRACT1 [Kra03, TKO3, Ton06]. Those measurements, along
with the spectra reported by MAGIC in 2004 and 2006 and with upper limits for the
years 2000 2003 by Milagro are depicted in . The huge di erences in ux and
spectral shape between the aring state in 2002 and the non- aing states are clearly vis-
ible. From 2004 through 2009 yearly energy spectra have bearbtained with the MAGIC
telescope. gives an overview of all reported parameter values for powelaw ts
with and without exponential cut-o .

The data points of the energy spectra obtained with MAGIC are depicted in

For any year, a power-law is tted to the (colored) data points of the according main
analysis. The parameters of the power-law tsF(E) = po (E=1TeV)P! are given in
the inlays and also in . For 2008, only an integral upper limit above 300 GeV
was reported in [Satl(. This has been converted to a band of di erential upper limits,
assuming the given range of spectral slopes = 2:1:::2:8. One can see that for all years
except 2007 the main and cross-check analyses are in good agmeent. The disagreement
of the values reported for KS2007 from those of MT2007 is stilunder investigation.

Year Po= Fitev P1= E mn Emax

[10 12TeV tcm 2s 1] [Tev] [TeV]
2004 3.976 0.575 -2.803 0.1517 0.18 4.0
2005 1.578 0.280 -2.597 0.2457 0.15 3.0
2006 2.672 0.356 -2.537 0.1686 0.15 3.0
2007 2.498 0.423 -2.496 0.1894 0.20 3.0
2008 1.470 1.034 -2.505 0.7589 0.20 1.2
2009 2.141 0.114 -2.582 0.0963 0.18 4.0

Table 7.7: Parameters for uniform power-law ts F(E) = Fi1ev (E=1TeV) to the VHE
gamma-ray energy spectra of 1ES 1959+650.

% The slightly di erent spectral data reported in [ G6t06] for the same observations are additionally listed
in , but will be neglected for further studies.
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1ES 1959+650 Energy Spectra
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Figure 7.13: Energy spectra and upper limits on 1ES1959+650 The references for

the measurements are given inTable 7.8, The upper limits are reported

in [H* 044 for the Whipple 10 m and in [Hay05, Wil05, Hay04] for Milagro.



Year Reference Instrument F11ev E cut Emin  Emax
[10 2TeVv lcm ?s 4 [TeV] [TeV] [TeV]

2009 Pel1? MAGIC 243 0.37 -2.47 0.15 0.18 4.0
[Tes09 MAGIC 240 0.23 -2.66 0.15 025 35
2008 Pell? MAGIC 1.47 1.03 250 0.78 020 1.2
2007 Del09 MAGIC 252 0.42 -2.47 0.19 0.20 3.0
[Sat1(] MAGIC 9.8 06 -2.31 0.05 0.15 9.0
[Satl( cut MAGIC 60 6 213 0.13 419 205 015 9.0
2006 Hay08] MAGIC 27 03 -2.58 0.18 0.15 3.0
[BacOg MAGIC 50 2.3 -2.23  0.58 0.215 1.25
2005 Hay08] MAGIC 1.6 0.3 -2.62 0.25 0.15 3.0
[Zan0§ MAGIC 2.35 0.52 250 0.32 020 1.8
[Sch063 MAGIC 29 09 21 0.4 020 20
2004 [fon06] MAGIC 43 05 -2.72 0.14 015 2.0
2002 D*05 are Whipple 10 m 107 16 -2.81 0.15 0.47 10.0
[D* 05] high Whipple 10 m 123 26 -2.78 0.12 0.32 276

[D* 05] high cut ~ Whipple 10 m 137 24 239 026 11.2°%7 032 276

[A* 034 high HEGRA 74 13 -2.83 0.14 1.30 127

[A* 034 high cut HEGRA 56 9 -1.83 0.15  4.2"Q%8 1.30 127
[Khe02] high CAT 35.2 0.24 -2.64 0.08 050 125
[Khe02] high cut CAT 90.6 36.6 -1.27 055 1.33 508 050 125
[Ton06] HEGRACT1 83 1.3 -3.6 0.17 1.00 20.0
[Ton06] cut HEGRACT1 13.2 3.4 -1.8 1.28 0.18 1.00 20.0
2000 2002 A* 034 low HEGRA 78 15 -3.18 0.17 1.30 127
[A*034d low cut HEGRA 60 1.4 -1.8 27798 130 127

Table 7.8: Parameters for power-law tsF(E) = Fi1ev (E=1TeV) to the VHE gamma-ray energy spectra of 1ES 1959+650. The
notation cut indicates a t with a power-law with exponential cut-o, F(E)= Fi1ev (E=1TeV) exp( E=Ecu).
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Figure 7.14: Energy spectra of 1ES 1959+650 as measured WiMAGIC: NT2004 [ Ton06],

RZ2005 gan0§, RS2005 Bch06d, MH2005 Hay08], MH2006 Hay08, T+ 084,
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In Figure 7.15the ux normalization Fj;1ey is plotted against the spectral index of the
power-law ts to the energy spectra obtained with MAGIC from 2 004 2009. From the
covariance matrix of those data points, the error ellipses bthe clustered data are drawn
for con dence intervals of 15 . The ellipses are drawn around the average of the data
points, with multiples of the standard deviations as radii. The angle of the ellipse is
determined by

!

1 covXx;y)
= —arct 2——= 7.6
2arc an 7 3 (7.6)

One can clearly see that all but the observations of 2004 t tayether perfectly well.

| Power law spectral indices 2004-2009 | 42004
A6 T T [ T T T T [ T T T T [ T T T T [ T 142005
| USRI S T S S 2006

' ' ' ' + 2007
42008
+2009

Spectral index a

2 3
F,., [10"? ph/TeVicm?s
1TeV

Figure 7.15: Flux normalization vs. spectral index for MAGIC observations
of 1ES 1959+650 from 2004 2009.
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As mentioned in and outlined in no ux variability has
been observed from 1ES 1959+650 during the six years of mowiting observations from 2004
through 2009. Therefore, one would assume that also the sp&al behavior of the source
might have been the same. This is true for all years except 2@Bas indicated by

To clarify this issue, an additional approach was followed,namely the derivation of a com-
mon energy spectrum for all observations. In this context, &0 the possibility to include
data from the HEGRA telescopes for a low emission state betwen 2000 2002 and from
Fermi LAT during its rst two years of operation has been inv estigated. The data reported
by HEGRA CTL1 for 2002 have not been taken into consideration & those are comprised
of data from di erent emission states of the source.

As data from di erent observation seasons, i.e. from di erent years, are statistically inde-
pendent, they may be used all together in a tting procedure. The t probability derived
from a ?-test is an appropriate measure of the goodness of the t, buttiis not capable
of judging the in uence of single data points on the t or the symmetry of residuals, both
have been studied separately.

The in uence of single data points on a common t can be estimaed by the Cook's
distance D; [Coo77, which is de ned as

1 X! 2
P % NpMsD |, KA TORE (7.7)

with MSD being the mean squared deviation

1 X 2
MSD = &Y, A (7.8)
j=1
In a series ofj =1;:::;N measurementsY;, which are described by a model built upon
all measurementsY; , the Cook's distanceD; for a point i is the sum of squared deviations

of the model 9j(i) built upon all data points but i from the model ¥;, divided by mean

squared deviationMSD of the model ¥; from the measurementsY;, the number of pa-
rameters of the modelp, and the number of measurementdN. Generally, D; should not
be larger than 1 [CW82], but especially a at distribution of D; along the measurementg
is desirable.

For studying the symmetry of the t residuals, not only the no rmalized residuals are
depicted in but also the histograms of the residuals. These are each ttd
with a Gaussian and the t probability pgauss gives a handle on the symmetry and quality
of the spectral t. As these Gaussian t probabilities stron gly depend on the binnings
of the histograms, this has been changed froni;:::N=2, where N is the number of data
points for the spectral t. The values of pgauss for all numbers of bins are also depicted
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in . As expected, a general trend of increasingpgauss With rising number of
bins can be seen. Besides that, a at distribution of pgauss and hence a small standard
deviation ... IS expected for good spectral ts, i.e. those with symmetricresiduals.
For inappropriate spectral ts the variance of the probabil ities for the Gaussian ts is
considerably higher.

In fact, the histograms of the spectral t residuals given in are drawn (only)
for the numbers of bins that are both, 7 and the smallest number of bins whose Gaussian

t probability Ppcauss Planss 0:05.

The previously outlined tests have been conducted for all MASIC data (MAGIC 2004
2009), for all MAGIC data except those of 2004 (MAGIC 2005 20(), for a combination
of the latter with HEGRA 2000 2002 low ux data and with Fermi LAT 2FGL data from

a dedicated high energy analysisfanl11]. As the error on the energy scale is considerably
larger for Cherenkov telescopes than for the test beam calitated Fermi LAT, additional
tests have been performed with the energy scale of MAGIC and BGRA data shifted w.r.t.
that of Fermi LAT by the values derived in [ MHZ10], i.e. an energy shift of +3% for
MAGIC and +4.2% for the Hegra CT system. As spectral models a smple power-law (pl)

F(E)= Fitev (E=1TeV) ; (7.9)

a power-law with exponential cut-o (cut)

F(E)= Fitev (E=1TeV) exp( E=Ecu); (7.10)
and a curved power-law (curve)

F(E)= Firev (E=1Tev) *© '9w(ETEV) (7.12)

have been used.

Summarizing the tests of the Cook's distances, there has oplbeen one case for a spurious
data point of strong in uence on the model t. This was the low est energetic Fermi LAT
data point taken into account. This one strongly in uences the di erent models. Anyway,
this is expected as that point lies right at the peak position of the emission spectrum and
thus determines the curvature of the model.

The results for the spectral (pspec) and Gaussian Pgauss) t probabilities, the mean Gaus-
sian t probability Pgauss @and its standard deviation ., .. are summarized in

For the combination of MAGIC, HEGRA, and Fermi LAT the corre sponding gures are
given in . For the other combinations the gures can be found in

One can clearly see that the MAGIC data of 2004 show a signi catly di erent spectral
behavior from those of 2005 2009. The latter are equally wdldescribed by all models,
hence also by the simple power-law

F(E)=(2:12 0:08) 10 2 (E=1TeV) 2% %06phTev 1cm 2s 1 (7.12)

which is the exactest power-law spectrum derived for that sotce. Combining theses data
with the HEGRA observations, the power-law with an exponential cut-o is favored over
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the other models. For the combination of MAGIC and Fermi LAT data both, a power-law
with exponential cut-o and a curved power-law are well suited. The t parameters for
those are given in the inlays in

Combing all, the low state data from HEGRA and those from Fermi LAT with the MAGIC
ones, they complement each other perfectly well. For the rg time, this enables the possi-
bility to give a common description of the energy spectrum oflES 1959+650 from 10 GeV
up to 10 TeV, spanning three orders of magnitude energy, for wich a curved power-law
model is favored:

F(E) :(2 24 009) 10 12 (E:].TeV) 2:58 0:04 (0:17 0:04) IoglO(E=1TeV) phTeV lcm 25 1:
(7.13)

Concerning the rescaling of the energy values according tdf[HZ10] one can note that
for the combination of MAGIC and Fermi LAT data the rescalin g slightly improves the
t quality, whereas for the combination of MAGIC and HEGRA da ta, the t quality is
generally reduced by the rescaling. The latter is also truedr the combination of MAGIC,
HEGRA and Fermi LAT data. Thus under the assumption of a sing le underlying spectral
behavior for all the observations, the ndings by [MHZ10] cannot be con rmed here.
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| | |

Measurements pgpec pgauss ppGauss Blaauss

MAGIC 2004 2009 0.057 0.988 0.847 0.135
MAGIC 2005 2009 0.897 0.987 0.969 0.044
MAGIC 2 & HEGRA 0.417 1.000 0.862 0.207
MAGIC 2 & HEGRA scaled® 0.391 0.994 0.855 0.267
MAGIC 2 & Fermi LAT 0.447 0.974 0961 0.084
MAGIC @ & Fermi LAT scaled ? 0.378 0.969 0.965 0.066
MAGIC 2 & HEGRA & Fermi LAT 0.004 0.986 0.650 0.250
MAGIC @ & HEGRA & Fermi LAT scaled P | 0.002 0.943 0.669 0.232

Measurements Plpec P3huss PRhuss  Boaws

MAGIC 2004 2009 0.047 0.991 0.702 0.228
MAGIC 2005 2009 0.873 0.990 0.953 0.061
MAGIC & & HEGRA 0.652 0.991 0.964 0.072
MAGIC 2 & HEGRA scaled? 0.589 0.988 0.943 0.128
MAGIC & & Fermi LAT 0.915 0.954 0.921 0.115
MAGIC 2 & Fermi LAT scaled P 0.910 0.958 0.908 0.109
MAGIC @ & HEGRA & Fermi LAT 0.596 0.974 0.943 0.088
MAGIC 2 & HEGRA & Fermi LAT scaled P | 0.498 0.956 0.949 0.083

Measurements PSpec  PGauss PGauss  pomes

MAGIC 2004 2009 0.045 0.984 0.765 0.202
MAGIC 2005 2009 0.870 0.997 0.971 0.044
MAGIC 2 & HEGRA 0.569 0.949 0.882 0.200
MAGIC 2 & HEGRA scaled®? 0.507 0.949 0.832 0.277
MAGIC 2 & Fermi LAT 0.934 0.964 0.888 0.197
MAGIC 2 & Fermi LAT scaled P 0.930 0.990 0.915 0.116
MAGIC @ & HEGRA & Fermi LAT 0.705 0.998 0.919 0.141
MAGIC 2 & HEGRA & Fermi LAT scaled P | 0.643 0.988 0.904 0.122

" MAGIC 2005 2009
MAGIC and HEGRA energies scaled by 1.03 and 1.042, respectively, according to [MHZ10].

Table 7.9: Fit probability, maximal and average Gaussian t probability of the residuals
and the according standard deviation of models for the HE VHE Spectrum of
1ES 1959+650 based on dierent sets of observations with MAGC, HEGRA
and Fermi LAT.
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Figure 7.16: Combined MAGIC-HEGRA-Fermi energy spectrum of IES 1959+650, along

with t quality test as the Cook's Distance and the Gaussian t probabilities

for the spectral t residuals. Values stemming from the powe-law model

are given in blue, for the power-law with cut-o in green and for the curved

power-law in red. Solid horizontal lines denote averages, ddned ones denote

one standard deviation.



7.4 Spectral Energy Distribution of 1ES 1959+650

In the following the ndings presented in and are taken as
motivation to compile and model the time-averaged broad bandspectral energy distribu-
tion of 1ES 1959+650. In ] ;and Jthe data
collection is presented, in the time-averaged frequency and emission level
of the synchrotron peak is estimated and afterwards, in possible emission
models matching the broad band SED are discussed. The data arretrieved from the ref-
erences stated in and additionally given in . In the gures, upper

limits are denoted by single-sided error bars exceeding theditom of the gures.

In the low frequency part of the SED is presented. Measurementsvith the
Radio telescopes RATAN 600, E elsberg 100m, IRAM, and VLA are depicted besides
VLBI and VLBA measurements of the core emission and upper linits by Metsahovi and
the Planck satellite. Additionally, NED archival data are s hown. Altogether, a wavelength
range of 300 MHz 1 THz is covered, whereas the wavelengths dhe instruments and the
observation epochs are given in the inlay.

The observations in the IR, optical and UV wavelength bands ae depicted in !
The Spitzer far-IR data was retrieved from the Spitzer Heritage Archive-’. The two
available datasets were taken on August 2, 2008 and have beaveraged. As the data are
so plentiful, any data point with a relative error greater th an 46.669%, i.e. an averaged
relative error of 33.3%, have been omitted. Near-IR data havébeen taken with NOT and
TwoMASS. The mean, maximum, and minimum uxes recorded with the KVA in R-band
are shown, as well g-band observations with Palomar 60. Sevalr UV measurements have
been conducted with Swift UVOT in U-, B-, V-, UVW1-, UVM2-, and UVW 2-bands and
twice with Galex in NUV- and FUV-bands. Dates of observation are given in the inlay.

Observations in the X-ray energy range have been conducted byarious instruments,
namely Swift XRT, BeppoSAX, RXTE PCA, Swift BAT, RXTE HEXTE, and INTE-
GRAL IBIS-ISGRI, in the order of rising energy range. The Swift XRT data for 2007
have been rebinned from 194 to eight bins in energy to achieveeasonable measurement
errors. In the soft X-rays, strong and signi cant ux variati ons of about a factor of four
have been observed. In the hard X-rays instead, the spread oht data can be attributed to
the large measurement errors, despite the observations ar@veraged over several years.

27 seehttp://sha.ipac.caltech.edu/applications/Spitzer/SHA

93
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Radio SED of 1ES 1959+650

101§

=

Q
=
N

nF,, [erg/cm %/s]
= =
S S
' )

H

Q
=
(¢)]

i S [NED] Archival data (1'991-20'07) — i — ' ' I_
RATAN-600 4.8, 7.7, and 11.2GHz (10.9.2008-3.10.2008)

Effelsberg-100m 2.64, 4.85, 8.35, 10.45, 14.6, and 32.0GHz (2007-2010) -
————sk————  Effelsberg-100m 2.64, 4.85, 8.35, 10.45, 14.6, and 32.0GHz [mean] (2007-2010) =
IRAM 86.24GHz (10.2007 - 03.2009) —_
—  —  IRAM 86.24GHz [mean] (10.2007 - 03.2009) —
—_—————— Metséhovi 37GHz 95% U.L. (2008-2009) ]
Planck 30, 44, 70, 100, 143, 217, 353, 545, and 857GHz 95% U.L. (08.'09 - 11.'10) -

[NED] 1.4GHz VLA (22.2.2002) & 5GHz VLBI (2004) core flux
—_—— VLBA 15GHz ('00), 15.4GHz ('03-'04), 22.2GHz ('03-'04, '07), 43.2GHz ('08-'09) core flux =~ [---f--r-=r-=smmsmmsmmmsmmmmfmmmmmm o fmn e o — =
N A S 250 AR FOR 0 R Y PR PR P — |
— {v ! p—
i P -

* x

AR A AR SRR AR o SR It IRl Bh bl kb SRt AR REERRES Rehb =
= : * =
L - IR ) SN NN SR WU FOSPUNTY RSN RIS -
1 1 11 11 | 1 1 1 L1 1 11 | 1 1 1 1 11 1 I

w

Figure 7.17: Zoom in on the radio frequencies of the SED of 1EB259+650.
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X-Ray SED of 1959+650
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Figure 7.19: Zoom in on the X-ray frequencies of the SED of 1ESA69+650.
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Comprising the data presented in and 3 the synchrotron
peak of the SED is well covered and the time-averaged peak padisin can be estimated.
For this purpose a logarithmic parabola is t to the data in th e vertex notation:

syn 2

F = syn F syn ld) IOg = peak ; (714)

peak peak

where [0 F sn is the peak ux at the peak frequency peak @nd bthe curvature param-

eter. In accounting the general asymmetric shape of the symgotron peak, the t param-
eters have been determined once including ) and once excluding ( )
the IR and optical data points. In the according gures, the data points included into
the t are marked by blue triangles. The resulting peak positions are given in the inlays
and in , along with an overview of values derived in the literature. The ones
derived here yield by far the exactest numbers, although thesigni cant variations of X-ray
uxes and spectra lead to a huge 2-value. These ndings con rm the synchrotron peak
of 1ES 1959+650 to be located well abovd0'® Hz and thus its classi cation as a HBL.

| IR - X-Ray SED of 1959+650 |
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Figure 7.20: Zoom in no the IR X-ray frequencies of the SED of ES 1959+650. An all-
time all-instrument log-parabolic t is applied to nd the mea n frequency of

the synchrotron peak .22, .

In the spectral data from gamma-ray observations with Cherenkeg telescopes
and Fermi LAT are depicted. For Fermi LAT, the spectra comp rised by 6, 11 (1FGL),

24 (2FGL), and 27 months of observation are shown. Additiondly, a dedicated high-energy
analysis on the 2FGL data has been performedHanl11]. For the Cherenkov telescopes,



98 Chapter 7 The Blazar 1ES 1959+650

Reference| logyy  peax=HZ 10010 peakF sn =ergem 2g 1

peak™
[B* 02 15.00
[P* 05 18
[NTVO6] 18.03
[T*07h] 17.28
[A* 104 SED? 16.6 -10
[AT10d xo or"C 15.9 -10.3
[M* 08b] BeppoSAX 17.62 0.05 -10.105 0.008
[M* 08b] Swift XRT 17.26 0.05 -9.920 0.007
17.39 0.07 -9.991 0.014
17.48 0.05 -9.919 0.011
17.49 0.04 -9.809 0.006
17.58 0.03 -9.744 0.008
17.50 0.02 -9.804 0.006
17.42 0.04 -9.812 0.005
17.35 0.03 -9.846 0.006
17.37 0.03 -9.855 0.006
17.57 0.03 -9.941 0.008
IR X-ray ( Figure 7.20) | 17.234 0.008 -9.931 0.002
UV X-ray ( Figure 7.21) | 17.146 0.007 -0.898 0.002
* Reported IC peak: log,, 1S =Hz =24:7,log;y (SuF c, =ergem 2s ! = 105.
* Reported IC peak: 10010  peak=HZ =24:1,100;, peax F c =ergem 2s1 = 105.

° Estimated from the di erence of the slopes from optical to X-rays and f rom radio to optical
bands: ox ro = ox RO -

Table 7.10: Position of the synchrotron peak for 1ES 1959+66.

any data which is not explicitly stated as high or aring stat e are shown, namely MAGIC
observations of 2004 and of 2005 2009, HEGRA low state obseations of 2000 2002 and
HEGRA CT1 observations of 2002.
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Figure 7.21: Zoom in on the IR X-ray frequencies of the SED of ES 1959+650. An all-
time all-instrument log-parabolic t is applied to nd the mea n frequency of
the synchrotron peak %3, omitting data in the IR and optical wavelengths
to account for the asymmetric peak form.
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Figure 7.22: Combined gamma-ray SED of 1ES 1959+650 as measal with Fermi LAT,
MAGIC, HEGRA CT System, and Hegra CTL1.
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The broad band SED of 1ES 1959+650 is depicted in . In addition to the
compilation of data presented in , and )
the upper limits derived from CGRO COMPTEL data (see ) and the VHE
data of the aring state in 2002 (c.f. ) are shown. Though not being comprised

by contemporaneous data, the presented SED is probably the wst complete one ever
compiled for any BL Lac object. The typical two hump structur e is clearly visible, but
in contrast to the expectations from SSC models, the high erngy hump is extremely at
towards lower frequencies, which is a particularly interesing feature concerning the SED
modeling. In the following, the modeling of the SED with one-one SSC maodels, hadronic
model and a two-zone SSC model are discussed. As the redshiff @ES 1959+650 is
comparably small (z = 0:048), for all models the e ect of extragalactic absorption has
been neglected. This might have a small in uence on the exactmodel parameters, but
none at all on the general ndings. An overview of the obtained model parameters as well
as those stated in the literature are given in . As external Compton processes
demand for strong seed photon elds, they are generally disfvored for playing a major
role in BL Lac objects, as these exhibit no or only weak optichemission lines. Thus, these
processes are neglected in the following discussion.

In the one-zone SSC model given inT[* 084 is depicted as long-dashed line
upon the data collection presented here. Within that model TMG98b], the spectral
slopes of the electron distribution, p; and p, as well as the maximum Lorenz factor max
and the one of the spectral break, neak, are free parameters. Instead in reality, these
are interdependent and determined by the underlying acceleation and energy loss pro-
cesses. Therefore, a self-consistent SSC model was develb&/S1(0], taking into ac-
count these interdependencies. Trying to resemble the shapof the previously published
SSC model realization with this self-consistent model leado the blue solid curve depicted
in . One can see, that this approach slightly overestimates theux in the hard
X-ray regime. But most remarkable is the fact, that both models fail to describe the
SED in the Fermi LAT frequency range. This is highly unusual for high-frequency peaked
BL Lac objects (cf. [A* 114 and [A* 11f A* 11 for the exemplary HBLs Mkn 421 and
Mkn 501, respectively) and was only once recently observedf a previously unclassi ed
blazar [A* 111].

When trying to describe the SED with hadronic emission mode$, several di culties oc-
cur. In hadronic models, the high energy emission is compred by synchrotron emission
of protons and emission by proton induced cascades (c.E ). Having the high
energy emission described by proton synchrotron emissionna trying to model the VHE
observations by cascade processes, involves several geth@roblems. Due to the generally
featureless cascade emission, this must be very much ne-ted to be able to explain the
spectral shape in the VHE region, strongly relying on the moal for the extragalactic ab-
sorption. Furthermore, ares in the VHE regime as observed n 2002 have to be explained

101
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| SSC Models for the SED of 1959+650 |
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Figure 7.23: SSC Models for the SED of 1IES 1959+650. The datdhewn is the same as in
, except for redundant data for Swift BAT and Fermi LAT, whi ch
are left out here. For an explanation of the markers, the reaer is referred to
the gures of the according frequency ranges. The original rodel of [T* 084
is shown as red dashed line, the self-consistent one as blueliddine. The
model parameters are given in

by an additional emission region, increasing the number of radel parameters even further.
Additionally, with the model parameters as magnetic eld and the size of emission region
adapted to account for the high energy emission by synchrown radiation of protons, the
primary electron population has to be injected into the radiation region with energies
higher than explainable in self-consistent models, to be algl to explain the synchrotron
peak.

A more promising approach is to explain the VHE spectrum by pmoton synchrotron and
the high energy region by cascade emission. This leads to aleonsistent description
of the synchrotron peak by the electron population, but the resulting photon densities of
the cascade emission generally lead to self-quenching by raway pair-production [KM92,
SKO07,PM11]. Hence, also for this approach a strong ne-tuning of the moel parameters
is necessary to somehow explain the observations.

Altogether, at the current stage of research hadronic proceses as underlying emission
mechanisms for the SED of 1ES 1959+650 appear to be unfavorébthe for mentioned
reasons.
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Dismissing the restriction that the broad band SED can be expained by radiation stem-
ming from only one emission region, the two-zone SSC model is the simplest model
extension. Featuring two independent radiation zones, it pactically doubles the number
of free parameters compared to standard (i.e. one-zone) SSCadels but by this o ers
strong explanatory power. In a self-consistent two-zone SSC is overlaid with
the observed SED. Additionally to the model parameters giva in the following
values have been used for the low energetic emission regiomdathe high energetic one:
radius of the acceleration regionRacc =1 10 cm” 6 103 cm, tacc=tesc = 1:65" 1:13. For
the e ciency of the shock acceleration compared to stochast processes = 20 has been
used for the low energetic plasmoid anch! 1 , i.e. a shock only model, has been applied
to the high energetic emission zone. As shown in , the applied model of two
independent, self-consistent emission regiond\S10] ts the observations reasonably well
and is thus the favored model of this study.

Having a closer look at the latest Fermi LAT data, comprised by 27 months of observations
(see ), there is apparently a dip at 5GeV present. This feature canalso be
modeled in a two-zone SSC model, but it might as well be interpeted as an absorption
feature. Photons from the He Il emission complex within the lroad line region or from
the accretion dist may cause photon-photon pair-production and here lead to dips in the
high energy emission spectra at a few GeV as proposed i?$1(d. Up to now this has
only been applied to FSRQs PS1(d and LBLs [S" 11], which are both primary candidates
for strong external radiation elds. Also for the HBL 1ES 1959+650 this might lead to
promising results, independent of the underlying accelergon and radiation processes.

The rst multi-year multi-wavelength lightcurve study on 1ES 1959+650 has been pre-
sented in and was accomplished by the multi-year and multi-instrument gudy
of the spectral behavior in : In the former, the variability has been studied in all
wavelengths bands, nding strong optical and X-ray variability whilst no variation in the
VHE regime is evident. For studying the interdependence of bservations with Cherenkov
telescopes and other wavelength bands, the recorded VHE ligcurve is too scarcely pop-
ulated and the single observations lack a high level of signiance. To overcome both,
in the future a network of dedicated Cherenkov will be used toconduct such monitoring
observations as presented in

The steadiness of the very high energy emission motivated # deduction of a uniform
spectral model for HEGRA, MAGIC, and Fermi LAT data, presen ted in : By
this, the high energy spectrum of 1ES 1959+650 has been detmined for the rst time for
more than three orders of magnitude in energy, being well desibed by a log-parabolic

2 Generally, two-zone models are referred to a class where the two enssion region may or may not interact
with each other (see e.g. C* 11]). Instead, throughout this thesis it will be used for a model with two
independent emission zones.
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Figure 7.24: Combined SED of 1ES 1959+650. The markers are thsame as ir-igure 7.17,
Figure 7.18 Figure 7.24, and Figure 7.22, thus for clarity an explanation is
left out here. For this, the reader is referred to the accordng gures.
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Model

min break max
[10°] [10°] [107]
[BT02]2 | 14.® 05 19
[K*04b] high | 20 0.001 1235 3905
[K* 04b] pre- are 20 0.001 552 3102
[K*04b] orphan | 20 0.001 552 3102
[G*06b] | 20 0.001 246 1554
[T*08q | 18 0.001 57 600
[T*1049 | 18 0.001 57 600
[B* 10d leptonic® | 19 1 60
[B* 10d hadronic® | 19 0.8 45
[S" 10
revised T*08q | 31 0.003 1% 65C
2 zones: LE| 20 0.8 g 65°
2 zones: HE| 46 1.6 25 60CF
Model R B p1 P2 E
[10%cm]  [G] [103cm 3] [ergcm 3]
[B* 022 100 1.2 2.6 3.6
[K* 04b] high 58 0.04 2 3 0.22
[K* 04b] pre- are 140 0.04 2 3 0.014
[K* 04b] orphan 8 0.04 2 3 17
[G* 06b] 272 0.03 2 3 0.010
[T* 084 73 0.25 2 3.4 2.2
[T* 104 73 0.4 1.9 3.4 0.7
[B* 10d leptonic®9 0.5 14 1.85
[B* 10d hadronic®9 2 20 1.9
[S"10] 510 300 14
revised [T* 084 70 0.29 195 2.9% 800
2 zones: LE 20 081 26 3.6° 190
2 zones: HE 20 044 218 3.1% 3.75
Intrinsic luminosity L°=8:0 10° ergs *.
Determined from Lorentz factor =13 and viewing angle =4:0 via =1=(1 cos ).

a o T o

Additional hadronic parameters: ~ had

in protons L, =3:5 10 ergs *.

=108,

Kinetic power of electrons L. =8:5 10*? ergs *.

had _
max ~—

esc = tesc C=R =10 and 5, for leptonic and hadronic, respectively.

1:2 10° p™ =1:9, and kinetic power

These numbers are determined by a self-consistent model YS10] depending on
tacc =tesc = 0:95, Race, B and are thus no free parameters as in other models.

The units for these numbers are (probably by mistake) reported as 10 * G in [G* 06b].

Table 7.11: Spectral energy distribution model parameters
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model of the form

F(E) :(2 24 009) 10 12 (EleeV) 2:58 0:04 (0:17 0:04) Ioglo(EleeV) phTeV 1cm 23 l:
(7.15)

In the long-term SED of 1ES 1959+650 has been presented and modwel with
leptonic and hadronic emission models has been conducted.oFthe leptonic case it was
found, that neither the one-zone SSC model of T* 084, nor a self-consistent adaption
of this can explain the SED in the HE gamma-ray regime. The hadonic models appear
to be disfavored due to their strong an unstable dependencerothe model parameters.
Instead, the presented two-zone SSC model describes the emi SED from IR through
VHE gamma-ray observations perfectly well.
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Figure 7.25: Two-zone SSC Model for the SED of 1ES1959+650. Ehdata shown are
the same as inFigure 7.24, except for redundant data for Swift BAT and
Fermi LAT, which are left out here. For an explanation of the markers, the
reader is referred to the gures of the according frequency anges. The high
energy emission region is depicted by the dotted line, the l@ energetic one
by the dashed line and the sum of those as solid line. The modglarameters
are given in Table 7.11






Chapter 8
The DWARF Network

To overcome the disadvantages of biased sampling and of timgeries analyses dominated
by gaps rather than by observations, in the course of this thsis a global network of
Cherenkov telescopes has been initiated, to be operated in eoordinated way for moni-
toring observations of nearby blazars the DWARF - network. The aim is to distribute
several Cherenkov telescopes around the globe to be able t@mduct 24/7 monitoring,
preferably with temporal overlap and redundancy to accountfor weather and duty cycle
constraints. The monitored sources will be the brightest T& blazars: Mrk421, Mrk 501,
1ES1959+650, 1ES2344+514, H1426+428, and PKS 2155-304. THhinitiative is pio-
neered somehow by the Whipple 10 m and TACTIC telescopes whithave been dedicated
to monitoring observations for several years on the one handand on the other hand by
building the FACT telescope and starting to coordinate the monitoring network activities.

depicts the distribution of the Cherenkov telescopes (posbly) contributing to
the DWARF network, so far. The following sections give an oveview of the instruments
already involved and those being build or possibly involvedn the future, while
summarizes the feasibility of the project.

The technical details of the FACT telescope as well as the imprtance of the technolog-
ical test of G-APDs as photo sensors in IACTs have been outling in . After
the successful technological test the telescope will be tresferred to scienti ¢ operation,
dedicated to monitoring observations of the TeV-brightest blazars. In this context, it
is foreseen to upgrade the telescope for robotic (remote) @pation. This autonomous
robotized approach keeps the man power demand on the low sideAdditionally, the con-
struction costs per telescope are quite a ordable. This conept is especially attractive for
countries with smaller budgets for scienti ¢ developments but who still want to contribute
to the high-technology spearhead of astrophysics. As suchhts telescope will hopefully
act as a prototype for many more telescopes built to contribde to the monitoring net-

1D edicated W orldwide A GN R esearchF acility, DWARF
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Figure 8.1: The (nearly) worldwide DWARF network.

work DWARF. For multi-wavelength observations, contacts to the F-GAMMA Program -,
conducting radio and optical monitoring of northern Fermi LAT detected blazars, have
been established. Additionally, agreements with the Meséahbvi Radio Observatory and
the optical KVA telescope of the Tuorla Observatory have be@ signed. Those will si-
multaneously complement the FACT telescope observations.n the according
multi-frequency coverage is depicted, complemented by the lasky instruments RXTE
ASM, MAXI ° [M* 094, AGILE GRID, and Fermi LAT.

The Whipple 10 m telescopé is a single 10 m diameter telescope on Mt. Hopkins within
the Fred Lawrence Whipple Observatory in Arizona, USA, see . This pioneer-
ing IACT was built in 1968 and in 1989 it nally detected the r st source at the VHE
gamma-ray sky, the Crab Nebula W* 89]. After several upgrades K* 074 it has been
used until recently in a con guration with a camera consisting of 379 pixels with a eld
of view of 0.117, each. Thus, it reached an energy threshold of 300 GeV, seege[C* 0§].
Being recently put out of operation, the Whipple 10 m telescpe has been dedicated to
nightly monitoring observations of the ve TeV-brightest no rthern hemisphere blazars
since 2005, $" 08d. Due to the long history of monitoring observations with this telescope
there have been lots of multi-wavelength partners providingquasi-simultaneous data from
nearly all other wavelength bands, as demonstrated inHi* 094]. Already in 2007 it was de-
cided that Whipple observations would dovetail with those of the FACT telescope and by
this, both groups made the rst move into the direction of a full time monitoring network
of TeV-bright blazars.

2Fermi GST AGN M ulti-frequency M onitoring A lliance, F-GAMMA, see http://www.mpifr-bonn.
mpg.de/div/vibi/ffgamma

3M onitor of All-sky X-ray Image, MAXI, see http://kibo.jaxa.jp/en/experiment/ef/maxi and
http://maxi.riken.jp

“seehttp://veritas.sao.arizona.edu/whipple-10m-topmenu-117
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Figure 8.2: The frequency coverage of FACT, its multi-frequency partners and all-sky
instruments.

Figure 8.3: Whipple 10 m telescope as in December 2009.

8.3 TACTIC

The TACTIC ° gamma-ray telescopeK* 070] on Mt. Abu (1300 m a.s.l.), India, has been
in operation since 2001 and is depicted inFigure 8.4, With its 9.5m2 mirror area and

5T eV A tmospheric Cherenkov T elescope withl maging Camera, TACTIC, see http://www.barc.ernet.
in/pg/nrl-harl
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its 349 pixel camera it has a similar performance as a single EGRA telescope, reaching
an energy threshold of 1.2 TeV (c.f. ). By this, it is capable of establishing a 3
signal of a Crab Nebula like source within 9 hours K™ 07b]. Except for the high ux states
of the sources, the TACTIC telescope is better suited for moitoring on a weekly rather
than a daily time scale. The TACTIC telescope is dedicated tomonitoring observations
on a long-term basis and is perfectly suited to be part of the DWARF network. In the
course of this thesis, o cial contacts to the TACTIC collabo ration have been established
and the TACTIC collaboration expressed their interest in joining the DWARF network.

Figure 8.4: The TACTIC telescope on Mt. Abu in India [ Col11b].

Beside the HAWC® detector on the Volcano Sierra Negra, two of the former HEGRA
telescopes (8.5 ri mirror, 271 pixel camera, each, c.f. ) have been installed

SHigh A ltitude W ater Cherenkov Experiment, HAWC, see http://hawc.umd.edu
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under the name of OMEGA' [S" 084 as depicted in . Due to the higher altitude
of 4,100m a.s.l. (instead of 2,200m a.s.l. at the HEGRA site) the energy threshold is
expected to be lower than 500 GeV which will raise the source etection rate compared to
a former two telescope HEGRA system. Hereto, OMEGA will be wd suited for a daily
monitoring of the TeV brightest blazars. All hardware and software have been checked
at UNAM °, Mexico [A* 09¢ and have recently been installed at the HAWC site. The
primary scienti c goal of OMEGA will be to monitor nearby bla zars.

Figure 8.5: The site of the HAWC and OMEGA telescopes as seerrdm the Sierra Negra.
The black array depicts the position of HAWC, whereas the gren gures stand
for the OMEGA telescopes A" 09d.

Lead by the Institute for Space Science, Bucharest, a Romaan consortium has started two
projects to prepare the construction of a Cherenkov telesqee in their homeland [Rad0§].
The rst one is engaged in the construction of a dedicated infument to measure the
light of the night sky and the second one is carrying out the sie search, based on me-
teorological, astronomical and social/infrastructural conditions [R* 10]. The study on
the astroclimatological conditions for the years 2000 20® of several sites have selected
Baisoara as the optimal site in Romania to build the Cherenkw telescope R* 114. After
the completion of those projects, a Cherenkov telescope Wibe built and operated within
the DWARF network for blazar monitoring. An according Memor andum of Understanding
has been worked out and put into force in the course of this thsis.

"Observatorio ME xicano de GA mmas, mex. Mexican Observatory of Gammas, OMEGA
8U niversidad N acional A uténoma de M éxico, UNAM
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Star Base Utah’ consists of two telescopes of the former Telescope Array, €aone having
a re ector of 3m diameter with f=D = 1 Davis-Cotton optics. The telescopes are built
less than 50 miles western of Salt-Lake-City on a 23 m East-Westdseline, seé

They were constructed as a test bench for gamma-ray astronominstrumentation and for
intensity interferometry [ F* 08b]. After Cherenkov cameras will have been built, Star Base
Utah will join the monitoring e orts with a stereoscopic system.

Figure 8.6: The Star Base Utah telescopes at nightQoll14d.

The physical motivation of long-term monitoring observations of bright AGN with such
ambitious goals as the detection of binary black holes throgh temporally modulated
gamma-ray emission and the detection of hadronic accelerain processes in AGN through
cross-correlation of full-time gamma-ray and neutrino obserations has been presented
in . In this chapter, a distributed monitoring network of Chere nkov telescopes
for long-term 24/7 observations has been introduced the DWARF network. In the
previous sections, the technical and especially the politial build-up of this network has
been outlined.

Concerning the feasibility of the project, considerationsof the instruments' sensitivity
as well as on the temporal coverage are sensible. Statemenébout the instruments’
sensitivities have been given in the previous sections: gives an overview about
these sensitivities. The minimum integral ux F is depicted against the lower integration
boundary in energyEq. The scaling of the sensitivities is such, that values of larger than
denoted by the corresponding curve result in a 3 detection within 6 hours of observation
time. Additionally, the integral uxes of the blazars to be m onitored with the DWARF
network are shown at the lowest published emission states. élvever, it is obvious that
for all instruments besides TACTIC daily measurements of al but the weakest sources are
feasible.

9seehttp://www.physics.utah.edu/starbase
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Figure 8.7: Integral spectra of the sources to be monitored ith DWARF and the sensi-
tivities of the involved instruments scaled to 3 in 6 hours: TACTIC [ K* 07h),
Whipple 10 m [Vas99, HEGRA CT System [Mag97] as an approximation for
OMEGA, and FACT as extrapolated in [ BacOg. The spectra are derived
from [A* 074 for Mkn 421, [A* 07f] for Mkn501, [T* 084 for 1ES 1959+650,
[A*07d] for 1ES 2344+514, H* 03d for H1426+428, [A* 05b] for PKS 2155-
304, and A* 08i] for the Crab Nebula.

Thinking about the goal of conducting 24/7 monitoring of the brightest blazars, the spa-
cial distribution of the telescopes and thus the temporal coerage is a key issue!

shows the spacial distribution of the telescopes and illugates the temporal coverage by
color coding temporal displacements of approximately 6 hots. Additionally, the local
time di erence of each telescope location w.r.t. UTC is givea as start time for observa-
tions lasting 6 hours. As one can see, with only the ve actualtelescope locations it will
be possible to conduct continuous observations for about 18ours a day, even ensuring
temporal overlap between neighboring telescopes.

In conclusion, it has been shown that both the telescopes' switivities and the spacial
distribution of the presented Cherenkov telescopes ensuréhat the planned monitoring
program of the TeV-brightest blazars can be conducted and wllachieve the goal of well
sampled, densely populated lightcurves.
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Figure 8.8: The spacial distribution of the Dwarf network telescopes illustrating the tempo-
ral coverage by color coding temporal displacements of appximately 6 hours.
Additionally, the local time di erence w.r.t. UTC is given f or each telescope

location as start time for observations lasting 6 hours.



Chapter 9
Final Conclusions and Outlook

In the course of this thesis the question for the origin of cosic rays has been addressed
through the long-term behavior of blazars, focusing on the vey high energy gamma-ray
emission. For this a severalfold approach has been followesk outlined below.

To improve the multivariate separation of gamma-ray events fom hadronic background
events in data of atmospheric Cherenkov telescopes, two derent approaches have been
followed in the peripherals of this thesis. The rst one focuses on improvements of the
execution time of the Ada?Boost algorithm by the re-sampling of training sets. By this,
the same classi cation performance is achieved with a smadk overall training set and
simultaneously in far less execution time, as the internal dta handling is vastly reduced
by the much smaller training samples. The second approach ewentrated on optimizing
the classi cation performance, but not for the highest sengtivity but for the smallest error
on the estimation of the number of gamma-ray events. This is ofparticular interest for
the determination of lightcurves and energy spectra, beingderived from these estimates.
Besides that, it reduces the systematic uncertainty of theg analyses.

The FACT telescope, the rst application of G-APDs as photosensors in an imaging at-
mospheric Cherenkov telescope has recently been constriect and already during its com-
missioning phase reported on very promising rst results. After the commissioning, it will
be devoted to monitoring observations of bright blazars. Fa the construction of this tele-
scope, the aluminum mirrors of the former HEGRA CT1 have beencompletely reworked,
i.e. re-machined and coated with a protective quartz layer. Ater that, the mirrors have
been characterized, measuring the focal lengths and the spsizes of a re ected point-like
light source. The focal length of all mirrors was found to be o average(4:890 0:008)m,
which is a very good value, especially for the extremely smakpread. The spot sizes con-
taining 95% of the re ected light have been measured to be onerage(15:95 6:73)mm?,
which is well below a quarter of the pixel area used in FACT andthus an excellent value.
Hence, the mirrors ensure a high quality imaging well below he camera's resolution and
the values determined for every individual mirror will be a valuable input for the telescope
simulations needed for data analysis.

The ongoing monitoring campaign of bright blazars with MAGI C was described and the
results on Mkn421 and Mkn 501 were brie y summarized. The reslts of the monitor-
ing of 1IES1959+650 have extensively been outlined, includg the MAGIC monitoring
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campaign between 2004 2009, the compilation of multi-wavetngth lightcurves and the
time-averaged spectral energy distribution. The studies orthe fractional variability in the
multi-wavelength context yielded modest to strong variations in the optical, X-rays, and
high energy gamma-rays, whereas no variability at all has bee observed with MAGIC.
This nding can hardly be explained in the SSC model, which iscommonly used to de-
scribe the spectral energy distribution of high-frequency gaked BL Lac objects such as
1ES 1959+650. This gives rise to the assumption of hadronicmission models or of such
models with multiple radiation zones. Besides these unexpmed consequences, this re-
sult enabled the determination of a common multi-year energyspectrum with MAGIC
observations from the years of 2005 2009, which can be desbed by a power-law

F(E)=(2:12 0:08) 10 ¥ (E=1TeVv) 2% 906phTev lcm 2s 1 (9.1)

This is by far the most exact energy spectrum determined for ES 1959+650 in very high
energy gamma-rays.

Generalizing this approach also to the energy spectra detemined by HEGRA in a com-

parably low emission state between 2000 2002 and time-integited measurements by
Fermi LAT, enabled for the rst time the determination of th e spectral shape of the
gamma-ray emission spanning three orders of magnitude in engy from 10 GeV to 10 TeV,

F(E) :(2 24 009) 10 12 (EleeV) 2:58 0:04 (0:17 0:04) Ioglo(EleeV) phTeV 1cm 23 l:
(9.2)

During these studies special attention has been paid to then uence of single data points
through the Cook's distance and to the Gaussian distribution of the t residuals for the
determination of good ts.

Based on the time-averaged gamma-ray energy spectrum, the timraveraged spectral en-
ergy distribution of 1ES 1959+650 has been compiled, resuiig in the completest dataset
presented so far for any HBL, spanning 20 orders of magnitudén frequency with essen-
tially no gaps. Although not being recorded simultaneously the variability amplitudes
in the di erent frequency ranges can clearly be seen. Just ashe steady VHE gamma-
ray emission level and the coexistent variability in X-rays, the very at spectral shape in
the Fermi LAT energy range obviously cannot be explained by a simple SSC model. By
this, 1IES 1959+650 is one of the very rst HBLs whose non-thernal emission cannot be
explained with a SSC model.

Furthermore it was outlined, that hadronic emission models though generally being able
to explain the shape of the SED, are disfavored for being exemely sensitive to param-
eter variations throughout the modeling. Instead, it was shown, that a model of two
independent, self-consistent emission regions explains ¢hoverall SED extremely well.
Finally, it was presented, that a global network of a small number of Cherenkov telescopes
dedicated to monitoring observations of TeV-bright blazars will be well suited to obtain
plentiful, well sampled lightcurves, needed for studying mssible temporal correlations
between very high energy gamma-rays and other wavelengths.

Summarizing, the long-term gamma-ray monitoring of blazars fas been addressed in var-
ious ways throughout this thesis, bearing unexpected resté on the steadiness of the
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very high energy gamma-ray emission as well as on the spectralhape of the blazar
1ES 1959+650, which are both hardly explainable in SSC modsl

In the future, these ndings will have to be con rmed by simul taneous multi-wavelength
campaigns and high quality long-term observations, especlly in the very high energy
gamma-rays, to ensure that none of the ndings is caused by avaging over di erent
emission states. For this, the FACT telescope and the DWARF retwork, both of them
having been set-up in the course of this thesis, will be perfely suited.






Appendix A
Energy Ranges

The energy ranges of electromagnetic radiation. The conveion of the di erent physical

units is based onE = h = hc=.
| Radiation type | Abbrev. |  Energy E [eV] | Frequency [Hz] | Wavelength [m] |
Radio 1.2 108 1.2 104| 3 10° 3 10 100 0:01
(MHz GHz) (cm m)
Microwave 1:2 104 1.2 102 |3 1019 3 10%? 0:.01 104
(GHz THz) (mm)
Infrared IR 1:2 10 2 12 3 102 3 10" 104 106
(eV) (m)
Optical Vis 1 4 3 10% 3 10| 106 3 107
(eV) (nm m)
Ultraviolet uv 4 125 3 10% 3 10| 3107 10°8
(eV)
X-ray X-ray 125 1:3 10° 3 10% 3 101°| 108 10t
(keV)
Gamma-ray -ray > 3 1019 <10 1
Low energy LE 10° 10 3 10° 3 10%
(MeV)
Medium energy | ME 100 10° 3 10?21 3 1078
(MeV GeV)
High energy HE 10° 10% 3107 3 10%°
(GeV)
Very high energy | VHE 1011 1018 3 10 3 10¥
(TeV)
Ultra high energy | UHE > 103 >3 107
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Appendix B
Data for Lightcurves

Date Flux14.5GHz date ux
[MID] [erg/cm?/s] [MJID] [erg/cm?/s]

52764.5  0.190141 - -

52766.5 0.110916 - 0.080546
52767.5  0.319543 - 0.180898
52768.5  0.528169 - 0.129401
52769.5 0.311620 - 0.130721
52770.5 0.079226 - 0.048856

52773.5 0.163733 - -
52774.5  0.200705 - -

Table B.1: Lightcurve data from UMRAO (14.5GHz) [ G* 06h.

Date  Fluxischz date ux
[MJD] [Jy] [MID]  [Jy]
54686.2 0.202 - 0.005
54692.1 0.197 - 0.005
54698.1 0.203 - 0.005
54700.1 0.22 - 0.005
54712.1 0.215 - 0.005
54763 0.215 - 0.005
54772.9 0.216 - 0.005
54785.9 0.211 - 0.005
54787.9 0.21 - 0.004
54789.9 0.21 - 0.004
54791.9 0.225 - 0.005
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54793.9
54803.8
54805.8
54819.8
54821.8
54823.8
54859.7
54861.7
54863.7
54865.7
54873.6
54879.6
54881.6
54883.6
54887.6
54889.6
54891.6
54895.6
54899.6
54901.6
54903.6
54905.6
54909.5
54918.8
54931.4
54940.4
54943.4
54949.3
54955.3
54962.3
54965.3
54968.3
54971.3
54974.3
54977.3
54999.2
55018.2
55024.2
55027.2
55039.2
55048.2

0.222
0.231
0.228
0.198
0.208
0.213
0.202
0.202
0.198
0.202
0.206
0.204
0.208
0.215
0.209
0.219
0.22
0.211
0.209
0.202
0.214
0.208
0.227
0.212
0.232
0.225
0.22
0.229
0.225
0.24
0.242
0.233
0.247
0.229
0.227
0.231
0.23
0.226
0.236
0.215
0.224
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0.005
0.005
0.005
0.004
0.005
0.005
0.005
0.004
0.004
0.004
0.004
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.004
0.004
0.005
0.005
0.004
0.004
0.004
0.003
0.003
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.007
0.006

Table B.4: Lightcurve data from OVRO (14 GHz) [ Panl]].
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Date  Fluxischz date ux
[MJD] [Jy] [MID] [Jy]

51609 0.131 - -
51704 0.147 - -
52799 0.167 - -
52943 0.151 - -
53043 0.092 - -
54616 0.194 - -
54742 0.172 - -
54762 0.19 - -
54887 0.179 - -
54983 0.219 - -
54985 0.219 - -
55035 0.218 - -

Table B.2: Lightcurve data from MOJAVE (15GHz) [ L* 114.

Date Flux 14.6 GHzv date ux
[MJD] [Jy] [MID]  [Jy]
54184.2 0.213 - 0.006
54218.3 0.195 - 0.006
54274.3 0.189 - 0.006
54338.0 0.203 - 0.005
54359.8 0.205 0.001 0.009
54454.2 0.196 0.001 0.011
54513.6 0.179 - 0.004
54934.5 0.228 0.001 0.005
55010.3 0.244 0.002 0.006
55101.9 0.197 0.002 0.005

Table B.3: Lightcurve data from E elsberg 100 m (14.6 GHz) [FA11].
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These values have been corrected for the host galaxy ux, in Fband according
to [N* 07b] and in V-band following the z = 0 approximation from the model of [FSI95],

stating Fy Fr =0:61mJ.

Date FluX r-band date ux

[MJD] [Jy] [MJD] [Jy]
52527.8 0.00389898 - 6.41068e-005
52528.8 0.00402301 - 6.6146e-005
52543.8 0.00416247 - 7.2208e-005
52549.8 0.00407146 - 9.26779e-005
52554.8 0.0040978 - 6.73758e-005
52566.8 0.0043707 - 8.37245e-005
52569.8 0.00455985 - 7.91017e-005
52576.8 0.00450973 - 7.82322e-005
52638.8 0.00400452 - 9.11541e-005
52641.7 0.00366565 - 7.68356e-005
52751 0.00382781 - 6.29367e-005
52762 0.00443558 - 7.69459e-005
52763.9 0.00450558 - 7.40805e-005
52868.9 0.00446839 - 7.7515e-005
52880.9 0.00407897 - 6.70662e-005
52882.9 0.00408273 - 6.7128e-005
52883.9 0.00406397 - 6.68196e-005
52886.9 0.00391697 - 6.44027e-005
52891.8 0.00400821 - 6.59028e-005
52892.9 0.00396051 - 6.87046e-005
52895.8 0.0038384 - 6.31108e-005
52902.8 0.00398612 - 6.55396e-005
52906.8 0.0041243 - 6.78116e-005
52917.8 0.0041663 - 6.85021e-005
52926.8 0.00372349 - 6.12215e-005
52930.7 0.00400821 - 6.59028e-005
52931.7 0.00396781 - 6.52385e-005
52935.8 0.00410535 - 6.75e-005
52938.8 0.00438279 - 7.20616e-005
52951.7 0.00386323 - 6.70171e-005
52954.8 0.00385612 - 6.34021e-005
52955.7 0.0039242 - 6.80747e-005
52959.8 0.00374413 - 6.15607e-005
52960.8 0.00382429 - 6.28788e-005
52961.8 0.00380672 - 6.25898e-005
52979.8 0.00380672 - 6.60367e-005
52981.8 0.00391697 - 6.79494e-005
53107.9 0.00349422 - 5.74518e-005
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53174.1
53179
53190

53203.1
53220
53227
53235
53243

53251.9

53252.9

53253.9

53253.9
53254

53254.9

53254.9
53255

53255.9

53256.9

53257.9

53258.9

53260.9

53261.9

53262.9

53269.9

53270.9

53292.7

53350.8

53466.2

53469.2

53473.2

53477.2

53478.2

53480.2

53493.2

53498.2

53501.2

53509.2

53511.2

53514.2

53518.2

53520.2

53521.2

53522.2

53523.2

53524.2

53527.2

0.00346219
0.00346857
0.003459
0.00349744
0.00343045
0.00355591
0.00356247
0.00352007
0.0037098
0.00371322
0.00363204
0.00364209
0.00365217
0.00354283
0.00356575
0.00352981
0.00358221
0.00356247
0.00363874
0.00368936
0.0036589
0.00360206
0.00369276
0.00364881
0.00363539
0.00357232
0.00428303
0.00489498
0.00491305
0.00516834
0.00504139
0.00501361
0.00507868
0.00474407
0.00461053
0.00465748
0.00453055
0.00460204
0.00443967
0.00437473
0.00435864
0.00443558
0.0044152
0.00439897
0.00455565
0.00439087

5.69251e-005
6.01708e-005
6.93835e-005
6.06716e-005
5.95094e-005
5.84661e-005
6.17996e-005
6.42484e-005
6.43555e-005
6.10526e-005
5.64261e-005
5.65822e-005
6.00487e-005
5.50402e-005
5.53962e-005
5.48378e-005
6.53826e-005
5.85739e-005
6.64144e-005
6.40008e-005
6.34725e-005
6.24864e-005
6.07161e-005
6.32973e-005
5.97728e-005
5.87359e-005
7.04213e-005
8.93434e-005
8.078e-005
0.000112992
9.20158e-005
7.78897e-005
8.8102e-005
9.08767e-005
7.58061e-005
8.07952e-005
7.4491e-005
7.56665e-005
0.000101059
9.56415e-005
7.95541e-005
8.09585e-005
7.65924e-005
7.63107e-005
8.72675e-005
8.01424e-005
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53528.2
53531.2
53532.2
53533.2
53539.2
53547.2
53551.1
53552.1
53555.1
53558.1
53559.1
53562.2
53564.1
53565.2
53566.1
53567.1
53569.1
53570.1
53571.2
53574.1
53576.1
53585.1
53586.1
53587.1
53595
53597
53605.9
53612.9
53613.8
53639
53641.9
53642.9
53654.9
53675.8
53720.7
53722.8
53725.7
53747.7
53754.7
53811.8
53816
53817.9
53818.3
53819.3
53820.3
53825.2

0.00453055
0.00456826
0.00459781
0.00445606
0.00447662
0.0043028
0.00446839
0.00443967
0.00423205
0.00427514
0.00425158
0.00427121
0.0042555
0.00423985
0.00414334
0.00417014
0.00406772
0.00411292
0.0041663
0.00400452
0.00411671
0.00406023
0.00400821
0.00398245
0.00360206
0.00357561
0.00361868
0.00365553
0.00373036
0.00356903
0.00354283
0.00365217
0.00363539
0.00366227
0.00394231
0.00406397
0.00409403
0.00453055
0.00467467
0.00544692
0.00571414
0.00559952
0.00542189
0.00528872
0.00545194
0.00561501
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7.85933e-005
8.7509e-005
7.97601e-005
7.73011e-005
7.76579e-005
8.63091e-005
7.7515e-005
7.70168e-005
7.72436e-005
7.80302e-005
7.3754e-005
7.40944e-005
7.76717e-005
7.7386e-005
7.18763e-005
7.61136e-005
7.79206e-005
8.62109e-005
9.85848e-005
7.67101e-005
7.88592e-005
7.77772e-005
7.31581e-005
7.2688e-005
7.55027e-005
6.8494e-005
6.27748e-005
6.01041e-005
6.13344e-005
6.51422e-005
6.4664e-005
6.99604e-005
6.63533e-005
6.02149e-005
7.19553e-005
7.41759e-005
6.73138e-005
7.4491e-005
8.53223e-005
8.95579e-005
9.39515e-005
9.2067e-005
9.89607e-005
0.000106086
0.000104437
0.00010756
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53826.2
53827.2
53830.2
53831.2
53833.2
53840.2
53844.2
53845.2
53848.9
53859.2
53860.2
53861.2
53872.2
53874.2
53875.2
53877.2
53878.2
53879.2
53880.2
53880.2
53882.2
53883.2
53884.2
53885.2
53886.2
53887.2
53888.2
53889.2
53891.2
53892.2
53893.2
53897.1
53898.1
53901.2
53902.1
53904.2
53905.1
53906.2
53907.2
53908.2
53909.2
53910.1
53911.2
53913.1
53914.1
53915.1

0.00550745
0.00572995
0.00578297
0.00585802
0.0057194
0.0058311
0.00595046
0.00596143
0.00617377
0.00589591
0.00610591
0.0063409
0.00540195
0.00535243
0.00546199
0.00538705
0.00529359
0.00540195
0.00560984
0.00563055
0.00556353
0.00565133
0.00585802
0.00589591
0.00589048
0.00604437
0.00604994
0.00600552
0.00585802
0.00605551
0.00598344
0.00598895
0.00585263
0.00571414
0.00583648
0.00577764
0.00585802
0.00592312
0.00584185
0.00601659
0.00601106
0.00595595
0.00611154
0.00617946
0.00615107
0.0060388

0.000110473
0.000104583
0.000105551
0.000101622
0.000104391
0.000169353
0.000108608
0.000108808
0.000101509
0.000102279
0.000105922
0.000109998
0.000108357
9.76928e-005
8.98057e-005
9.83247e-005
9.18302e-005
8.88186e-005
8.71525e-005
9.25772e-005
9.65129e-005
9.8036e-005
9.1008e-005
0.000102279
0.000112837
0.000104854
0.000104951
0.00010418
0.000101622
0.000110526
0.000103797
0.000109311
0.000101528
0.000109459
0.000101248
0.000100227
0.000101622
0.000102751
0.000101341
0.000109815
0.000104276
0.00010332
0.000106019
0.000107198
0.000106705
0.000104758
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53918.1
53919.1
53920.1
53921.1
53922.1
53925.2
53926.1
53927.1
53928.1
53930.1
53931.1
53932.1
53933.2
53934.1
53935.2
53936.2
53938.1
53939.1
53940.2
53941.2
53948.1
53949.1
53953.1
53954.9
53958
53958.9
53967
53971
53975
53979
53992.8
53993
53996.9
54000.9
54004.9
54045.8
54047.8
54062.8
54097.7
54228.2
54230.2
54231.2
54233.2
54235.2
54236.2
54238.2

0.00593404
0.00609468
0.00635259
0.0063643
0.00617377
0.00613975
0.0063643
0.00629435
0.00677565
0.0072003
0.00697189
0.00693347
0.00700407
0.00709497
0.00704938
0.00718043
0.00707539
0.00693986
0.00683834
0.00681947
0.00695266
0.00664585
0.00651855
0.00659706
0.0062309
0.00633506
0.00691434
0.00675073
0.00656071
0.00631758
0.00655467
0.00639957
0.0062539
0.0064469
0.00718043
0.00643503
0.00653658
0.00630015
0.00528872
0.00428303
0.00425942
0.00430676
0.00434261
0.00462755
0.00459357
0.0045809

Appendix B Data for Lightcurves

0.00010294
0.000105727
0.000110201
0.000110404
0.000107099
0.000194766
0.000110404
0.000126257
0.000135912
0.000124907
0.000127251

0.00012655
0.000146812
0.000123079
0.000128666
0.000131058
0.000135535
0.000139206
0.000137169
0.000130633
0.000120611
0.000115288
0.000118977
0.000126373
0.000119358
0.000121354
0.000126201
0.000123215
0.000125676
0.000132423
0.000107772
0.000116805
0.000119799
0.000117669
0.000131058
0.000123269
0.000113393
0.000114991
9.17457e-005
7.8174e-005
7.77432e-005
8.63886e-005
7.92615e-005
8.44622e-005
8.38422e-005
8.36108e-005
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54239.2
54245.2
54247.2
54249.2
54253.2
54255.2
54256.2
54257.2
54261.2
54263.2
54265.2
54266.2
54268.2
54269.1
54270.1
54271.1
54272.1
54277.1
54278.1
54279.1
54280.1
54281.1
54282.2
54283.1
54284.1
54285.1
54286.1
54287.1
54291.1
54299.1
54300.1
54311.9
54313
54313.9
54314.9
54315.9
54316.9
54317.9
54319.9
54320.9
54321.9
54322.9
54323.9
54324.9
54325.9
54326.9

0.00459357
0.00469192
0.00466606
0.00472662
0.00469624
0.00466606
0.00483672
0.00457668
0.00456826
0.00466606
0.00457668
0.00453055
0.00458934
0.0045389
0.00449315
0.00458512
0.00435864
0.00412051
0.00421261
0.00424376
0.0042555
0.0044152
0.00431868
0.00420485
0.00410914
0.00415098
0.00411671
0.00417783
0.00427121
0.00427908
0.00417398
0.00481893
0.00470057
0.00483672
0.00503675
0.00501823
0.00475281
0.00485904
0.00479237
0.00477036
0.00480121
0.00466177
0.00476596
0.00459357
0.00463608
0.00453472

8.38422e-005
8.56372e-005
8.51653e-005
8.62705e-005
9.42012e-005
8.51653e-005
9.26515e-005
8.35339e-005
8.33801e-005
8.93825e-005
8.76703e-005
8.67866e-005
8.3765e-005
8.28443e-005
8.60701e-005
8.78319e-005
7.95541e-005
7.52077e-005
8.06961e-005
8.12929e-005
8.15178e-005
8.4577e-005
8.2728e-005
8.05476e-005
7.87141e-005
7.57639e-005
7.51385e-005
8.38024e-005
8.18187e-005
0.000162369
8.37253e-005
0.000109692
0.000115452
9.70189e-005
9.64834e-005
9.61286e-005
0.000103907
9.30792e-005
9.18021e-005
9.13803e-005
9.19713e-005
8.93002e-005
9.98993e-005
8.79939e-005
8.88081e-005
8.68665e-005
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54327.9
54328.9
54329.9
54330.9
54331.9
54333.9
54334.9
54335.9
54338.9
54340.9
54342.9
54345.9
54347.9
54348.9
54349.9
54350.9
54351.9
54352.9
54354.9
54356.9
54358.9
54360.9
54362.8
54363.9
54367.9
54370.9
54371.8
54372.8
54373.8
54375.9
54381.9
54385.9
54388.9
54389.8
54391.8
54393.8
54396.8
54398.8
54401.9
54404.8
54405.8
54406.9
54407.8
54409.8
54413.8
54415.8

0.00446839
0.00433861
0.00440302
0.00444786
0.00439087
0.00451805
0.00458934
0.00452638
0.00444376
0.00471358
0.00465319
0.00478796
0.00458512
0.00467467
0.00473534
0.00475719
0.00480563
0.00477036
0.00483226
0.00515408
0.00526442
0.00525473
0.00530336
0.00540195
0.0052499
0.00497222
0.0049221
0.00493572
0.00493572
0.00471358
0.004868
0.0052499
0.00494027
0.00489047
0.00501361
0.00520176
0.00533766
0.00546199
0.00547206
0.00541191
0.00540195
0.00554818
0.00557379
0.00545696
0.00546702
0.00580966

Appendix B Data for Lightcurves

8.96306e-005
8.31098e-005
8.43437e-005
8.52025e-005
8.41109e-005
7.83764e-005
8.3765e-005
8.26157e-005
8.91367e-005
0.00010305
9.75354e-005
9.6041e-005
8.78319e-005
8.95473e-005
9.07094e-005
8.68286e-005
8.77127e-005
8.70688e-005
9.25662e-005
9.40725e-005
9.60865e-005
9.59097e-005
0.00010159
0.000108357
0.000100566
9.97371e-005
9.42871e-005
9.4548e-005
9.00871e-005
9.02927e-005
8.8851e-005
9.10721e-005
9.46352e-005
8.92612e-005
9.60401e-005
0.000104341
0.000102247
0.000104629
0.000104822
0.000108557
9.85967e-005
0.000101266
0.000106771
9.96007e-005
0.000114594
0.000116535
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54417.8
54419.8
54447.8
54568.2
54570.2
54571.2
54572.2
54573.2
54574.2
54575.2
54576.2
54577.2
54578.2
54579.2
54581.2
54582.2
54583.2
54584.2
54586.2
54588.2
54590.2
54591.2
54592.2
54596.2
54597.2
54598.2
54600.2
54601.2
54602.2
54605.2
54606.2
54607.2
54608.2
54609.2
54610.2
54612.2
54613.2
54614.2
54615.2
54616.2
54618.2
54619.2
54620.2
54621.2
54622.2
54623.1

0.00622516
0.00593404
0.0052499
0.00456826
0.00479679
0.00460628
0.00452638
0.00462755
0.0047397
0.00489949
0.00496307
0.00518264
0.00506467
0.00501361
0.00487249
0.00476596
0.00481006
0.0048501
0.00494482
0.0053475
0.00519698
0.00511624
0.00488147
0.00470924
0.00481006
0.00478796
0.00474844
0.00483672
0.00489498
0.00487698
0.00485457
0.00481006
0.00480121
0.00467467
0.00458512
0.00468329
0.00478355
0.00477036
0.00470057
0.00469624
0.0046876
0.00467467
0.00463608
0.00471358
0.00471358
0.00473098

0.000119248
0.000108309
9.58214e-005
8.33801e-005
8.75513e-005
8.40742e-005
8.26157e-005
8.44622e-005
8.65092e-005
8.94257e-005
9.5072e-005
9.45938e-005
9.24406e-005
9.15087e-005
9.77364e-005
9.98993e-005
0.000182517
9.29079e-005
9.91874e-005
0.000107265
9.48555e-005
9.33819e-005
9.35088e-005
8.59533e-005
8.77935e-005
8.73902e-005
8.66688e-005
8.828e-005
8.93434e-005
8.90149e-005
9.29935e-005
9.64843e-005
9.63067e-005
8.95473e-005
9.19722e-005
8.97124e-005
9.16331e-005
8.70688e-005
9.4288e-005
8.99606e-005
8.97951e-005
8.95473e-005
8.88081e-005
9.02927e-005
9.02927e-005
8.635e-005
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54624.1
54625.1
54626.1
54627.2
54628.2
54629.2
54630.2
54631.2
54635.2
54636.1
54637.2
54639.2
54640.2
54641.2
54642.2
54643.2
54644.1
54645.1
54646.1
54647.1
54648.1
54649.1
54650.2
54651.2
54652.1
54653.1
54654.1
54655.1
54656.1
54657.1
54658.1
54659.1
54660.1
54662.1
54663.1
54664.1
54665.1
54666.1
54667.1
54669.1
54670
54670.1
54671.1
54722.9
54730.8
54732.8

0.00466606
0.00464463
0.00461478
0.00450973
0.00463181
0.00470057
0.00467036
0.00482782
0.00452638
0.00434661
0.00430676
0.00454308
0.00472662
0.00485457
0.00477475
0.00481006
0.00488147
0.00476596
0.00487698
0.0047049
0.0048501
0.00483672
0.00479679
0.00485457
0.00479237
0.00472662
0.00471358
0.00465319
0.00465748
0.00455146
0.00464035
0.0047049
0.00460628
0.00457668
0.00466177
0.00462329
0.00464463
0.00462329
0.00457247
0.00455146
0.00454727
0.00467898
0.00465319
0.00485457
0.00453472
0.00474844

Appendix B Data for Lightcurves

8.51653e-005
8.4774e-005
8.42292e-005
8.63878e-005
8.45401e-005
9.00435e-005
8.94649e-005
9.2481e-005
9.07939e-005
8.7188e-005
8.63886e-005
9.1129e-005
9.05425e-005
9.29935e-005
9.14645e-005
9.21409e-005
0.000115508
0.000104195
0.000106622
9.86194e-005
9.72874e-005
8.828e-005
8.75513e-005
9.7377e-005
8.74707e-005
9.48105e-005
8.60325e-005
8.91359e-005
9.34236e-005
9.54031e-005
9.308e-005
9.01265e-005
8.82374e-005
9.18029e-005
8.93002e-005
8.8563e-005
8.89718e-005
9.27377e-005
0.000116412
0.000103604
9.94138e-005
9.38548e-005
9.33376e-005
8.86059e-005
8.2768e-005
9.09604e-005
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54734.8
54745.7
54745.8
54746.8
54747.8
54749.8
54751.8
54752.8
54753.9
54755.8
54761.7
54774.8
54781.8
54784.8
54785.8
54786.8
54787.8
54788.8
54789.8
54793.8
54794.8
54795.8
54798.8
54800.8
54801.8
54805.8
54932.2
54933.2
54936.2
54937.2
54954.2
54957.2
54958.2
54960.2
54961.2
54962.2
54963.2
54964.2
54965.2
54966.2
54967.2
54969.2
54970.2
54971.2
54972.2
54974.2

0.00502286
0.00532783
0.00532783
0.00526927
0.00514459
0.0053475
0.00532783
0.0054169
0.00550238
0.00547206
0.00568788
0.00496307
0.00494027
0.00478796
0.00472662
0.00460204
0.00457247
0.00477475
0.0047049
0.0048501
0.00489949
0.00494938
0.00490852
0.00532783
0.00521136
0.00526927
0.00587964
0.00606109
0.00611717
0.0063643
0.00638191
0.00658492
0.00659706
0.00670735
0.0067321
0.00685095
0.00686358
0.00680066
0.00694626
0.00693986
0.00701053
0.00686358
0.00684464
0.00676941
0.00670117
0.00698475

9.62171e-005
8.75999e-005
9.72439e-005
0.000105696
0.000107836
0.000102436
0.00010687
0.000108657
0.000105403
9.98763e-005
9.86701e-005
0.000121899
8.57009e-005
9.6041e-005
0.000208574
8.39968e-005
8.34569e-005
0.000100084
9.01265e-005
9.72874e-005
0.000102698
0.000121563
9.4027e-005
0.000164257
9.9828e-005
0.000105696
0.000123243
0.000148868
0.000128222
0.000121914
0.000128014
0.00012614
0.000126373
0.000134542
0.000128959
0.000131236
0.000131478
0.000142548
0.000133062
0.000126667
0.000134293
0.000131478
0.000124929
0.000135787
0.00012231
0.000127486
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54975.2
54976.2
54977.2
54978.2
54979.2
54980.2
54981.2
54982.2
54983.2
54986.2
54987.2
54988.2
54989.2
54990.2
54991.2
54992.2
54993.2
54994.2
54996.2
54997.2
55002.1
55003.2
55004.2
55005.2
55006.1
55007.2
55008.1
55009.1
55010.1
55012.1
55013.1
55014.1
55015.1
55020.1
55022.1
55023
55024.1
55025.1
55027.1
55028.1
55030.1
55032.1
55033.1
55034.1
55035.1
55036.1

0.00696547
0.00681947
0.00668884
0.00663973
0.00650655
0.00664585
0.00675073
0.00680066
0.00664585
0.00699763
0.00700407
0.00701053
0.00692709
0.00710805
0.00702345
0.00715403
0.00720694
0.00716722
0.00727362
0.00732741
0.00688257
0.00680692
0.00675073
0.00682576
0.00667038
0.00662751
0.00665811
0.00659706
0.00657281
0.00678189
0.00702993
0.00688891
0.00689526
0.00801218
0.0078587
0.0076094
0.00784424
0.00766568
0.00811616
0.00824424
0.00776517
0.00801218
0.00816866
0.00814612
0.00826705
0.00845183

Appendix B Data for Lightcurves

0.000127134
0.000124469
0.000122085
0.000121189
0.000118758
0.000121301
0.000117108
0.000117974
0.000115288
0.000127721
0.000127839
0.000127957
0.000126434
0.000136161
0.00013454
0.000130576
0.000131541
0.000143766
0.000139332
0.00013374
0.000125621
0.00012424
0.000135412
0.000124584
0.000139818
0.000120966
0.000163532
0.000132329
0.000125908
0.000136037
0.000128311
0.000125737
0.000125853
0.000167943
0.000157636
0.000145765
0.000143174
0.000139914
0.000148137
0.000172807
0.000162766
0.000167943
0.000163854
0.000178093
0.000158363
0.000169534
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55037.1
55038.1
55039.1
55040.1
55041.1
55042.1
55046.1
55047
55048.1
55052
55054.1
55056.1
55056.9
55057.9
55058.9
55059.9
55061
55063.9
55066
55068
55070
55071
55072.9
55075.9
55078.9
55080.9
55081.9
55083
55083.9
55085.9
55086.9
55087.9
55089.9
55099.9
55100.9
55107.8
55110.8
55111.8
55112.9
55113.9
55114.9
55115.9
55116.8
55117.8
55118.9
55119.9

0.00828993
0.00810123
0.00774374
0.00779383
0.00770816
0.0074499
0.00706237
0.00691434
0.00670117
0.00675695
0.00630595
0.00645284
0.00643503
0.00632923
0.00646474
0.00640547
0.00639957
0.00649457
0.00626543
0.00641728
0.00635259
0.00621943
0.00615107
0.00589591
0.00562537
0.00553797
0.00539698
0.00565654
0.00548215
0.00591222
0.0057458
0.00568265
0.00584724
0.00544692
0.0054771
0.00559436
0.00528385
0.00533274
0.00544692
0.00545696
0.00544692
0.00559436
0.00569837
0.00561501
0.00556866
0.00547206

0.000158801
0.000147864
0.000162316
0.000149298
0.000147657
0.000149436
0.000141663
0.000138694
0.000134418
0.000369159
0.000120796
0.00012361
0.000105804
0.000115521
0.000117995
0.000116913
0.000134141
0.000130274
0.00012002
0.000134512
0.000121689
0.000119139
0.000128933
0.000128898
0.000117913
0.000106085
0.000113126
0.000118567
0.000105015
0.000139898
0.000110066
0.00010372
0.000112009
0.00010434
0.000104919
0.000117263
0.000101217
0.000102153
0.00010434
0.000104533
0.00010434
0.000107165
0.000109157
0.00010756
0.000106673
0.000104822
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55120.9
55121.8
55122.8
55124.9
55126.9
55127.9
55128.8
55129.8
55130.8
55131.8
55133.8
55311.2
55312.2
55313.2
55319.2
55331.2
55333.2
55335.2
55336.2
55337.2
55342.2
55344.2
55347.2
55348.2
55349.2
55350.2
55354.2
55355.2
55361.1
55362.2
55363.2
55364.2
55365.2
55366.1
55367.1
55368.1
55431.9
55447.9
55469.8

0.00553797
0.00566175
0.00561501
0.00566175
0.00557379
0.00565654
0.00552778
0.00540195
0.00543689
0.00546702
0.00543689
0.00367579
0.00379971
0.00387035
0.00364881
0.00353631
0.00346538
0.00347817
0.00340213
0.00346219
0.00359543
0.00367579
0.00360538
0.00372349
0.0036589
0.00384194
0.00394231
0.00388464
0.00407522
0.00398245
0.0040193
0.00394958
0.00407897
0.00405649
0.00409403
0.00400452
0.00433861
0.00476596
0.00528872

Appendix B Data for Lightcurves

0.000106085
0.000108456
0.00010756
0.000108456
0.000106771
0.000108356
0.000105889
0.000103479
0.000118863
0.000163665
8.93931e-005
7.04129e-005
7.27868e-005
8.11264e-005
8.63396e-005
7.41246e-005
6.63823e-005
6.66273e-005
6.51707e-005
6.94475e-005
7.86043e-005
8.03612e-005
7.55723e-005
7.80481e-005
8.65785e-005
9.43629e-005
7.90782e-005
7.79214e-005
8.17441e-005
8.70656e-005
8.78712e-005
7.92239e-005
8.91757e-005
8.13685e-005
7.47244e-005
7.67101e-005
7.13352e-005
7.83617e-005
8.69569e-005

Table B.5: Lightcurve data from KVA R-band [ L™ 10].
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Date  Fluxr-pand date ux

[MJD] [Jy] [MID]  [Jy]

53860 0.0066 - 0.0002
53861 0.0073 - 0.0003
53871 0.0058 - 0.0003
53872 0.0059 - 0.0003
53878 0.0053 - 0.0004
53880 0.0061 - 0.0003
53882 0.0061 - 0.0003
53885 0.0066 - 0.0003
53886 0.0067 - 0.0002
53887 0.0071 - 0.0002
53894 0.0067 - 0.0002
53898 0.0062 - 0.0002
53899 0.0063 - 0.0003
53900 0.0066 - 0.0003
53901 0.0065 - 0.0002
53908 0.0063 - 0.0005
53909 0.0071 - 0.0004
53910 0.0068 - 0.0003
53912 0.0073 - 0.0003
53916 0.0068 - 0.0002

Table B.6: Lightcurve data from Perugia AIT R-band [ T* 084].
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Date FluX r-pand date ux

[MJD] [Jy] [MJD] [Jy]

54961.3 0.008395 - 0.000268991
54970.3 0.009128 - 0.000498607
54972.3 0.008650 - 0.000477678
54974.3 0.008358 - 0.000232467
54975.3 0.009088 - 0.000581378
54983.3 0.008066 - 0.000252192
55003.3 0.008717 - 0.000259106
55005.3 0.008612 - 0.000147526
55015.3 0.009587 - 0.000540482
55016.3 0.008555 - 0.000355259
55018.3 0.009850 - 0.000400005
55019.3 0.010339 - 0.000309595
55026.3 0.009978 - 0.000175616
55028.2 0.01 - 0.000175616
55029.2 0.010284 - 0.00015911
55031.2 0.010563 - 0.00015138
55034.2 0.010417 - 0.000685169
55037.2 0.010218 - 0.000264047

Table B.7: Lightcurve data from GRT R-band [ Panl]].

Date FluX r-pand date ux

[MJD] [Jy] [MJD] [Jy]
54379.7 0.00470 - 0.000145602
54381.8 0.00514 - 0.000164924
54437.7 0.00835 - 0.000184391
54438.6 0.00741 - 0.000213776
54453.7 0.00463 - 0.000184391
54463.6 0.00596 - 0.000233452

Table B.8: Lightcurve data from NMS R-band [Pan11]].
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Date FluXr-pand date ux

[MJD] [Jy] [MJD] [Jy]
53664.6 0.00296 - 4.47214e-005
53664.6 0.00248 - 8.06226e-005
53665.6 0.00259 - 4.47214e-005
53665.6 0.00344 - 4.47214e-005
53665.7 0.00312 - 4.47214e-005
53666.6 0.00293 - 4.47214e-005
53666.6 0.00351 - 4.47214e-005
53666.7 0.00350 - 4.47214e-005
53667.6 0.00300 - 4.12311e-005
53667.6 0.00344 - 4.47214e-005
53667.7 0.00261 - 4.12311e-005
53669.6 0.00325 - 5e-005
53669.7 0.00328 - 5e-005
53669.7 0.00324 - 5e-005
53671.6 0.00314 - 4.47214e-005
53671.7 0.00310 - 4.47214e-005
53672.6 0.00319 - 4.47214e-005
53672.6 0.00329 - 4.47214e-005
53672.7 0.00323 - 4.47214e-005
53673.6 0.00314 - 4.47214e-005
53673.6 0.00314 - 4.47214e-005
53673.7 0.00307 - 4.47214e-005
53818.0 0.00648 - 5e-005
53832.0 0.00688 - 5e-005
53859.0 0.00686 - 5e-005
53865.9 0.00738 - 5e-005
53866.0 0.00737 - 5e-005
53875.9 0.00564 - 4.47214e-005
53876.0 0.00571 - 4.47214e-005
53887.8 0.00713 - 5e-005
53887.9 0.00714 - 5e-005
53888.0 0.00705 - 5e-005
53895.8 0.00751 - 5.65685e-005
53895.9 0.00741 - 5.65685e-005
53895.9 0.00722 - 5e-005
53897.8 0.00744 - 0.000107703
53897.9 0.00713 - 0.000107703
53897.9 0.00713 - 8.94427e-005

Table B.9: Lightcurve data from Tenagra-ll R-band [Pan11].
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Date FluXv-pand date ux

[MJD] [Jy] [MJD] [Jy]
54961.3 0.0016268 - 0.000305629
54970.3 0.006706 - 0.000619293
54972.3 0.007678 - 0.000608317
54974.3 0.007210 - 0.000228528
54975.3 0.008991 - 0.000658217
54983.3 0.006292 - 0.000291755
55003.3 0.007396 - 0.000345324
55005.3 0.006985 - 0.000183415
55015.3 0.006260 - 0.000610312
55016.3 0.007245 - 0.000473692
55018.3 0.007298 - 0.000476681
55019.3 0.008815 - 0.000413937
55026.3 0.007873 - 0.000217706
55028.2 0.008693 - 0.000214758
55029.2 0.008462 - 0.000181463
55031.2 0.008673 - 0.000185367
55037.2 0.010082 - 0.000351285

Table B.10: Lightcurve data from GRT V-band [ Pan11].

Date Fluxv.pand date ux

[MJD] [Jy] [MJD] [Jy]
54379.7 0.00383 - 0.000117047
54381.8 0.00360 - 0.000107703
54437.7 0.00567 - 0.000117047
54438.6 0.00528 - 0.000107703
54453.7 0.00363 - 0.000145602
54463.6 0.00536 - 0.000282843

Table B.11: Lightcurve data from NMS V-band [Panl1]].



B.2 Optical Observations

143

Date FluXv-band date ux
[MID] [erg/lcm?/s] [MJID] [erg/cm?/s]
53664.6 0.00153 - 4.47214e-005
53664.6 0.00135 - 5e-005
53664.7 0.00132 - 0.000155242
53665.6 0.00133 - 4.47214e-005
53665.6 0.00132 - 4.47214e-005
53665.7 0.00150 - 5e-005
53666.6 0.00179 - 5e-005
53666.6 0.00138 - 4.47214e-005
53666.7 0.00176 - 4.47214e-005
53667.6 0.00151 - 4.47214e-005
53667.6 0.00186 - 5e-005
53667.7 0.00157 - 4.47214e-005
53669.6 0.00189 - 5e-005
53669.7 0.00179 - 5e-005
53669.7 0.00183 - 5e-005
53670.6 0.00160 - 4.47214e-005
53671.6 0.00137 - 4.47214e-005
53672.6 0.00172 - 4.47214e-005
53672.6 0.00172 - 5e-005
53672.7 0.00165 - 5e-005
53673.6 0.00168 - 4.47214e-005
53673.6 0.00165 - 4.47214e-005
53673.7 0.00223 - 4.47214e-005
53818.0 0.00497 - 5.65685e-005
53832.0 0.00522 - 5e-005
53859.0 0.00520 - 5e-005
53865.9 0.00583 - 5.65685e-005
53866.0 0.00567 - 5e-005
53875.9 0.00415 - 5e-005
53876.0 0.00415 - 5e-005
53887.8 0.00538 - 5e-005
53887.9 0.00534 - 5e-005
53888.0 0.00539 - 5e-005
53895.8 0.00570 - 5.65685e-005
53895.9 0.00578 - 5.65685e-005
53896.0 0.00578 - 5.65685e-005
53897.8 0.00522 - 0.000117047
53897.9 0.00573 - 8.94427e-005
53898.0 0.00519 - 8.94427e-005

Table B.12: Lightcurve data from Tenagra-Il V-band [Panl1]].
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Date Fluxy.pand date ux
[MJD] [Jy] [MJD] [Jy]

54502.6  0.0013502 0.105606 0.000388564
54504.9 0.0030596 0.106967 0.000662500
54511.5 0.0025448 0.106617 0.000342733
54513.8 0.0031279 0.141918 0.000446664

Table B.13: Lightcurve data from INTEGRAL OMC V-band [ W™ 11h].

Date  Fluxv.pand date ux

[MJD] [Jy] [MID]  [Jy]

53479 0.0046 - 0.00046
53874 0.0050 - 0.00050
53876 0.0052 - 0.00052
53878 0.0048 - 0.00048
53879 0.0051 - 0.00051
53880 0.0051 - 0.00051
53881 0.0055 - 0.00055
53882 0.0056 - 0.00056
53883 0.0054 - 0.00054
53884 0.0054 - 0.00054

Table B.14: Lightcurve data from Swift UVOT V-band [ T* 084.
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Date Ratep 3 10kev date rate
[MID] [photons/s] [MID] [photons/s]
53479.3 8.91137 0.269618 0.04692
53874.7 7.73295 0.011560  0.07652
53876.2 9.52493 0.073519 0.07539
53878.5 12.4835 0.106696 0.05854
53879.6 13.5959 0.136152 0.07940
53880.7 11.9533 0.270475  0.05405
53881.6 11.9436 0.270394  0.05440
53882.8 10.4255 0.239928 0.05143
53883.2 10.7260 0.103212 0.05469
53884.2 7.98009 0.039306 0.12381
54273.2 5.94847 0.002484  0.20498
54420.1 6.24413 0.039960  0.08548
54427.1 7.67971 0.005549 0.15501
54427.2 8.09051 0.006217 0.15222
54434.8 8.56265 0.007437 0.14542
54744.3 5.97578 0.137977 0.07032
54752.1 6.46200 0.035791 0.14670
54754.9 5.13872 0.036168 0.13008
54755.1 4.62108 0.068967 0.11226
54757.4 5.26026 0.035994  0.13821
54766.7 4.57262 0.005781 0.11597
54767.1 4.71314 0.005534  0.11619
54769.6 4.22019 0.006972 0.10939
54770.2 4.18515 0.005854  0.10468
54983.7 5.23594 0.070274  0.10119
54989.1 8.33616 0.005712 0.09985
54996.3 6.19328 0.072932 0.07769
55005.0 6.03983 0.024243 0.14221
55007.6 6.57944 0.028920  0.17138
55010.0 9.28039 0.035448 0.09187
55013.2 6.44545 0.169904  0.17709
55016.5 10.7852 0.034181 0.09665
55020.3 9.57632 0.002673 0.27650
55031.0 5.43441 0.005941 0.12225
55038.9 7.59821 0.003490  0.12310
55045.3 8.91374 0.003750  0.12314
55052.8 6.90319 0.001598 0.27675
55059.6 7.43414 0.006173 0.14866
55066.1 9.51246 0.099959 0.13028
55070.4 9.62500 0.007112 0.10437
55087.1 6.01227 0.005544  0.08279
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55100.8 5.91115 0.141181 0.03254
55318.5 4.34619 0.007471 0.06191
55325.6 7.14108 0.006279 0.08715
55332.4 6.05369 0.005880 0.08345
55346.1 5.71236 0.006476 0.07947
55353.6 4.67401 0.006262 0.07127
55360.1 4.94710 0.036215 0.07761
55367.7 3.96604 0.005859 0.06739
55375.2 5.09298 0.006736 0.07283
55381.3 5.67030 0.006690 0.07366
55396.9 5.01549 0.006424 0.07230
55404.0 5.65637 0.004470 0.09593
55409.0 4.32565 0.005903 0.07056
55458.2 5.93316 0.036994 0.07399
55463.7 8.78699 0.007159 0.08795

Table B.15: Lightcurve data from Swift XRT (0.3 10keV) [ F* 11b].

Date Flux2 10 kev date ux
[MID] [10 lergicm?/s] [MJD] [10 lerg/cm?/s]

50150 4.26818 14.5606 1.09626
50181.8 3.9211 16.1005 0.843136
50213 4.31613 14.3527 0.799857
50243 1.51836 14.2817 0.958273
50273 3.14032 14.573 0.64995
50303 3.00184 14.4432 0.737021
50333 5.66171 14.5776 0.676191
50363 3.55859 14.7374 0.835216
50393.2 3.09728 14.5426 0.850611
50424.7 1.41162 14.8195 0.638732
50455 5.13192 14.5409 1.06881
50485 6.62035 14.2033 0.701769
50515 5.10361 14.5132 0.705375
50544.9 2.83448 14.544 0.695187
50575 2.60684 14.5394 1.44753
50606.3 2.81503 15.8604 1.03968
50637 2.4844 14.4424 0.796232
50669.9 3.86918 17.3332 1.41765
50702 5.18155 14.5527 0.799012
50732 3.8652 14.3998 1.19646
50762 4.6877 14.4426 0.805493
50793.7 2.29328 16.6133 3.09364
50824 1.19426 14.2788 0.936368

50854 3.84785 14.3928 0.770998
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50884.8
50915.9
50950.6
50983.3
51016.1
51046.8
51078
51110
51141
51171.1
51201
51231
51261
51291
51323.2
51354
51384
51414.1
51444.1
51474
51504
51534.8
51567.6
51599
51629.5
51660
51690
51720.1
51750
51780.2
51816.1
51847
51877
51908.4
51940.4
51973.2
52011.7
52042.4
52073
52104.5
52135.1
52165
52195
52225.4
52260.3
52291

2.77009
2.27614
3.13589
2.44494
2.08023
3.13563
4.54161
4.2883
5.69258
2.13939
4.57366
3.00724
5.28411
8.36586
5.75659
4.0041
4.60574
5.91247
7.3209
8.60909
10.2388
10.5306
10.032
7.97051
8.71157
8.9324
5.82176
6.94056
6.02327
11.091
4.63875
7.74772
10.6524
6.48663
2.51599
5.71794
9.82719
8.70829
4.14251
6.01811
7.14629
6.55043
7.64322
453706
3.06492
5.30017

15.306
14.3652
19.0445
15.6041
14.5449
15.2458
14.8013
16.7017

14.259
14.5465

14.651
14.5124
14.8979
14.6456
16.5194
14.6872
14.7052
14.3975
14.4514
14.5118
14.3878
15.0986
16.7753
14.4281

14.988
14.4115
14.4746
14.5826
14.7775
14.7521
14.5551
14.3677
14.4398
15.7931
14.9644

15.546
16.6283
15.0344
14.5816

15.944
14.6318

14.626
14.3935
14.8383
15.8533
14.5031

1.20014
0.807514
1.08694
1.2379
0.954161
0.874391
0.696741
0.960685
1.06743
0.968854
1.09172
0.945006
1.01494
0.810988
1.83769
2.13923
0.830562
5.16799
0.682644
0.709545
1.40694
1.2701
1.35768
2.30432
1.61433
1.37961
1.61258
1.32344
1.02258
0.864062
0.70501
0.926061
1.23666
3.21307
0.948506
1.62087
1.69771
1.1601
1.51635
1.37407
1.0269
0.965709
0.779333
1.79536
1.90625
0.858261
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52321.3 5.7831 14.9186 1.03306
52352 3.61649 14.6046 0.954537
52382 5.69689 14.6601 1.41122

52413.9 11.238 16.4065 1.37257

52445.1 6.51273 14.5331 1.27685

52474.9 14.6209 14.6561 1.11396
52505 14.6783 14.4569 1.44304
52535 8.43016 14.5298 0.737302
52565 9.99134 14.3939 0.719475
52595 17.2394 14.429 151124

52626.2 6.83936 15.5606 0.989977

52661.9 3.11764 14.4031 0.969387

52699.5 8.01911 14.9348 1.36743
52736 6.23328 20.4374 0.744916
52767 13.4636 14.5314 1.5065

52797.5 7.90968 15.0103 1.22867

52835.5 8.20693 15.9464 1.04115
52866 6.84936 14.5717 1.18044
52896 5.47977 14.5262 1.04817

52926.5 6.66076 15.0651 1.0605

52957.1 4.57689 14.2429 1.3146
52987 4.16753 14.5676 1.13936

53016.9 4.24323 14.5364 1.11096
53047 4.1024 14.4763 1.19552
53078 2.30978 15.2337 1.64337

53110.4 7.53077 15.9586 1.24994

53142.9 8.10401 16.2674 1.36459

53173.9 10.4225 15.4249 1.26905
53205 9.16434 14.5022 1.17319
53236 9.43642 14.6021 1.12501

53266.1 7.43569 14.5361 0.766391
53296 9.07007 14.3587 0.756756

53326.1 5.57776 14.7026 1.17299
53356 4.15241 14.5881 1.74342
53388 7.1906 15.5875 1.66147
53419 7.85478 14.5256 1.64933
53449 7.60351 14.6539 0.94291
53485 9.57913 20.4418 1.14109

53516.1 7.11304 149171 1.38809
53546 8.46788 14.4587 0.977277

53576.1 6.62606 14.6005 0.892267
53606 5.06682 14.5687 0.834877
53636 7.9089 14.324 0.814942
53666 8.05164 14.3916 0.968762
53696 12.0765 14.1724 1.84502

53725.9 9.94096 14.3642 1.76205
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53756
53786
53816
53845.9
53876
53906
53936.1
53966
53996
54026
54056
54086.4
54117
54147
54177
54207
54237
54267
54297
54327
54357
54387
54417
54447.7
54478
54508
54538
54568
54598
54628.1
54658
54688
54718
54748
54778
54808
54838
54868
54898
54928
54958
54988.1
55018.1
55048
55078.1
55108.9

11.6571
11.716
9.07832
9.85128
11.72
14.2334
14.0448
12.8642
7.62182
13.3699
10.931
10.4471
5.94423
9.51793
7.12867
5.0296
7.01609
6.41754
8.84305
7.91842
8.42875
8.7338
10.3619
8.91235
9.10355
6.29165
6.30977
5.88631
6.21497
7.68723
8.34242
9.25018
10.8795
10.6766
5.18518
10.4461
4.9568
7.02309
7.95875
10.67
11.4112
7.52959
10.9719
8.04401
8.69973
7.91597

14.3342
14.4215
14.5099
14.3262
14.5259
14.4339
14.5912
14.5351
14.4389
14.6104
14.5146
14.9605
14.2918
14.2543
14.4812
14.4744
14.5289
14.5303
14.3982
14.4847
14.665
14.5153
14.77
15.3832
14.3472
14.6368
14.5247
14.3881
14.5899
14.4867
14.3409
14.4644
14.5914
14.4846
14.4456
14.4931
14.4603
14.5703
14.3341
14.491
14.5151
14.4722
14.381
14.3829
14.4815
15.4158

1.0727
0.846986
0.82098
0.990405
1.20385
1.13181
0.968447
0.985922
0.772163
0.939733
2.52758
1.33171
1.06452
1.08259
0.897431
0.968215
1.27364
1.44821
1.2833
0.859757
0.80105
0.918964
1.0799
2.11915
1.3105
1.0831
1.0697
0.823764
0.930413
1.1557
1.11165
1.11259
1.01343
0.997554
1.57899
1.24725
1.61501
1.1008
1.10398
0.804267
1.08866
1.09072
1.34347
1.26265
1.01839
1.02459
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55138.9 11.0382 14.5593 1.48274
55169 7.07105 14.5244 1.18468
55199 8.62352 14.6821 1.42162

55229.1 3.00963 14.4039 1.2145
55259 9.04953 14.3155 1.37442
55289 8.27756 14.6649 1.29164
55319 6.87426 14.8147 1.55519
55349 8.05586 14.5799 1.41794

55379.1 9.69624 14.3621 1.79219
55409 0.959847 14.5246 2.23798

55439.1 10.8669 14.5262 1.5422
55469 10.1062 14.4595 1.25022

55500.6 10.4575 15.9094 2.27978
55532 11.9332 14.6915 2.83763

55563.8 7.00024 15.6011 2.90846

Table B.16: Lightcurve data from RXTE ASM (2 10keV) in 20da ys bins [B* 114|.

Date Flux 10 kev date ux
[MID] [10 terg/cm?/s] [MJID] [10 lerg/cm?/s]

51753.9 14.0 - -
51754.0 13.8 - -
51754.1 14.0 - -
51754.9 13.2 - -
51755.0 12.8 - -
51755.1 12.7 - -
51755.9 11.9 - -
51757.0 12.2 - -
51757.1 11.9 - -
51757.9 10.6 - -
51758.0 10.2 - -
51758.1 10.8 - -
51788.0 8.6 - -
51789.9 8.4 - -
51790.9 10.4 - -
51791.9 11.9 - -
51792.9 13.8 - -

Table B.17: Lightcurve data from RXTE PCA (2 10keV) [ G* 02].
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Date Flux2 10kev date ux
[MID] [10 terg/cm?/s] [MJD] [10 lerg/cm?/s]

51823 7.14 - -
51823 6.97 - -
51825 8.84 - -
51825 8.84 - -
51826 8.5 - -
51827 9.01 - -
51828 6.8 - -
51829 5.95 - -
51831 4.59 - -
51832 5.44 - -
51833 6.63 - -
51834 6.63 - -
51836 6.97 - -
51837 5.61 - -
51839 4.42 - -
51840 4.25 - -
51841 4.59 - -
51844 6.97 - -
51845 6.97 - -
51846 7.99 - -
51850 6.29 - -
51851 5.78 - -
51853 6.63 - -
51855 7.48 - -
51856 6.63 - -
51857 8.33 - -
51858 10.2 - -
51859 14.79 - -
51860 17.68 - -
51862 19.72 - -
51863 18.36 - -

Table B.18: Lightcurve data from ARGOS USA (2 10keV) [ G* 02].

Date Flux2 10kev date ux
[MID] [10 terg/cm?/s] [MJID] [10 terg/cm?/s]

52297 29 - -
52655 7.7 - -
52884 6.9 - -

Table B.19: Lightcurve data from XMM Newton (2 10keV) [ P* 05].
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Date Flux2 10 kev date ux
[MID] [10 terg/cm?/s] [MJD] [10 lerg/cm?/s]

50572 1.38 - -
52175 8.34 - -
52180 10.6 - -

Table B.20: Lightcurve data from BeppoSAX (2 10keV) [ DSGO05.

Date Flux2 10 kev date ux
[MID] [10 terg/cm?/s] [MJD] [10 lerg/cm?/s]

53479 11.7 - -
53874 11 - -
53876 15 - -
53878 23 - -
53879 24 - -
53880 20 - -
53881 20 - -
53882 15 - -
53883 15 - -
53884 14 - -
55100 7.17 - -

Table B.21: Lightcurve data from Swift XRT (2 10keV) [ M*08b, G* 11].
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Date Flux 5 5o kev date ux
[MID] [10 3photons/cm?/s] [MJD] [10 2photons/cm?/s]

53465.3 0.565623 51.2637 0.157437
53577.2 0.282143 61.2418 0.339102
53702.0 0.631198 57.0440 0.335065
53812.1 0.599994 54.1099 0.396014
53915.5 0.688242 51.5495 0.512257
54021.0 0.493870 51.9670 0.365034
54136.8 0.350539 52.8352 0.235840
54245.6 0.163662 48.6484 0.495294
54362.5 0.036500 69.5055 0.275996
54479.7 0.516348 56.6923 0.601573
54591.2 -0.22622 45.1538 0.134889
54684.0 0.332429 45 0.139181
54777.9 0.553518 47.9231 0.237863
54882.5 0.441027 51.5275 0.226384
54977.0 0.247108 45 0.164764
55070.9 0.358202 47.8901 0.192048
55166.2 0.753584 45.2308 0.290238
55265.8 0.707768 49.7912 0.354304
55357.7 0.462458 45.7363 0.178940
55451.7 0.367354 45.7473 0.159784

Table B.22: Lightcurve data from Swift BAT (15 50keV) in 91 days bins B* 11d.



154

Appendix B Data for Lightcurves

Date Flux 300 Mev date ux
[MID] [10 6photons/cm?/s] [MJD] [10 6photons/cm?/s]
54683 0.122 3.5 0.073
54690 0.235 3.5 0.093
54697 0.215 3.5 0.083
54704 0.098 3.5 0.07
54711 0.293 3.5 0.1
54718 0 35 0.007
54725 0.376 3.5 0.109
54732 0.28 35 0.094
54739 0.242 3.5 0.096
54746 0.079 3.5 0.053
54753 0.271 3.5 0.092
54760 0.168 3.5 0.087
54767 0.355 3.5 0.107
54774 0.281 3.5 0.099
54781 0.053 3.5 0.051
54788 0.085 3.5 0.064
54795 0.279 3.5 0.098
54802 0.127 3.5 0.068
54809 0.344 3.5 0.112
54816 0.28 3.5 0.095
54823 0.142 3.5 0.082
54830 0.246 3.5 0.13
54837 0.204 3.5 0.092
54844 0.334 3.5 0.107
54851 0.215 3.5 0.095
54858 0.346 3.5 0.105
54865 0.231 3.5 0.086
54872 0.521 3.5 0.128
54879 0.205 3.5 0.106
54886 0.448 3.5 -
54893 0.407 3.5 -
54900 0.58 35 0.232
54907 0.483 3.5 0.116
54914 0.247 3.5 0.099
54921 0.103 3.5 0.064
54928 0.17 3.5 0.079
54935 0.363 3.5 0.117
54942 0.185 3.5 0.11
54949 0.297 3.5 0.099
54956 0.043 3.5 0.081
54963 0.43 35 0.102
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54970 0.296 35 0.092
54977 0.418 3.5 0.108
54984 0.18 35 0.087
54991 0.261 3.5 0.106
54998 0.109 35 0.064
55005 0.243 3.5 0.098
Table B.23: Lightcurve data from Fermi LAT ( >300MeV) for 11 months in weekly time
bins [A* 10d.
Date Flux date ux
[MID] [erg/cm?/s] [MJD] [erg/cm?/s]
53499.2 0.67495 0.0213542  0.656651
53504.2 1.02857 0.0539410  0.053941
553522.2 0.91886 0.0307407  0.436436
53523.2 1.44114 0.0172106 0.607910
53526.2 1.28434 0.0175810 0.610726
53527.2 0.71619 0.0163773  0.601113
53530.2 0.63597 0.0227720  0.507663
53532.2 0.97602 0.0234722  0.491189
53536.2 0.99795 0.0344734  0.413468
53553.1 1.30117 0.0245486  0.491459
53555.1 1.31175 0.0197106  0.558748
53561.1 1.06421 0.0404398  0.365360
53563.1 0.87689 0.0395428  0.374700
53876.2 1.09191 0.0452257  0.395779
53877.2 1.48503 0.0381481 0.442647
53878.1 1.65163 0.0633333  0.419564
53879.2 1.26649 0.0570081  0.421729
53880.2 1.14184 0.0519907  0.405099
53881.1 0.53027 0.0523553  0.374955
53882.1 2.08558 0.0538715 0.450116
53924.2 1.67898 0.0082176  0.923820
53948.9 0.87513 0.0264062  0.478953
53962.9 1.99862 0.0232465  0.494379
53997.0 1.70235 0.0100521 0.876136
54004.9 2.45757 0.0228241  0.843753
54018.9 1.81789 0.0276678  0.540969
54232.1 1.40632 0.0157351  0.595910
54240.1 0.53513 0.0205955  0.491564
54263.2 1.47410 0.0229354  0.464044
54354.9 0.91342 0.0197203  0.545437
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54361.9
54373.9
54380.9
54388.9
54389.9
54404.8
54405.8
54406.8
54409.8
54558.2
54570.2
54571.2
54597.2
54599.2
54616.1
54620.1
54661.1
55001.2
55002.2
55005.2
55009.2
55010.2
55013.2
55014.2
55015.1
55017.2
55041.0
55041.0
55042.0
55098.9

1.78590
0.57128
1.21719
0.87309
1.86549
2.08749
1.46832
1.45935
2.75114
2.09493
1.58276
1.32571
1.14586
2.31522
0.33983
0.63612
0.97376
0.92793
1.44903
1.30506
1.87421
2.20648
1.32337
1.08933
2.38961
1.35378
1.79180
0.54239
0.49405
0.48491
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0.0265761
0.0317069
0.0246561
0.0234582
0.0384278
0.0014907
0.0304851
0.0040125
0.0043604
0.0051255
0.0051358
0.0046177
0.0070455
0.0067045
0.0184202
0.0183132
0.0046109
0.0445279
0.0297905
0.0301432
0.0062872
0.0069033
0.0081090
0.0073724
0.0058932
0.0032726
0.0036554
0.0355868
0.0296930
0.0107588

0.451717
0.417178
0.422023
0.464154
0.396519
1.998980
0.477824
1.343430
1.211520
0.937354
0.858062
0.865101
0.726403
0.862485
0.311700
0.448013
0.737565
0.283034
0.374557
0.373188
0.846648
0.861719
0.795197
0.780596
0.950898
1.058460
1.099280
0.301243
0.312063
0.608410

Table B.24: Lightcurve data from MAGIC [ A* 06¢ Hay08, T 08a Uel09, Uel12].
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t quality test as the Cook's Distance and the Gaussian t pro babilities for the

Figure C.1: Combined MAGIC (2004 2009) energy spectrum of ES 1959+650, along with
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Figure C.4: Combined MAGIC-HEGRA energy spectrum of 1ES 1959650, rescaled ac-

cording to [MHZ10], along with t quality test as the Cook's Distance and the
Gaussian t probabilities for the spectral t residuals. Va lues stemming from

the power-law model are given in blue, for the power-law with ct-o in green

and for the curved power-law in red. Solid horizontal lines deote averages,

dashed ones denote one standard deviation.
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Figure C.6: Combined MAGIC-Fermi LAT energy spectrum of 1ES 1959+650, rescaled

according to [MHZ10], along with t quality test as the Cook's Distance and

the Gaussian t probabilities for the spectral t residuals .

Values stemming

from the power-law model are given in blue, for the power-law wth cut-o

in green and for the curved power-law in red. Solid horizontallines denote

averages, dashed ones denote one standard deviation.
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Figure C.7: Combined MAGIC-HEGRA-Fermi LAT energy spectrum of 1ES 1959+650,

rescaled according to [MHZ10], along with t quality test as the Cook's Dis-

tance and the Gaussian t probabilities for the spectral t r esiduals. Values

stemming from the power-law model are given in blue, for the pwer-law with

cut-o in green and for the curved power-law in red. Solid horizontal lines

denote averages, dashed ones denote one standard deviation



Appendix D
Data for SED Modeling

D.1 Radio Observations

F * F T
[Hz] [erglcm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]

3.250e+008| 8.190e-016| - - - -
3.259e+008| 8.016e-016| - - 3.519e-017 3.519e-017
3.259e+008| 8.212e-016| - - 3.617e-017 3.617e-017
3.650e+008| 1.372e-015| - - 2.446e-016  2.446e-016
1.400e+009| 3.304e-015| - - - -
1.400e+009| 3.494e-015| - - 1.050e-016 1.050e-016
4.800e+009| 1.219e-014| - - 7.680e-016 7.680e-016
4.850e+009| 1.193e-014| - - 1.790e-015 1.790e-015
4.850e+009| 1.227e-014 - - 1.115e-015 1.115e-015
4.885e+009| 1.124e-014| - - 4.885e-016 4.885e-016
5.000e+009| 1.100e-014| - - - -
8.400e+009| 1.872e-014| - - - -
1.450e+010| 2.523e-014| - - 5.800e-016 5.800e-016
1.497e+010| 2.694e-014 - - 1.497e-015 1.497e-015

Table D.1: Spectral energy distribution data from 1991 2007 by NED (radio data) [ NI11].
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Appendix D Data for SED Modeling

[Hz]

F

[erg/cm?/s] | [HZ]

F

[Hz]

F F
[erg/cm?/s] [erglcm?/s]

F

1.400e+009
5.000e+009
1.820e+014
4.370e+014

2.800e-015
9.085e-015
6.200e-012
9.050e-012

8.340e-013

8.340e-013

from HST, NOT, VLA, VLBI [ NI11].

Table D.2: Spectral energy distribution data from 1997, 20@, 2004 via NED (core ux)

F " F F
[Hz] [erg/cm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
1.500e+010| 1.365e-014| - - - -
1.500e+010| 1.245e-014| - - - -
1.500e+010| 1.275e-014| - - - -
1.540e+010| 1.247e-014| - - - -
1.540e+010| 1.247e-014| - - - -
1.540e+010| 9.702e-015| - - - -
2.220e+010| 1.998e-014| - - - -
2.220e+010| 1.820e-014| - - - -
2.220e+010| 1.310e-014| - - - -
2.220e+010| 2.131e-014| - - 3.996e-015 3.996e-015
4.320e+010| 2.592e-014| - - 7.344e-015  7.344e-015
4.320e+010| 2.333e-014| - - 6.912e-015 7.344e-01%
4.320e+010| 2.506e-014| - - 7.776e-015 7.776e-015
Table D.3: Spectral energy distribution data from 2000 2009 VLBA [PEO04, PPEOS,
PPE10].
F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
4.800e+009| 1.680e-014| 3.000e+008 3.000e+008 3.360e-015 3.360e-015
7.700e+009| 2.156e-014| 5.000e+008 5.000e+008 9.600e-016 9.600e-016
1.120e+010| 2.576e-014| 7.000e+008 7.000e+008 1.440e-015 1.440e-015

D

Table D.4: Spectral energy distribution data from 2008.09 10 by RATAN 600 [ G* 11].



D.1 Radio Observations

F ’ F I
[Hz] [ergicm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
2.640e+009| 6.720e-015| - - 5.184e-016 5.184e-016
4.850e+009| 1.179e-014| - - 7.748e-016  7.748e-016
8.350e+009| 1.893e-014 - - 1.741e-015 1.741e-015
1.045e+010| 2.289e-014 - - 1.770e-015 1.770e-011
1.460e+010| 2.992e-014| - - 2.650e-015 2.650e-015
3.200e+010| 5.562e-014| - - 7.897e-015  7.897e-015

berg 100 m FA11].

Table D.5: Spectral energy distribution data from 2007.0127 2009.09.27 by E els-

F

F

F

F F
[ergicm?/s] [erglcm?/s]
| 1.998e-013 -]

[Hz] [erg/cm?/s] | [Hz] [HZ]
[ 3.700e+010[ 1.051e-013[ - -

Table D.6: Spectral energy distribution data from 2005.022009.10 Metsahovi (upper
limit) [ LTN11].

F ’ F 2
[Hz] [erglcm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
| 8.624e+010| 2.719e-013] - - | 6.396e-014  6.396e-014

Table D.7: Spectral energy distribution data from 2007.1009 2010.03.22 by IRAM [FA11].

F * F 2
[Hz] [erglcm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
3.000e+010| 2.130e-013| - - 2.130e-013 -
4.400e+010| 4.576e-013 - - 4.576e-013 -
7.000e+010| 5.670e-013| - - 5.670e-013 -
1.000e+011| 3.500e-013| - - 3.500e-013 -
1.430e+011| 1.716e-013 - - 1.716e-013 -
2.170e+011| 2.387e-013| - - 2.387e-013 -
3.530e+011| 1.800e-012| - - 1.800e-012 -
5.450e+011| 4.523e-012| - - 4.523e-012 -
8.570e+011| 1.868e-011| - - 1.868e-011 -

upper limits) [G* 11].

Table D.8: Spectral energy distribution data from 2009.0812 2010.11.14 by Planck (2
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Appendix D Data for SED Modeling

[Hz]

F
[erg/cm?/s]

[Hz]

*

[Hz]

F
[erg/cm?/s]

F

F
[erg/cm?/s]

5.780e+013
5.746e+013
5.713e+013
5.680e+013
5.648e+013
5.616e+013
5.584e+013
5.553e+013
5.522e+013
5.492e+013
5.461e+013
5.431e+013
5.402e+013
5.372e+013
5.344e+013
5.315e+013
5.287e+013
5.258e+013
5.231e+013
5.203e+013
5.176e+013
5.149e+013
5.123e+013
5.096e+013
5.070e+013
5.044e+013
5.019e+013
4.994e+013
4.969e+013
4.944e+013
4.919e+013
4.895e+013
4.871e+013
4.847e+013
4.824e+013
4.800e+013
4.777e+013
4.754e+013
4.731e+013
4.709e+013
4.687e+013

6.070e-012
6.748e-012
6.767e-012
6.937e-012
7.196e-012
6.829e-012
7.029e-012
7.320e-012
7.218e-012
6.695e-012
6.144e-012
6.660e-012
7.511e-012
7.346e-012
6.574e-012
6.467e-012
6.350e-012
6.468e-012
5.723e-012
5.937e-012
5.737e-012
6.829e-012
6.758e-012
6.076e-012
6.557e-012
6.682e-012
6.152e-012
5.803e-012
5.897e-012
6.285e-012
6.441e-012
6.519e-012
6.452e-012
6.406e-012
6.083e-012
5.541e-012
5.535e-012
6.232e-012
6.438e-012
6.401e-012
5.914e-012

6.71879314e-013
4.53448795e-013
4.98504686e-013
5.92448435e-013
3.917836e-013
3.86387342e-013
4.08297313e-013
3.95408482e-013
4.07263015e-013
3.80931861e-013
4.10499384e-013
3.58322628e-013
3.66683187e-013
3.93567825e-013
3.99759065e-013
3.86341362e-013
3.85775768e-013
4.01949245e-013
3.91691346e-013
3.83380765e-013
3.74424952e-013
3.77577013e-013
3.68019309e-013
4.32794376e-013
3.75369052e-013
4.00924533e-013
3.64115141e-013
3.54159772e-013
3.40088222e-013
3.79642571e-013
3.5132261e-013
3.34357819e-013
3.20660134e-013
3.04011718e-013
3.54375793e-013
4.00857927e-013
3.71902815e-013
3.35494214e-013
3.32220231e-013
3.26313567e-013
3.27090727e-013

6.71879314e-0
4.53448795e-0
4.98504686e-0
5.92448435e-0

3.917836e-01
3.86387342e-0
4.08297313e-0
3.95408482e-0
4.07263015e-0
3.80931861e-0
4.10499384e-0
3.58322628e-0
3.66683187e-0
3.93567825e-0
3.99759065e-0
3.86341362e-0
3.85775768e-0
4.01949245e-0
3.91691346e-0
3.83380765e-0
3.74424952e-0
3.77577013e-0
3.68019309e-0
4.32794376e-0
3.75369052e-0
4.00924533e-0
3.64115141e-0
3.54159772e-0
3.40088222e-0
3.79642571e-0
3.5132261e-013
3.34357819e-0
3.20660134e-0
3.04011718e-0
3.54375793e-0
4.00857927e-0
3.71902815e-0
3.35494214e-0
3.32220231e-0
3.26313567e-0
3.27090727e-0
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D.2 Infrared Observations

4.665e+013
4.643e+013
4.621e+013
4.600e+013
4.578e+013
4.557e+013
4.537e+013
4.516e+013
4.495e+013
4.475e+013
4.455e+013
4.435e+013
4.415e+013
4.396e+013
4.376e+013
4.357e+013
4.338e+013
4.319e+013
4.300e+013
4.282e+013
4.263e+013
4.245e+013
4.227e+013
4.209e+013
4.191e+013
4.174e+013
4.156e+013
4.139e+013
4.122e+013
4.105e+013
4.088e+013
4.071e+013
4.054e+013
4.038e+013
4.021e+013
4.005e+013
3.989e+013
3.973e+013
3.957e+013
4.088e+013
4.054e+013
4.021e+013
3.989e+013
3.957e+013
3.926e+013
3.895e+013

6.646e-012
6.521e-012
6.423e-012
6.708e-012
6.561e-012
6.278e-012
5.982e-012
5.943e-012
6.087e-012
6.191e-012
5.499e-012
5.234e-012
5.597e-012
6.442e-012
5.242e-012
5.819e-012
5.259e-012
4.933e-012
5.621e-012
5.943e-012
5.459e-012
5.071e-012
5.636e-012
5.531e-012
6.092e-012
6.020e-012
6.041e-012
6.012e-012
5.778e-012
6.138e-012
5.697e-012
4.794e-012
5.130e-012
5.802e-012
5.448e-012
4.915e-012
6.052e-012
6.540e-012
4.196e-012
2.962e-012
6.057e-012
6.138e-012
5.611e-012
5.015e-012
5.298e-012
5.220e-012

3.20603604e-013
3.1581922e-013
3.14020316e-013
3.33053979e-013
3.53854312e-013
3.97020837e-013
3.91354676e-013
3.97235703e-013
3.83355248e-013
3.83839836e-013
4.62128446e-013
4.45321532e-013
4.54265545e-013
4.96077763e-013
9.33621383e-013
4.88019411e-013
5.30361968e-013
5.54621884e-013
6.56516765e-013
7.01821717e-013
6.29766403e-013
6.36375187e-013
5.75077978e-013
5.21146713e-013
5.07385012e-013
4.99640928e-013
5.14885461e-013
5.30295366e-013
7.46379837e-013
5.34030832e-013
5.20266729e-013
5.32522908e-013
4.9565775e-013
4.88499947e-013
5.10403651e-013
5.15420966e-013
5.85836238e-013
6.30684498e-013
4.09917524e-013
3.14183297e-013
3.27380654e-013
3.16763046e-013
2.93059149e-013
2.78967762e-013
2.92581103e-013
2.83396521e-013

3.20603604e-0113
3.1581922e-013

3.14020316e-0
3.33053979e-0
3.53854312e-0
3.97020837e-0
3.91354676e-0
3.97235703e-0
3.83355248e-0
3.83839836e-0
4.62128446e-0
4.45321532e-0
4.54265545e-0
4.96077763e-0
9.33621383e-0
4.88019411e-0
5.30361968e-0
5.54621884e-0
6.56516765e-0
7.01821717e-0
6.29766403e-0
6.36375187e-0
5.75077978e-0
5.21146713e-0
5.07385012e-0
4.99640928e-0
5.14885461e-0
5.30295366e-0
7.46379837e-0
5.34030832e-0
5.20266729e-0
5.32522908e-0
4.9565775e-013
4.88499947e-0
5.10403651e-0
5.15420966e-0
5.85836238e-0
6.30684498e-0
4.09917524e-0
3.14183297e-0
3.27380654e-0
3.16763046e-0
2.93059149e-0
2.78967762e-0
2.92581103e-0
2.83396521e-0
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3.865e+013
3.835e+013
3.805e+013
3.776e+013
3.748e+013
3.720e+013
3.692e+013
3.665e+013
3.638e+013
3.611e+013
3.585e+013
3.559e+013
3.534e+013
3.509e+013

5.565e-012
4.986e-012
6.204e-012
5.508e-012
5.315e-012
5.845e-012
5.885e-012
5.567e-012
5.687e-012
5.775e-012
5.420e-012
5.590e-012
6.137e-012
5.823e-012

Appendix D Data for SED Modeling

2.57139992e-013
2.43220235e-013
2.42160035e-013
2.34707887e-013
2.18093215e-013
2.14089618e-013
1.98920485e-013
2.06777998e-013
2.02688366e-013
2.05041942e-013
1.94939832e-013
1.91778337e-013
2.2839337e-013
3.77629779e-013

2.57139992e-0
2.43220235e-0
2.42160035e-0
2.34707887e-0
2.18093215e-0
2.14089618e-0
1.98920485e-0
2.06777998e-0
2.02688366e-0
2.05041942e-0
1.94939832e-0
1.91778337e-0
2.2839337e-013

3.77629779e-013

WWWWwwwwwwwww

Table D.9: Spectral energy distribution data from 2008.0802 by Spitzer band 1 [RS11].
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F * F T
[Hz] [erg/cm?/s] | [Hz] [HZ] [erg/cm?/s] [erg/cm?/s]
3.989e+013| 5.424e-012 - - 3.393168e-013 3.393168e-01
3.957e+013| 5.327e-012 - - 3.57593581e-013 3.57593581e-0
3.926e+013| 5.943e-012 - - 3.19785039e-013 3.19785039e-0
3.895e+013| 5.736e-012 - - 2.75960461e-013 2.75960461e-0
3.865e+013| 5.790e-012 - - 2.53041054e-013 2.53041054e-0
3.835e+013| 5.294e-012 - - 2.57862256e-013 2.57862256e-0
3.805e+013| 5.699e-012| - - 2.39469368e-013 2.39469368e-0
3.776e+013| 5.955e-012 - - 2.25629311e-013 2.25629311e-0
3.748e+013| 5.630e-012 - - 2.14648243e-013 2.14648243e-0
3.720e+013| 5.489e-012 - - 1.99887113e-013 1.99887113e-0
3.692e+013| 5.933e-012| - - 1.85345859e-013 1.85345859e-0
3.665e+013| 5.652e-012 - - 1.78533886e-013 1.78533886e-0
3.638e+013| 5.532e-012 - - 1.7336543e-013 1.7336543e-013
3.611e+013| 5.733e-012 - - 1.77720039e-013 1.77720039e-0[13
3.585e+013| 5.453e-012 - - 1.72632023e-013 1.72632023e-0113
3.559e+013| 5.482e-012 - - 1.640938e-013 1.640938e-01
3.534e+013| 5.437e-012 - - 1.59925335e-013 1.59925335e-0[13
3.509e+013| 5.221e-012 - - 1.60777987e-013 1.60777987e-0[L3
3.484e+013| 5.120e-012 - - 1.6383617e-013 1.6383617e-013
3.460e+013| 4.854e-012| - - 1.60979863e-013 1.60979863e-0
3.436e+013| 5.240e-012 - - 1.48688117e-013 1.48688117e-0
3.412e+013| 5.233e-012 - - 1.57074568e-013 1.57074568e-0
3.389e+013| 5.161e-012 - - 1.46415223e-013 1.46415223e-0
3.366e+013| 5.026e-012 - - 1.52085151e-013 1.52085151e-0
3.343e+013| 4.972e-012 - - 1.56732998e-013 1.56732998e-0
3.321e+013| 5.025e-012 - - 1.65310258e-013 1.65310258e-0
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D.2 Infrared Observations

3.299e+013
3.277e+013
3.255e+013
3.234e+013
3.213e+013
3.192e+013
3.172e+013
3.152e+013
3.132e+013
3.112e+013
3.093e+013
3.036e+013
3.018e+013
2.999e+013
2.981e+013
2.963e+013
2.946e+013
2.928e+013
2.911e+013
2.894e+013
2.877e+013
2.861e+013
2.844e+013
2.828e+013
2.812e+013
2.796e+013
2.781e+013
2.765e+013
2.750e+013
2.735e+013
2.720e+013
2.705e+013
2.690e+013
2.675e+013
2.661e+013
2.647e+013
2.633e+013
2.619e+013
2.605e+013
2.592e+013
2.578e+013
2.565e+013
2.552e+013
2.538e+013
2.526e+013
2.513e+013

5.141e-012
5.060e-012
4.995e-012
4.944e-012
4.900e-012
5.110e-012
4.892e-012
5.483e-012
4.687e-012
4.722e-012
4.648e-012
4.591e-012
4.550e-012
4.986e-012
4.679e-012
4.596e-012
4.601e-012
4.676e-012
4.553e-012
4.557e-012
4.532e-012
4.388e-012
4.567e-012
4.697e-012
4.831e-012
4.453e-012
4.594e-012
4.461e-012
4.360e-012
4.691e-012
4.722e-012
4.561e-012
4.395e-012
4.528e-012
4.483e-012
4.135e-012
4.404e-012
4.458e-012
4.390e-012
4.354e-012
4.400e-012
4.738e-012
5.005e-012
4.667e-012
4.646e-012
4.598e-012

1.61877624e-013
1.72161329e-013
1.68038039e-013
1.69457232e-013
1.72448275e-013
3.0249331e-013
3.78612832e-013
3.67290195e-013
3.37951143e-013
3.1404216e-013
1.80426033e-013
1.72602324e-013
1.50641076e-013
2.43469393e-013
1.43137153e-013
1.37880966e-013
1.26021522e-013
1.50125352e-013
1.25982233e-013
1.22176763e-013
1.28588757e-013
1.27239758e-013
1.21883561e-013
1.19988272e-013
1.26664744e-013
1.29509245e-013
1.30748915e-013
1.28455309e-013
1.30659237e-013
1.46760825e-013
1.3710972e-013
1.41907854e-013
1.31246691e-013
1.33565139e-013
1.41315742e-013
1.40561009e-013
1.3832505e-013
1.45557274e-013
1.51976489e-013
1.68224252e-013
1.96334655e-013
1.90784775e-013
1.8366841e-013
1.73393989e-013
1.83761078e-013
1.88870577e-013

1.61877624e-013
1.72161329e-003
1.68038039e-0(13
1.69457232e-003
1.72448275e-0(3
3.0249331e-013
3.78612832e-01L3
3.67290195e-0113
3.37951143e-0113
3.1404216e-013
1.80426033e-0
1.72602324e-0
1.50641076e-0
2.43469393e-0
1.43137153e-0
1.37880966e-0
1.26021522e-0
1.50125352e-0
1.25982233e-0
1.22176763e-0
1.28588757e-0
1.27239758e-0
1.21883561e-0
1.19988272e-0
1.26664744e-0
1.29509245e-0
1.30748915e-0
1.28455309e-0
1.30659237e-0
1.46760825e-0
1.3710972e-013
1.41907854e-0013
1.31246691e-003
1.33565139e-0013
1.41315742e-0013
1.40561009e-013
1.3832505e-013
1.45557274e-013
1.51976489e-003
1.68224252e-0(13
1.96334655e-0013
1.90784775e-013
1.8366841e-013
1.73393989e-013
1.83761078e-00L3
1.88870577e-0013
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2.500e+013
2.488e+013
2.475e+013
2.463e+013
2.451e+013
2.439e+013
2.427e+013
2.415e+013
2.403e+013
2.391e+013
2.380e+013
2.369e+013
2.357e+013
2.346e+013
2.335e+013
2.324e+013
2.313e+013
2.303e+013
2.292e+013
2.281e+013
2.271e+013
2.261e+013
2.250e+013
2.240e+013
2.230e+013
2.220e+013
2.210e+013
2.200e+013
2.191e+013
2.181e+013
2.171e+013
2.162e+013
2.153e+013
2.143e+013
2.134e+013
2.125e+013
2.116e+013

4.591e-012
4.547e-012
4.509e-012
4.592e-012
4.235e-012
4.094e-012
4.295e-012
4.180e-012
4.218e-012
4.365e-012
4.337e-012
4.232e-012
4.301e-012
4.318e-012
4.361e-012
4.231e-012
4.337e-012
4.321e-012
4.229e-012
4.321e-012
4.285e-012
4.326e-012
4.252e-012
3.924e-012
4.142e-012
3.922e-012
4.067e-012
3.965e-012
3.967e-012
3.392e-012
3.723e-012
4.018e-012
4.111e-012
4.062e-012
3.967e-012
3.975e-012
4.381e-012

Appendix D Data for SED Modeling

1.74128941e-013
1.81170319e-013
1.94266912e-013
1.79544055e-013
1.65140216e-013
2.48302242e-013
1.71416252e-013
2.75593619e-013
1.65166254e-013
1.537157e-013
1.47424001e-013
1.39517442e-013
1.44021365e-013
1.47819042e-013
1.83449118e-013
1.92121048e-013
1.85335564e-013
1.5402724e-013
1.45211715e-013
1.49382996e-013
1.56406408e-013
1.51537031e-013
1.53554176e-013
1.6173074e-013
1.64630022e-013
1.62793653e-013
1.75664594e-013
1.80952874e-013
1.82786393e-013
1.98175458e-013
1.97000212e-013
2.0179727e-013
2.07161656e-013
2.23543142e-013
2.30880182e-013
2.36952434e-013
2.35491989e-013

1.74128941e-0
1.81170319e-0
1.94266912e-0
1.79544055e-0
1.65140216e-0
2.48302242e-0
1.71416252e-0
2.75593619e-0
1.65166254e-0
1.537157e-01
1.47424001e-0
1.39517442e-0
1.44021365e-0
1.47819042e-0
1.83449118e-0
1.92121048e-0
1.85335564e-0
1.5402724e-013
1.45211715e-0013
1.49382996e-00.3
1.56406408e-00.3
1.51537031e-003
1.53554176e-003
1.6173074e-013
1.64630022e-0
1.62793653e-0
1.75664594e-0
1.80952874e-0
1.82786393e-0
1.98175458e-0
1.97000212e-0
2.0179727e-013
2.07161656e-013
2.23543142e-013
2.30880182e-013
2.36952434e-013
2.35491989e-013

WWwwwwwwww

WWwwwwww

WwWwwwwww

Table D.10: Spectral energy distribution data from 2008.0802 by Spitzer band 2 [RS11].



D.2 Infrared Observations

[HZ]

F
[erg/cm?/s]

[HZ]

+

[HZ]

F
[erg/cm?/s]

F

F
[erg/cm?/s]

2.131e+013
2.118e+013
2.105e+013
2.093e+013
2.081e+013
2.069e+013
2.057e+013
2.045e+013
2.033e+013
2.021e+013
2.010e+013
1.999e+013
1.987e+013
1.976e+013
1.965e+013
1.954e+013
1.944e+013
1.933e+013
1.923e+013
1.912e+013
1.902e+013
1.892e+013
1.882e+013
1.872e+013
1.862e+013
1.852e+013
1.843e+013
1.833e+013
1.824e+013
1.814e+013
1.805e+013
1.796e+013
1.787e+013
1.778e+013
1.769e+013
1.760e+013
1.751e+013
1.743e+013
1.734e+013
1.726e+013
1.717e+013
1.709e+013
1.701e+013

4.246e-012
3.788e-012
4.235e-012
4.143e-012
3.867e-012
4.146e-012
4.343e-012
4.233e-012
4.102e-012
3.888e-012
4.012e-012
4.212e-012
4.158e-012
4.673e-012
4.110e-012
4.042e-012
4.080e-012
3.920e-012
3.968e-012
3.874e-012
3.987e-012
3.889e-012
4.579e-012
3.814e-012
4.171e-012
3.561e-012
3.564e-012
3.746e-012
3.748e-012
3.724e-012
3.649e-012
3.584e-012
3.483e-012
3.172e-012
3.327e-012
3.751e-012
4.212e-012
3.606e-012
3.679e-012
3.779e-012
3.975e-012
3.689e-012
3.799e-012

2.87933608e-013
2.67939001e-013
2.07389219e-013
1.67831411e-013
1.8420632e-013
2.3052149e-013
2.29037131e-013
2.47377293e-013
2.37619267e-013
2.65134356e-013
2.82957426e-013
2.08299759e-013
1.96450773e-013
1.83476546e-013
1.81485323e-013
2.01765577e-013
1.92411779e-013
1.86030415e-013
1.89370403e-013
1.65767618e-013
1.78863408e-013
2.05998353e-013
2.53734521e-013
3.20950785e-013
2.5962325e-013
2.36262715e-013
1.96990184e-013
1.94544573e-013
2.19717826e-013
1.95373054e-013
1.76892e-013
1.96819511e-013
1.9986919e-013
2.49524737e-013
3.03061789e-013
2.38083067e-013
2.87431875e-013
3.56134876e-013
2.3581075e-013
2.42715168e-013
1.9284162e-013
1.92756628e-013
2.08788744e-013

2.87933608e-0(3
2.67939001e-013
2.07389219e-013
1.67831411e-013
1.8420632e-013
2.3052149e-013
2.29037131e-0
2.47377293e-0
2.37619267e-0
2.65134356e-0
2.82957426e-0
2.08299759e-0
1.96450773e-0
1.83476546e-0
1.81485323e-0
2.01765577e-0
1.92411779e-0
1.86030415e-0
1.89370403e-0
1.65767618e-0
1.78863408e-0
2.05998353e-0
2.53734521e-0
3.20950785e-0
2.5962325e-013
2.36262715e-0
1.96990184e-0
1.94544573e-0
2.19717826e-0
1.95373054e-0
1.76892e-013
1.96819511e-0
1.9986919e-013
2.49524737e-013
3.03061789e-0113
2.38083067e-0(3
2.87431875e-013
3.56134876e-0[L3
2.3581075e-013
2.42715168e-013
1.9284162e-013
1.92756628e-00L3
2.08788744e-013
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1.693e+013
1.685e+013
1.677e+013
1.669e+013
1.661e+013
1.653e+013
1.646e+013
1.638e+013
1.630e+013
1.623e+013
1.616e+013
1.601e+013
1.594e+013
1.587e+013
1.579e+013
1.572e+013
1.565e+013
1.559e+013
1.552e+013
1.545e+013
1.532e+013
1.525e+013
1.518e+013
1.512e+013
1.506e+013
1.499e+013
1.493e+013
1.487e+013
1.468e+013
1.462e+013
1.456e+013
1.444e+013
1.438e+013
1.559e+013
1.545e+013
1.532e+013
1.518e+013
1.506e+013
1.493e+013
1.480e+013
1.468e+013
1.456e+013
1.444e+013
1.432e+013
1.421e+013
1.410e+013

3.502e-012
3.104e-012
3.214e-012
3.823e-012
3.480e-012
3.408e-012
3.681e-012
3.567e-012
3.714e-012
3.315e-012
3.937e-012
3.380e-012
3.304e-012
3.352e-012
3.628e-012
3.657e-012
4.048e-012
3.052e-012
4.098e-012
4.728e-012
4.017e-012
3.788e-012
3.446e-012
3.590e-012
3.793e-012
4.326e-012
3.676e-012
2.964e-012
2.551e-012
3.730e-012
3.926e-012
4.084e-012
3.798e-012
2.133e-012
3.349e-012
3.616e-012
3.415e-012
3.542e-012
3.907e-012
3.091e-012
3.415e-012
3.813e-012
3.499e-012
3.215e-012
3.052e-012
2.875e-012

Appendix D Data for SED Modeling

2.20238726e-013
2.27529474e-013
2.83835656e-013
2.88633852e-013
3.01021195e-013
2.85353829¢e-013
3.41391513e-013
2.88041103e-013
2.59968559e-013
2.7094107e-013
2.86497005e-013
2.44625655e-013
2.46003652e-013
2.64197142e-013
2.48722891e-013
2.52288111e-013
3.37184425e-013
3.87278511e-013
3.61111859e-013
5.00793921e-013
3.5393425e-013
3.64702982e-013
3.16753319e-013
2.95728071e-013
3.10120159e-013
3.72095004e-013
4.12117741e-013
3.68759815e-013
6.58686923e-013
4.4227353e-013
4.66194296e-013
3.93665372e-013
4.28476016e-013
1.60135366e-013
2.5105245e-013
2.96641955e-013
1.92628968e-013
2.21331895e-013
2.10914766e-013
2.16687825e-013
2.06170564e-013
2.31037986e-013
2.03827778e-013
2.13523092e-013
1.63478877e-013
1.62775075e-013

2.20238726e-0
2.27529474e-0
2.83835656e-0
2.88633852e-0
3.01021195e-0
2.85353829¢-0
3.41391513e-0
2.88041103e-0
2.59968559¢e-0
2.7094107e-013
2.86497005e-0
2.44625655e-0
2.46003652e-0
2.64197142e-0
2.48722891e-0
2.52288111e-0
3.37184425e-0
3.87278511e-0
3.61111859e-0
5.00793921e-0
3.5393425e-013
3.64702982e-0
3.16753319e-0
2.95728071e-0
3.10120159e-0
3.72095004e-0
4.12117741e-0
3.68759815e-0
6.58686923e-0
4.4227353e-013

4.66194296e-003
3.93665372e-0[13
4.28476016e-003
1.60135366e-003
2.5105245e-013

2.96641955e-0
1.92628968e-0
2.21331895e-0
2.10914766e-0
2.16687825e-0
2.06170564e-0
2.31037986e-0
2.03827778e-0
2.13523092e-0
1.63478877e-0
1.62775075e-0
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D.2 Infrared Observations

| 1.399e+013| 3.732e-012|

| 3.14473616e-013 3.14473616e-0[L3

Table D.11: Spectral energy distribution data from 2008.0802 by Spitzer band 3 J[RS11].

[HZ]

F
[erg/cm?/s]

[HZ]

¥

[HZ]

F
[erg/cm?/s]

¥
F

[erg/cm?/s]

1.468e+013
1.456e+013
1.444e+013
1.432e+013
1.421e+013
1.410e+013
1.399e+013
1.388e+013
1.377e+013
1.366e+013
1.356e+013
1.345e+013
1.335e+013
1.325e+013
1.315e+013
1.306e+013
1.296e+013
1.287e+013
1.277e+013
1.268e+013
1.259e+013
1.250e+013
1.242e+013
1.233e+013
1.224e+013
1.216e+013
1.208e+013
1.200e+013
1.191e+013
1.183e+013
1.168e+013
1.160e+013
1.131e+013
1.123e+013
1.116e+013
1.109e+013
1.102e+013
1.096e+013
1.089e+013

3.107e-012
3.483e-012
2.761e-012
3.073e-012
2.809e-012
3.257e-012
3.436e-012
2.673e-012
3.030e-012
3.618e-012
3.356e-012
3.305e-012
2.873e-012
3.285e-012
3.126e-012
2.741e-012
2.955e-012
3.181e-012
3.034e-012
3.135e-012
3.135e-012
3.157e-012
3.154e-012
2.901e-012
2.916e-012
2.916e-012
3.172e-012
2.754e-012
3.007e-012
3.207e-012
3.053e-012
3.139e-012
2.746e-012
2.900e-012
3.074e-012
2.867e-012
3.086e-012
2.934e-012
3.414e-012

4.3777506e-013
3.25141693e-013
5.42757835e-013
3.35073239%e-013
2.2678047e-013
2.67238198e-013
2.48908834e-013
2.34104528e-013
1.98210343e-013
2.24791744e-013
2.03226781e-013
1.62677676e-013
1.72025204e-013
1.91634366e-013
2.18021136e-013
2.08195929e-013
1.55164069e-013
1.81058566e-013
2.25819045e-013
1.65998566e-013
1.42735201e-013
1.57818254e-013
1.88317033e-013
1.72533162e-013
1.59824815e-013
2.28890132e-013
1.624263e-013
1.83378637e-013
1.81386195e-013
1.83771936e-013
1.61610338e-013
1.55382671e-013
1.25191698e-013
1.54344659e-013
1.66553571e-013
1.54135914e-013
1.56605942e-013
1.55714197e-013
1.42206478e-013

4.3777506e-013
3.25141693e-0113
5.42757835e-0[L3
3.35073239%e-013
2.2678047e-013
2.67238198e-0
2.48908834e-0
2.34104528e-0
1.98210343e-0
2.24791744e-0
2.03226781e-0
1.62677676e-0
1.72025204e-0
1.91634366e-0
2.18021136e-0
2.08195929e-0
1.55164069e-0
1.81058566e-0
2.25819045e-0
1.65998566e-0
1.42735201e-0
1.57818254e-0
1.88317033e-0
1.72533162e-0
1.59824815e-0
2.28890132e-0
1.624263e-01
1.83378637e-0
1.81386195e-0
1.83771936e-0
1.61610338e-0
1.55382671e-0
1.25191698e-0
1.54344659e-0
1.66553571e-0
1.54135914e-0
1.56605942e-0
1.55714197e-0
1.42206478e-0
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1.082e+013
1.076e+013
1.069e+013
1.063e+013
1.056e+013
1.050e+013
1.044e+013
1.038e+013
1.032e+013
1.026e+013
1.020e+013
1.014e+013
1.008e+013
1.003e+013
9.969e+012
9.913e+012
9.858e+012
9.803e+012
9.749e+012
9.696e+012
9.643e+012
9.591e+012
9.539e+012
9.488e+012
9.437e+012
9.387e+012
9.338e+012
9.289e+012
9.240e+012
9.192e+012
9.145e+012
9.098e+012
9.051e+012
9.005e+012
8.960e+012
8.915e+012
8.870e+012
8.826e+012
8.696e+012
8.653e+012
8.569e+012
8.528e+012
8.487e+012
8.447e+012
8.288e+012

3.837e-012
2.564e-012
2.400e-012
2.938e-012
2.670e-012
2.651e-012
2.669e-012
2.794e-012
2.173e-012
2.602e-012
3.060e-012
2.775e-012
2.868e-012
2.790e-012
2.753e-012
2.987e-012
3.247e-012
2.694e-012
2.630e-012
2.632e-012
2.493e-012
2.976e-012
2.622e-012
3.168e-012
2.262e-012
2.536e-012
3.237e-012
2.628e-012
2.534e-012
2.906e-012
2.438e-012
2.178e-012
2.547e-012
2.804e-012
2.469e-012
1.852e-012
3.635e-012
1.901e-012
3.306e-012
2.683e-012
2.003e-012
3.169e-012
4.440e-012
4.185e-012
5.675e-012

Appendix D Data for SED Modeling

1.76078377e-013
1.98738482e-013
2.02376443e-013
2.52034314e-013
1.83154505e-013
1.56599317e-013
1.57078351e-013
1.77438306e-013
1.69035754e-013
1.72915927e-013
1.79996462e-013
1.85275118e-013
1.80441339e-013
1.71054601e-013
1.86726891e-013
2.91173936e-013
6.70905889e-013
2.82057001e-013
2.38934717e-013
2.59907793e-013
3.08676608e-013
2.67670855e-013
3.14455873e-013
2.63862299¢e-013
2.59719641e-013
2.8761502e-013
2.89597287e-013
2.86435707e-013
3.00491028e-013
3.2824527e-013
3.37736371e-013
3.1451402e-013
3.53035191e-013
3.92947392e-013
3.86143569e-013
6.48820489e-013
5.76829073e-013
6.06903956e-013
5.53074906e-013
4.63853921e-013
5.40558968e-013
6.16890136e-013
6.87808538e-013
1.25324353e-012
1.66095093e-012

1.76078377e-0
1.98738482e-0
2.02376443e-0
2.52034314e-0
1.83154505e-0
1.56599317e-0
1.57078351e-0
1.77438306e-0
1.69035754e-0
1.72915927e-0
1.79996462e-0
1.85275118e-0
1.80441339e-0
1.71054601e-0
1.86726891e-0
2.91173936e-0
6.70905889e-0
2.82057001e-0
2.38934717e-0
2.59907793e-0
3.08676608e-0
2.67670855e-0
3.14455873e-0
2.63862299¢-0
2.59719641e-0
2.8761502e-013

2.89597287e-013
2.86435707e-013
3.00491028e-01L3
3.2824527e-013

3.37736371e-0113
3.1451402e-013

3.53035191e-0
3.92947392e-0
3.86143569e-0
6.48820489e-0
5.76829073e-0
6.06903956e-0
5.53074906e-0
4.63853921e-0
5.40558968e-0
6.16890136e-0
6.87808538e-0
1.25324353e-0
1.66095093e-0
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F

F ’ F F
[Hz] [ergicm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
1.380e+014| 1.690e-011| - - 4.520e-013  4.520e-014
1.820e+014| 1.940e-011| - - 6.790e-013  6.790e-014
2.400e+014| 2.160e-011| - - 6.380e-013  6.380e-014

Table D.12: Spectral energy distribution data from 2008.0802 by Spitzer band 4 [RS11].

3
)
3

Table D.13: Spectral energy distribution data from 1999.0603 by 2MASS [5* 06].
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Appendix D Data for SED Modeling

D.3 Optical and UV Observations

F " F F
[Hz] [erg/cm?/s] | [Hz] [Hz] | [erg/cm?/s] [erg/cm?/s]
4.612e+014| 7.841e-012| - - - -
4.612e+014| 3.113e-011| - - - -
4.612e+014| 2.391e-011| - - 5.112e-012 5.112e-012

)

Table D.14: Spectral energy distribution data from 2004 2010 by KVA [L* 10].

[HZ]

F
[erg/cm?/s]

[Hz]

¥

[HZ]

F

F F
[erg/cm?/s] [erg/cm?/s]

| 5.530e+014| 1.800e-011] -

- | 2.970e-013

2.970e-013

Table D.15: Spectral energy distribution data from 2007.123 11 Palomar60 [B* 10d.

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erg/cm?/s]
5.483e+014| 2.522e-011| 3.855e+013 3.855e+013 2.522e-012 2.522e-012
6.826e+014| 2.526e-011| 7.577e+013 7.577e+013 2.526e-012 2.526e-012
8.652e+014| 3.115e-011| 9.801e+013 9.801e+013 3.115e-012 3.115e-012
1.153e+015| 2.998e-011| 1.537e+014 1.537e+014 2.998e-012 2.998e-012
1.335e+015| 3.737e-011| 1.480e+014 1.480e+014 3.737e-012 3.737e-012
1.555e+015| 5.442e-011| 2.649e+014 2.649e+014 5.442e-012 5.442e-012
Table D.16: Spectral energy distribution data from 2005.0419 by Swift UVOT [ T*08a
T*07h].
F v F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
5.483e+014| 2.869e-011| 3.855e+013 3.855e+013 1.343e-012 1.343e-012
6.826e+014| 3.292e-011| 7.577e+013 7.577e+013 1.394e-012 1.394e-012
8.652e+014| 3.682e-011| 9.801e+013 9.801e+013 1.829e-012 1.829e-012
1.153e+015| 3.600e-011| 1.537e+014 1.537e+014 1.700e-012 1.700e-012
1.335e+015| 4.331e-011| 1.480e+014 1.480e+014 2.278e-012 2.278e-012
1.555e+015| 6.486e-011| 2.649e+014 2.649e+014 3.078e-012 3.078e-012

Table D.17: Spectral energy
(mean) [T*084.

distribution data from 2006.0519 29 by Swift UVOT
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F * F +F
[Hz] [erg/cm?/s] [Hz] | [erg/cm?/s] [erg/cm?/s]
6.600e+014| 3.500e-011 - 2.070e-013 2.070e-013
8.370e+014| 3.870e-011 - 2.140e-013  2.140e-013
1.120e+015| 3.530e-011 - 3.540e-013  3.540e-013
1.500e+015| 4.180e-011 - 2.540e-012  2.540e-012
Table D.18: Spectral energy distribution data from 2007.1116 30 by Swift
UVOT [B* 10d.
F + F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erglcm?/s]
1.962e+015| 3.375e-011| 2.363e+014 3.313e+014 9.051e-013 9.051e-013
1.320e+015| 1.572e-011| 2.906e+014 3.255e+014 6.411e-013 6.411e-013

Table D.19: Spectral energy distribution data from 2007.0713 by Galex (137sec)l[ev1]].

F ’ F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
1.962e+015| 3.475e-011| 2.363e+014 3.313e+014 9.693e-013 9.693e-013
1.320e+015| 1.668e-011| 2.906e+014 3.255e+014 4.744e-013 4.744e-013

Table D.20: Spectral energy distribution data from 2007.0713 by Galex (128sec) l[ev11].
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D.4 X-Ray Observations

F

F " F F
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
4.505e+016| 6.562e-011| 1.297e+016 1.297e+016 4.078e-011 4.078e-011
9.176e+016| 1.120e-010| 3.373e+016 3.373e+016 4.271e-011 4.271e-011
1.437e+017| 1.039e-010| 1.816e+016 1.816e+016 1.505e-011 1.505e-011
1.722e+017| 9.855e-011| 1.038e+016 1.038e+01G6 9.169e-012 9.169e-012
1.968e+017| 9.176e-011| 1.427e+016 1.427e+016 8.333e-012 8.333e-012
2.267e+017| 9.208e-011| 1.557e+016 1.557e+016 7.693e-012 7.693e-012
2.552e+017| 8.715e-011| 1.297e+016 1.297e+016 6.326e-012 6.326e-012
2.799e+017| 8.684e-011| 1.168e+016 1.168e+016 5.960e-012 5.960e-017
3.097e+017| 8.177e-011| 1.816e+016 1.816e+016 6.079e-012 6.079e-017
3.512e+017| 8.247e-011| 2.335e+016 2.335e+01G 6.478e-012 6.478e-011
3.915e+017| 7.202e-011| 1.687e+016 1.687e+016 5.073e-012 5.073e-012
4,.343e+017| 7.202e-011| 2.595e+016 2.595e+016 5.516e-012 5.516e-012
4.823e+017| 7.482e-011| 2.206e+016 2.206e+01§ 5.348e-012 5.348e-012
5.433e+017| 7.442e-011| 3.892e+016 3.892e+016 6.455e-012 6.455e-012
6.302e+017| 6.913e-011| 4.801e+016 4.801e+016 6.616e-012 6.616e-012
7.210e+017| 6.328e-011| 4.282e+016 4.282e+016 5.853e-012 5.853e-012
8.404e+017| 6.640e-011| 7.655e+016 7.655e+016 7.159e-012 7.159e-012
4.340e+017| 7.566e-011| 2.247e+016 2.247e+01§ 4.792e-012 4.792e-012
4.902e+017| 7.351e-011| 3.370e+016 3.370e+01G 5.476e-012 5.476e-012
5.576e+017| 6.830e-011| 3.370e+016 3.370e+016 4.702e-012 4.702e-011
6.249e+017| 6.650e-011| 3.370e+016 3.370e+016 4.342e-012 4.342e-017
6.811e+017| 6.536e-011| 2.247e+016 2.247e+016 3.749e-012 3.749e-012
7.541e+017| 6.174e-011| 5.055e+016 5.055e+016 4.634e-012 4.634e-012
8.271e+017| 5.714e-011| 2.247e+016 2.247e+016 3.545e-012 3.545e-012
8.945e+017| 5.668e-011| 4.493e+016 4.493e+016 3.703e-012 3.703e-012
9.732e+017| 5.440e-011| 3.370e+016 3.370e+016 3.417e-012 3.417e-012
1.063e+018| 4.953e-011| 5.616e+016 5.616e+016 3.453e-012 3.453e-012
1.203e+018| 5.051e-011| 8.424e+016 8.424e+01G 4.100e-012 4.100e-012
1.333e+018| 4.795e-011| 4.493e+016 4.493e+016 3.608e-012 3.608e-012
1.434e+018| 4.443e-011| 5.616e+016 5.616e+01G 3.488e-012 3.488e-012
1.608e+018| 4.080e-011| 1.179e+017 1.179e+017 3.775e-012 3.775e-012
1.978e+018| 3.813e-011| 2.527e+017 2.527e+017 5.341e-012 5.341e-012
3.993e+018| 4.300e-011| 2.723e+017 2.723e+017 1.633e-011 1.633e-011
4.810e+018| 2.919e-011| 5.445e+017 5.445e+017 1.173e-011 1.173e-011
6.715e+018| 3.166e-011| 1.361e+018 1.361e+018 1.297e-011 1.297e-011

]

e B e S

)

)

PP

)

)

D

Table D.21: Spectral energy distribution data from 2001.0925 by BeppoSAX [T * 03].
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F

F v F F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
6.192e+016| 9.447e-011| 2.984e+016 2.984e+016 4.629e-011 4.629e-011
1.125e+017| 9.351e-011| 2.076e+016 2.076e+016 1.778e-011 1.778e-011
1.411e+017| 9.478e-011| 7.785e+015 7.785e+015 7.325e-012 7.325e-012
1.566e+017| 9.171e-011| 7.785e+015 7.785e+015 6.156e-012 6.156e-012
1.722e+017| 9.055e-011| 7.785e+015 7.785e+015 5.430e-012 5.430e-012
1.878e+017| 8.786e-011| 7.785e+015 7.785e+015 4.859e-012 4.859e-012
2.072e+017| 8.666e-011| 1.168e+016 1.168e+016 5.445e-012 5.445e-012
2.267e+017| 8.742e-011| 7.785e+015 7.785e+015 4.116e-012 4.116e-012
2.436e+017| 8.838e-011| 9.082e+015 9.082e+015 4.177e-012 4.177e-012
2.825e+017| 8.956e-011| 2.984e+016 2.984e+016 9.568e-012 9.568e-012
3.279e+017| 8.726e-011| 1.557e+016 1.557e+016 4.601e-012 4.601e-012
3.603e+017| 8.506e-011| 1.687e+016 1.687e+016 4.443e-012 4.443e-012
3.967e+017| 7.970e-011| 1.946e+016 1.946e+016 4.338e-012 4.338e-012
4.823e+017| 8.183e-011| 6.617e+016 6.617e+016 1.129e-011 1.129e-011
7.586e+017| 8.082e-011| 2.102e+017 2.102e+017 2.242e-011 2.242e-011
4.340e+017| 8.474e-011| 2.247e+016 2.247e+016 4.529e-012 4.529e-012
4.789e+017| 8.274e-011| 2.247e+016 2.247e+016 4.022e-012 4.022e-012
5.295e+017| 8.091e-011| 2.808e+016 2.808e+016 4.400e-012 4.400e-012
5.969e+017| 7.926e-011| 3.931e+016 3.931e+016 5.304e-012 5.304e-012
6.643e+017| 7.940e-011| 2.808e+016 2.808e+016 3.551e-012 3.551e-012
7.148e+017| 7.404e-011| 2.247e+016 2.247e+01§ 2.660e-012 2.660e-012
7.710e+017| 7.274e-011| 3.370e+016 3.370e+016 3.360e-012 3.360e-012
8.384e+017| 7.008e-011| 3.370e+016 3.370e+016 3.033e-012 3.033e-012
9.058e+017| 7.047e-011| 3.370e+016 3.370e+016 2.879e-012 2.879e-012
9.844e+017| 6.782e-011| 4.493e+016 4.493e+016 3.278e-012 3.278e-012
1.085e+018| 6.578e-011| 5.616e+016 5.616e+016 3.552e-012  3.552e-012
1.198e+018| 6.355e-011| 5.616e+016 5.616e+016 3.174e-012 3.174e-012
1.338e+018| 6.117e-011| 8.424e+016 8.424e+016 3.987e-012 3.987e-012
1.535e+018| 5.855e-011| 1.123e+017 1.123e+017 4.406e-012 4.406e-012
1.759e+018| 5.479e-011| 1.123e+017 1.123e+017 3.703e-012 3.703e-012
1.967e+018| 5.397e-011| 9.548e+016 9.548e+016 3.098e-012 3.098e-012
2.226e+018| 5.203e-011| 1.629e+017 1.629e+017 4.159e-012 4.159e-012
4.265e+018| 3.684e-011| 5.445e+017 5.445e+017 6.248e-012 6.248e-012
5.899e+018| 3.176e-011| 1.089e+018 1.089e+018 6.939e-012 6.939e-012
9.030e+018| 2.684e-011| 2.042e+018 2.042e+018 7.981e-012  7.981e-012

Table D.22: Spectral energy distribution data from 2001.0928-29 by BeppoSAX [T * 03].



182

Appendix D Data for SED Modeling

F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
9.551e+016| 1.088e-010| 2.297e+016 2.297e+016 2.101e-012 2.101e-012
1.378e+017| 1.304e-010| 1.934e+016 1.934e+01G 2.549e-012 2.549e-012
1.717e+017| 1.271e-010| 1.451e+016 1.451e+016 2.523e-012 2.523e-012
1.995e+017| 1.233e-010| 1.330e+016 1.330e+01G 2.450e-012 2.450e-012
2.273e+017| 1.212e-010| 1.451e+016 1.451e+016 2.312e-012 2.312e-012
2.551e+017| 1.221e-010| 1.330e+016 1.330e+016 2.433e-012 2.433e-012
2.829e+017| 1.224e-010| 1.451e+016 1.451e+016 2.385e-012 2.385e-012
3.131e+017| 1.184e-010| 1.572e+016 1.572e+01G 2.350e-012 2.350e-012
3.470e+017| 1.179e-010| 1.813e+016 1.813e+016 2.313e-012 2.313e-012
3.881e+017| 1.122e-010| 2.297e+016 2.297e+016 2.235e-012 2.235e-012
4.473e+017| 1.072e-010| 3.627e+016 3.627e+01§ 2.143e-012 2.143e-012
5.489e+017| 1.058e-010| 6.529e+016 6.529e+016 2.105e-012 2.105e-012
7.508e+017| 8.909e-011| 1.366e+017 1.366e+017 1.774e-012 1.774e-012
1.574e+018| 7.592e-011| 6.867e+017 6.867e+017 1.643e-012 1.643e-012
Table D.23: Spectral energy distribution data from 2005.0419 by Swift XRT [ M* 08b,
T+07h].
F " F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erg/cm?/s]
1.064e+017| 8.639e-011| 2.902e+016 2.902e+016 2.858e-012 2.858e-012
1.596e+017| 1.023e-010| 2.418e+016 2.418e+01G§ 3.326e-012 3.326e-012
2.043e+017| 1.005e-010| 2.055e+016 2.055e+016 3.296e-012  3.296e-012
2.442e+017| 1.090e-010| 1.934e+016 1.934e+016 3.525e-012 3.525e-012
2.853e+017| 9.988e-011| 2.176e+016 2.176e+01§ 3.285e-012  3.285e-012
3.313e+017| 1.032e-010| 2.418e+016 2.418e+01G 3.387e-012 3.387e-012
3.869e+017| 1.010e-010| 3.143e+016 3.143e+01§ 3.353e-012 3.353e-012
4,788e+017| 9.544e-011| 6.045e+016 6.045e+016 3.165e-012 3.165e-012
6.928e+017| 8.766e-011| 1.535e+017 1.535e+017 2.898e-012 2.898e-012
1.314e+018| 7.189e-011| 4.679e+017 4.679e+017 2.890e-012 2.890e-012

Table D.24: Spectral energy distribution data from 2006.0519 by Swift XRT [ T* 084.
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F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
9.551e+016| 1.063e-010| 2.055e+016 2.055e+01§ 3.430e-012 3.430e-012
1.330e+017| 1.377e-010| 1.693e+016 1.693e+01G§ 4.496e-012 4.496e-012
1.644e+017| 1.155e-010| 1.451e+016 1.451e+016 3.761e-012 3.761e-012
1.910e+017| 1.268e-010| 1.209e+016 1.209e+016 4.090e-012 4.090e-012
2.152e+017| 1.240e-010| 1.209e+016 1.209e+016 4.022e-012 4.022e-012
2.382e+017| 1.286e-010| 1.088e+016 1.088e+016 4.239e-012 4.239e-012
2.611e+017| 1.269e-010| 1.209e+016 1.209e+016 4.069e-012 4.069e-012
2.853e+017| 1.289e-010| 1.209e+016 1.209e+016 4.178e-012 4.178e-012
3.107e+017| 1.246e-010| 1.330e+016 1.330e+016 4.050e-012 4.050e-012
3.385e+017| 1.250e-010| 1.451e+016 1.451e+016 4.094e-012 4.094e-012
3.700e+017| 1.216e-010| 1.693e+016 1.693e+016 3.998e-012 3.998e-012
4.074e+017| 1.232e-010| 2.055e+016 2.055e+016 4.074e-012 4.074e-012
4.618e+017| 1.152e-010| 3.385e+016 3.385e+01G 3.776e-012 3.776e-012
5.453e+017| 1.195e-010| 4.957e+016 4.957e+016 3.968e-012 3.968e-012
6.795e+017| 1.083e-010| 8.463e+016 8.463e+01§ 3.591e-012 3.591e-012
8.971e+017| 1.105e-010| 1.330e+017 1.330e+017 3.652e-012 3.652e-012
1.681e+018| 8.627e-011| 6.504e+017 6.504e+017 3.289e-012  3.289e-012

Table D.25: Spectral energy distribution data from 2006.0521 by Swift XRT [ T* 084].

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
9.309e+016| 1.308e-010| 2.055e+016 2.055e+016 2.609e-012 2.609e-012
1.294e+017| 1.858e-010| 1.572e+016 1.572e+016 3.673e-012 3.673e-012
1.584e+017| 1.611e-010| 1.330e+016 1.330e+016 3.173e-012 3.173e-012
1.838e+017| 1.607e-010| 1.209e+016 1.209e+016 3.077e-012 3.077e-012
2.067e+017| 1.581e-010| 1.088e+016 1.088e+016 3.151e-012 3.151e-012
2.285e+017| 1.636e-010| 1.088e+016 1.088e+016 3.205e-012 3.205e-012
2.503e+017| 1.582e-010| 1.088e+016 1.088e+016 3.145e-012 3.145e-012
2.720e+017| 1.664e-010| 1.088e+016 1.088e+016 3.273e-012 3.273e-012
2.950e+017| 1.631e-010| 1.209e+016 1.209e+016 3.169e-012 3.169e-012
3.192e+017| 1.666e-010| 1.209e+016 1.209e+016 3.314e-012 3.314e-012
3.458e+017| 1.606e-010| 1.451e+016 1.451e+016 3.107e-012 3.107e-012
3.772e+017| 1.584e-010| 1.693e+016 1.693e+016 3.103e-012 3.103e-012
4.147e+017| 1.594e-010| 2.055e+016 2.055e+016 3.142e-012 3.142e-012
4.655e+017| 1.604e-010| 3.022e+016 3.022e+016 3.179e-012 3.179e-012
5.416e+017| 1.589e-010| 4.594e+016 4.594e+016 3.139e-012 3.139e-012
6.589e+017| 1.491e-010| 7.133e+016 7.133e+016 2.963e-012 2.963e-012
8.378e+017| 1.458e-010| 1.076e+017 1.076e+017 2.902e-012 2.902e-012
1.170e+018| 1.437e-010| 2.249e+017 2.249e+017 2.857e-012 2.857e-012
1.813e+018| 1.198e-010| 4.183e+017 4.183e+017 4.581e-012 4.581e-012

Table D.26: Spectral energy distribution data from 2006.0523 by Swift XRT [ T* 084
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F * F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
1.040e+017| 1.223e-010| 3.143e+016 3.143e+016 2.434e-012 2.434e-012
1.584e+017| 1.574e-010| 2.297e+016 2.297e+016 3.134e-012 3.134e-012
1.995e+017| 1.754e-010| 1.813e+016 1.813e+016 3.433e-012 3.433e-012
2.358e+017| 1.772e-010| 1.813e+016 1.813e+016 3.438e-012 3.438e-012
2.720e+017| 1.804e-010| 1.814e+016 1.814e+016 3.537e-012 3.537e-012
3.107e+017| 1.735e-010| 2.055e+016 2.055e+016 3.411e-012 3.411e-012
3.542e+017| 1.792e-010| 2.297e+016 2.297e+016 3.547e-012 3.547e-012
4.074e+017| 1.830e-010| 3.022e+016 3.022e+016 3.634e-012 3.634e-012
4.896e+017| 1.821e-010| 5.199e+016 5.199e+016 3.632e-012 3.632e-012
6.444e+017| 1.789e-010| 1.028e+017 1.028e+017 3.567e-012 3.567e-012
9.769e+017| 1.610e-010| 2.297e+017 2.297e+017 3.219e-012 3.219e-012
1.755e+018| 1.353e-010| 5.489e+017 5.489e+017 4.691e-012 4.691e-012

Table D.27: Spectral energy distribution data from 2006.0524 by Swift XRT [ T* 084d.

F " F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
9.430e+016| 1.196e-010| 2.176e+016 2.176e+016 2.301e-012 2.301e-012
1.306e+017| 1.856e-010| 1.451e+016 1.451e+016 3.704e-012 3.704e-012
1.584e+017| 1.527e-010| 1.330e+016 1.330e+016 2.999e-012 2.999e-012
1.826e+017| 1.600e-010| 1.088e+016 1.088e+016 3.164e-012 3.164e-012
2.043e+017| 1.541e-010| 1.088e+016 1.088e+016 3.028e-012 3.028e-012
2.261e+017| 1.517e-010| 1.088e+016 1.088e+016 3.007e-012 3.007e-012
2.478e+017| 1.606e-010| 1.088e+016 1.088e+016 3.077e-012 3.077e-012
2.696e+017| 1.650e-010| 1.088e+016 1.088e+016 3.176e-012 3.176e-012
2.926e+017| 1.555e-010| 1.209e+016 1.209e+016 2.999e-012 2.999e-012
3.168e+017| 1.614e-010| 1.209e+016 1.209e+016 3.162e-012 3.162e-012
3.421e+017| 1.581e-010| 1.330e+016 1.330e+016 3.108e-012 3.108e-012
3.712e+017| 1.574e-010| 1.572e+016 1.572e+016 3.068e-012 3.068e-012
4.050e+017| 1.602e-010| 1.813e+016 1.813e+016 3.165e-012 3.165e-012
4510e+017| 1.538e-010| 2.781e+016 2.781e+016 3.014e-012 3.014e-012
5.187e+017| 1.482e-010| 3.990e+016 3.990e+016 2.938e-012 2.938e-012
6.226e+017| 1.456e-010| 6.408e+016 6.408e+016 2.905e-012 2.905e-012
7.798e+017| 1.390e-010| 9.309e+016 9.309e+016 2.767e-012 2.767e-012
1.047e+018| 1.321e-010| 1.741e+017 1.741e+017 2.641e-012 2.641e-012
1.662e+018| 1.121e-010| 4.413e+017 4.413e+017 3.200e-012 3.200e-012

Table D.28: Spectral energy distribution data from 2006.0525 by Swift XRT [ T* 084.
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F * F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erglcm?/s]
9.309e+016| 1.277e-010| 2.055e+016 2.055e+016 2.489e-012 2.489e-012
1.282e+017| 1.261e-010| 1.451e+016 1.451e+016 2.499e-012 2.499e-012
1.560e+017| 1.519e-010| 1.330e+016 1.330e+016 3.019e-012 3.019e-012
1.801e+017| 1.663e-010| 1.088e+016 1.088e+016 3.252e-012 3.252e-012
2.019e+017| 1.569e-010| 1.088e+016 1.088e+016 3.052e-012 3.052e-012
2.237e+017| 1.606e-010| 1.088e+016 1.088e+016 3.088e-012 3.088e-012
2.454e+017| 1.581e-010| 1.088e+016 1.088e+016 3.049e-012 3.049e-012
2.672e+017| 1.566e-010| 1.088e+016 1.088e+016 3.087e-012 3.087e-012
2.902e+017| 1.528e-010| 1.209e+016 1.209e+016 2.970e-012 2.970e-012
3.143e+017| 1.560e-010| 1.209e+016 1.209e+016 3.087e-012 3.087e-012
3.397e+017| 1.556e-010| 1.330e+016 1.330e+016 3.067e-012 3.067e-012
3.687e+017| 1.562e-010| 1.572e+016 1.572e+016 3.029e-012 3.029e-012
4.038e+017| 1.467e-010| 1.934e+016 1.934e+016 2.923e-012 2.923e-012
4.510e+017| 1.479e-010| 2.781e+016 2.781e+016 2.949e-012 2.949e-012
5.187e+017| 1.497e-010| 3.990e+016 3.990e+016 2.958e-012 2.958e-012
6.275e+017| 1.375e-010| 6.891e+016 6.891e+016 2.737e-012 2.737e-012
7.967e+017| 1.342e-010| 1.003e+017 1.003e+017 2.666e-012 2.666e-012
1.105e+018| 1.263e-010| 2.079e+017 2.079e+017 2.517e-012 2.517e-012
1.701e+018| 1.050e-010| 3.881e+017 3.881e+017 3.605e-012  3.605e-012

Table D.29: Spectral energy distribution data from 2006.0526 by Swift XRT [ T* 084].

F " F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erglcm?/s]
9.430e+016| 1.218e-010| 2.176e+016 2.176e+016 2.366e-012 2.366e-012
1.330e+017| 1.650e-010| 1.693e+016 1.693e+016 3.227e-012 3.227e-012
1.632e+017| 1.456e-010| 1.330e+016 1.330e+016 2.907e-012 2.907e-012
1.886e+017| 1.502e-010| 1.209e+016 1.209e+016 2.943e-012 2.943e-012
2.128e+017| 1.488e-010| 1.209e+016 1.209e+016 2.909e-012 2.909e-012
2.370e+017| 1.439e-010| 1.209e+016 1.209e+016 2.798e-012 2.798e-012
2.611e+017| 1.501e-010| 1.209e+016 1.209e+016 2.909e-012 2.909e-012
2.865e+017| 1.449e-010| 1.330e+016 1.330e+016 2.787e-012 2.787e-012
3.131e+017| 1.461e-010| 1.330e+016 1.330e+016 2.893e-012 2.893e-012
3.421e+017| 1.396e-010| 1.572e+016 1.572e+01§ 2.737e-012 2.737e-012
3.772e+017| 1.354e-010| 1.934e+016 1.934e+016 2.663e-012 2.663e-012
4.232e+017| 1.282e-010| 2.660e+016 2.660e+016 2.545e-012 2.545e-012
4.909e+017| 1.282e-010| 4.111e+016 4.111e+016 2.544e-012 2.544e-012
6.081e+017| 1.210e-010| 7.617e+016 7.617e+016 2.415e-012 2.415e-012
8.245e+017| 1.050e-010| 1.402e+017 1.402e+017 2.098e-012 2.098e-012
1.475e+018| 8.360e-011| 5.102e+017 5.102e+017 1.941e-012 1.941e-012

Table D.30: Spectral energy distribution data from 2006.0527 by Swift XRT [ T* 084
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F * F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
9.430e+016| 1.256e-010| 2.176e+016 2.176e+01G§ 2.464e-012 2.464e-012
1.330e+017| 1.684e-010| 1.693e+016 1.693e+016 3.348e-012 3.348e-012
1.644e+017| 1.416e-010| 1.451e+016 1.451e+016 2.804e-012 2.804e-012
1.910e+017| 1.502e-010| 1.209e+016 1.209e+016 2.989e-012 2.989e-012
2.164e+017| 1.456e-010| 1.330e+016 1.330e+016 2.795e-012 2.795e-012
2.418e+017| 1.473e-010| 1.209e+016 1.209e+016 2.914e-012 2.914e-012
2.672e+017| 1.468e-010| 1.330e+016 1.330e+016 2.812e-012 2.812e-012
2.938e+017| 1.479e-010| 1.330e+016 1.330e+016 2.906e-012 2.906e-012
3.216e+017| 1.432e-010| 1.451e+016 1.451e+016 2.848e-012 2.848e-012
3.530e+017| 1.417e-010| 1.693e+016 1.693e+016 2.772e-012 2.772e-012
3.917e+017| 1.317e-010| 2.176e+016 2.176e+016 2.624e-012 2.624e-012
4.449e+017| 1.339e-010| 3.143e+016 3.143e+016 2.675e-012 2.675e-012
5.320e+017| 1.243e-010| 5.561e+016 5.561e+016 2.477e-012 2.477e-012
7.000e+017| 1.074e-010| 1.124e+017 1.124e+017 2.133e-012 2.133e-012
1.101e+018| 9.681e-011| 2.890e+017 2.890e+017 1.925e-012 1.925e-012
1.762e+018| 7.182e-011| 3.712e+017 3.712e+017 3.535e-012 3.535e-012

Table D.31: Spectral energy distribution data from 2006.0528 by Swift XRT [ T* 084.

F N F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
1.789e+017| 5.239e-011| 2.989e+016 3.011e+016 1.502e-012 1.502e-012
2.379e+017| 5.435e-011| 2.694e+016 3.106e+016 1.787e-012 1.787e-012
2.966e+017| 5.075e-011| 2.458e+016 3.042e+016 2.038e-012 2.038e-012
3.584e+017| 5.508e-011| 2.835e+016 3.665e+016 2.517e-012 2.517e-012
4.406e+017| 5.926e-011| 4.158e+016 6.242e+016 2.788e-012 2.788e-012
5.782e+017| 6.208e-011| 7.119e+016 9.581e+01G6 3.254e-012 3.254e-012
7.943e+017| 5.876e-011| 1.113e+017 1.497e+017 3.389e-012 3.389e-012
1.199e+018| 5.631e-011| 2.401e+017 5.009e+017 3.309e-012 3.309e-012

Table D.32: Spectral energy distribution data from 2007.1130 by Swift XRT [ B* 10d.
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F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]

4.111e+018| 6.721e-011| 7.254e+017 7.254e+017 7.647e-012 7.647e-012
5.320e+018| 5.747e-011| 4.836e+017 4.836e+017 8.213e-012 8.213e-012
7.133e+018| 5.447e-011| 1.330e+018 1.330e+018 6.687e-012 6.687e-012
1.028e+019| 3.994e-011| 1.813e+018 1.813e+018 7.600e-012 7.600e-012
1.511e+019| 3.344e-011| 3.022e+018 3.022e+018 9.327e-012 9.327e-012
2.116e+019| 2.539e-011| 3.022e+018 3.022e+018 1.526e-011 1.526e-011
3.022e+019| 2.465e-011| 6.045e+018 6.045e+018 2.465e-011 -

4.171e+019| 2.911e-010| 5.440e+018 5.440e+018 1.349e-010 1.349e-01(

Table D.33: Spectral energy

distribution data from 2004.112006.08 by Swift BAT
(22 months) [T* 10d.

F l F T
[HZ] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]

4.111e+018| 6.049e-011| 7.254e+017 7.254e+017 3.504e-012 3.504e-012
5.320e+018| 5.272e-011| 4.836e+017 4.836e+017 4.103e-012 4.103e-012
7.133e+018| 4.526e-011| 1.330e+018 1.330e+018 4.003e-012 4.003e-012
1.028e+019| 3.147e-011| 1.813e+018 1.813e+018 4.219e-012 4.219e-012
1.511e+019| 3.347e-011| 3.022e+018 3.022e+018 5.287e-012 5.287e-012
2.116e+019| 2.114e-011| 3.022e+018 3.022e+018 8.964e-012 8.964e-012
3.022e+019| 2.970e-011| 6.045e+018 6.045e+018 2.970e-011 -

4.171e+019| 1.498e-010| 5.440e+018 5.440e+018 1.498e-010 -

Table D.34: Spectral energy

distribution data from 2004.112009.08 by Swift BAT
(58 months) [B* 10b].

F ’ F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
5.920e+018| 1.470e-011| 1.340e+018 1.716e+018 1.250e-011 1.250e-011
9.850e+018| 1.680e-011| 2.214e+018 2.665e+018 1.290e-011  1.290e-011
1.590e+019| 2.450e-011| 3.385e+018 4.236e+018 2.310e-011 2.310e-011
2.550e+019| 1.850e-011| 5.364e+018 8.786e+018 1.740e-011  1.740e-011
4.610e+019| 1.230e-010| 1.181e+019 1.348e+019 1.180e-010 1.180e-01(

ISGRI [B* 10d.

Table D.35: Spectral energy distribution data from 2007.1124 12.01 by Integral IBIS-
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F ’ F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erg/cm?/s]
4.231e+018| 4.967e-011| 1.112e+018 1.112e+018 7.050e-012 8.171e-012
7.544e+018| 1.250e-011| 2.225e+018 2.200e+018 2.243e-012 2.243e-012
1.758e+019| 6.569e-012| 7.858e+018 7.762e+018 - 3.044e-012
7.568e+019| 2.179e-011| 5.034e+019 5.039e+019 1.202e-011 1.202e-011

Table D.36: Spectral energy distribution data from Integral IBIS-ISGRI (mean) [ W* 11b].

[Hz]

F
[erg/cm?/s]

[Hz]

F

[Hz]

F
[erg/cm?/s]

F

F
[erglcm?/s]

3.985e+020
1.248e+021

3.985e+021

1.030e-010
8.300e-011

1.920e-010

1.744e+020 3.067e+020
5.428e+020 9.821e+020
1.755e+021 3.101e+02]

1.030e-010
8.300e-011
1.920e-010

Table D.37: Spectral energy distribution data from 1991.042000.06 by CGRO Comptel
upper limits) [Coll11d.

(2
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D.6 HE Gamma-Ray Observations

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]

8.688e+022| 1.302e-011| 3.303e+022 3.303e+022 2.060e-012 2.060e-012
1.935e+023| 1.065e-011| 7.357e+022 7.357e+022 1.611e-012 1.611e-012
4.309e+023| 7.293e-012| 1.638e+023 1.638e+023 1.498e-012 1.498e-012
9.595e+023| 6.398e-012| 3.648e+023 3.648e+023 1.782e-012 1.782e-012
2.137e+024| 8.418e-012| 8.125e+023 8.125e+023 2.859e-012 2.859e-012
4.759e+024| 1.727e-011| 1.809e+024 1.809e+024 5.759e-012 5.759e-012
1.060e+025| 1.554e-011| 4.029e+024 4.029e+024 7.806e-012  7.806e-012
2.360e+025| 4.690e-011| 8.973e+024 8.973e+024 4.690e-011 -

Table D.38: Spectral energy distribution data from 2008.0804 2009.02.01 by Fermi LAT

(LBAS) [A* 09d.

F ’ F +F
[HZ] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
4.188e+022| 1.178e-011| 1.770e+022 3.066e+022 1.923e-012 1.923e-012
1.324e+023| 1.167e-011| 5.990e+022 1.094e+023 1.373e-012 1.373e-012
4.188e+023| 9.373e-012| 1.770e+023 3.066e+023 9.613e-013 9.613e-013
1.324e+024| 8.995e-012| 5.990e+023 1.094e+024 1.511e-012 1.511e-012
7.646e+024| 1.389e-011| 5.228e+024 1.653e+025 2.670e-012 2.670e-012

Table D.39: Spectral energy distribution data from 2008.0804 2009.07.04 by Fermi LAT

(1IFGL) [A* 10h].

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erglcm?/s]
4.188e+022| 9.736e-012| 1.770e+022 3.066e+022 1.045e-012 1.045e-012
1.324e+023| 9.157e-012| 5.990e+022 1.094e+023 6.472e-013 6.472e-013
4.188e+023| 8.777e-012| 1.770e+023 3.066e+023 6.824e-013 6.824e-013
1.324e+024| 9.478e-012| 5.990e+023 1.094e+024 9.674e-013 9.674e-013
7.646e+024| 1.203e-011| 5.228e+024 1.653e+025 1.615e-012 1.615e-012

Table D.40: Spectral energy distribution data from 2008.0804 2010.07.31-Fermi LAT

(2FGL) [Thel1d.
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F * F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
4.298e+022| 1.109e-011| 1.880e+022 3.343e+022 9.619e-013 9.619e-013
1.359e+023| 8.556e-012| 5.952e+022 1.059e+023 5.569e-013 5.569e-013
4.298e+023| 6.886e-012| 1.880e+023 3.343e+023 5.569e-013 5.569e-013
1.359e+024| 6.278e-012| 5.952e+023 1.059e+024 7.594e-013 7.594e-013
4.298e+024| 9.063e-012| 1.880e+024 3.343e+024 1.468e-012 1.468e-012
1.359e+025| 8.658e-012| 5.952e+024 1.059e+025 2.531e-012 2.531e-012
4.298e+025| 7.493e-012| 1.880e+025 3.343e+025 4.658e-012 4.658e-012

(27 months) [G* 11].

Table D.41: Spectral energy distribution data from 2008.0804 2010.11.04 by Fermi LAT

F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
4.300e+023| 8.753e-012| 1.882e+023 3.346e+023 8.266e-013 8.266e-013
1.360e+024| 7.781e-012| 5.951e+023 1.058e+024 1.054e-012  1.054e-012
4.300e+024| 1.108e-011| 1.882e+024 3.347e+024 1.924e-012 1.924e-012
1.360e+025| 9.901e-012| 5.951e+024 1.058e+025 2.985e-012 2.985e-012
4.300e+025| 6.376e-012| 1.882e+025 3.346e+025 4.508e-012 4.508e-012

(2FGL-HE) [ Pan11].

Table D.42: Spectral energy distribution data from 2008.0804 2010.07.31 by Fermi LAT
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D.7 VHE Gamma-Ray Observations

F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
4.643e+025| 2.300e-011| 1.064e+025 1.378e+025 6.177e-012 6.177e-012
7.810e+025| 1.563e-011| 1.789e+025 2.297e+025 3.012e-012 3.012e-012
1.311e+026| 1.174e-011| 2.998e+025 3.869e+025 2.313e-012 2.313e-012
2.200e+026| 6.252e-012| 5.029e+025 6.504e+025 1.505e-012 1.505e-012
3.695e+026| 4.600e-012| 8.439e+025 1.093e+026 1.277e-012 1.277e-012

Table D.43: Spectral energy distribution data from 2004 by MAGIC [A* 06¢, Ton06].

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erg/cm?/s] [erglcm?/s]
4.653e+025| 1.087e-011| 1.037e+025 1.335e+025 5.920e-012 5.920e-012
7.705e+025| 4.699e-012| 1.718e+025 2.211e+025 2.150e-012 2.150e-012
1.276e+026| 2.593e-012| 2.845e+025 3.661e+025 1.275e-012 1.275e-012
2.113e+026| 3.263e-012| 4.712e+025 6.064e+025 9.611e-013 9.611e-013
3.500e+026| 2.477e-012| 7.803e+025 1.004e+026 7.025e-013 7.025e-013
5.797e+026| 9.918e-013| 1.292e+026 1.663e+026 7.560e-013  7.560e-013

Table D.44: Spectral energy distribution data from 2005 by MAGIC [ HayO08§].

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
4.669e+025| 1.399e-011| 1.040e+025 1.330e+025 5.483e-012 5.483e-012
7.729e+025| 6.127e-012| 1.717e+025 2.225e+025 2.058e-012 2.058e-012
1.280e+026| 6.426e-012| 2.853e+025 3.675e+025 1.261e-012 1.261e-012
2.119e+026| 4.784e-012| 4.715e+025 6.069e+025 1.203e-012 1.203e-012
3.508e+026| 3.860e-012| 7.810e+025 1.006e+026 1.029e-012 1.029e-012
5.808e+026| 2.191e-012| 1.294e+026 1.666e+026 1.021e-012 1.021e-012

Table D.45: Spectral energy distribution data from 2006 by MAGIC [T* 08a Hay08].
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F " F T
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
3.985e+025| 1.840e-011| 7.009e+024 8.505e+024 1.10l1le-011 1.101e-011
5.868e+025| 8.650e-012| 1.032e+025 1.252e+025 2.169e-012 2.169e-012
8.640e+025| 6.018e-012| 1.520e+025 1.844e+025 1.366e-012 1.366e-012
1.272e+026| 5.837e-012| 2.237e+025 2.715e+025 1.317e-012 1.317e-012
1.873e+026| 3.857e-012| 3.294e+025 3.997e+025 1.342e-012 1.342e-012
2.758e+026| 4.313e-012| 4.850e+025 5.885e+025 1.420e-012 1.420e-012
4.060e+026| 2.928e-012| 7.141e+025 8.665e+025 1.530e-012 1.530e-012
5.978e+026| 3.067e-012| 1.051e+026 1.276e+026 1.618e-012 1.618e-012

Table D.46: Spectral energy distribution data from 2007 by MAGIC [ Uel09].

F ’ F I
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
6.050e+025| 5.047e-012| 1.214e+025 1.519e+025 3.406e-012 3.406e-012
9.469e+025| 3.511e-012| 1.900e+025 2.377e+025 2.039e-012 2.039e-012
1.482e+026| 3.184e-012| 2.974e+025 3.720e+025 2.055e-012 2.055e-012
2.319e+026| 2.409e-012| 4.654e+025 5.822e+025 2.092e-012 2.092e-012

Table D.47: Spectral energy distribution data from 2008 by MAGIC [Uel12].

F ’ F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
5.935e+025| 6.466e-012| 1.582e+025 2.158e+025 1.680e-012 1.680e-012
1.103e+026| 6.725e-012| 2.942e+025 4.012e+025 1.124e-012 1.124e-012
2.052e+026| 3.869e-012| 5.471e+025 7.460e+025 1.116e-012 1.116e-012
3.815e+026| 2.613e-012| 1.017e+026 1.387e+026 1.217e-013 1.217e-013
7.093e+026| 2.485e-012| 1.891e+026 2.579e+026 1.282e-012 1.282e-012

Table D.48: Spectral energy distribution data from 2009 by MAGIC [Uel12].

F v F T
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erg/lcm?/s]
2.902e+026| 6.575e-012| 5.223e+025 6.529e+025 1.813e-012 1.813e-012
4.352e+026| 6.593e-012| 7.979e+025 9.575e+025 7.838e-013  7.838e-013
6.480e+026| 3.211e-012| 1.170e+026 1.436e+026 4.511e-013 4.511e-013
9.672e+026| 8.947e-013| 1.755e+026 2.034e+026 3.999e-013 3.999e-013
1.417e+027| 4.500e-013| 2.464e+026 3.105e+026 3.417e-013 3.417e-013
2.106e+027| 3.829e-013| 3.787e+026 4.650e+026 3.634e-013  3.634e-013
3.139e+027| 1.112e-012| 5.675e+026 6.889e+026 1.023e-012 1.023e-012

Table D.49: Spectral energy distribution data from 2002 by Hegra CT1 [Ton06].
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F ’ F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
4.594e+026| 3.008e-012| 5.126e+025 5.682e+025 8.676e-013 8.676e-013
5.803e+026| 2.123e-012| 6.408e+025 6.843e+025 6.460e-013  6.460e-013
7.254e+026| 1.442e-012| 7.665e+025 9.092e+025 5.768e-013 5.768e-013
9.188e+026| 1.180e-012| 1.025e+026 1.245e+026 4.627e-013 4.627e-013
1.185e+027| 4.232e-013| 1.415e+026 1.480e+026 3.847e-013  3.847e-013
1.499e+027| 4.927e-013| 1.664e+026 1.881e+026 4.311e-013 4.311e-013

Table D.50: Spectral energy distribution data from 2000 2002 HEGRA (G6tting) [ G6t06].

F " F +F
[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
3.840e+026| 4.042e-012| 7.907e+025 1.001e+026 6.995e-013 8.460e-013
6.103e+026| 2.729e-012| 1.262e+026 1.567e+026 3.550e-013 2.716e-013
9.641e+026| 1.583e-012| 1.971e+026 2.503e+026 2.573e-013 1.716e-013
1.530e+027| 8.243e-013| 3.153e+026 3.997e+026 2.462e-013 2.445e-013
2.434e+027| 4.320e-013| 5.044e+026 6.321e+026 2.113e-013 2.160e-013

Table D.51: Spectral energy distribution data from 2000 2002 HEGRA [A* 034].
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D.8 VHE Gamma-Ray Flare Observations

F

F " F F
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
9.261e+025| 6.463e-010| 1.620e+025 1.959e+025 2.350e-010 2.350e-01(
1.359e+026| 1.812e-010| 2.370e+025 2.877e+025 1.063e-010 1.063e-01(
1.835e+026| 1.892e-010| 5.658e+025 8.124e+025 6.922e-011 6.922e-011
1.997e+026| 1.782e-010| 3.506e+025 4.207e+025 7.433e-011 7.433e-011
2.418e+026| 1.527e-010| 7.447e+025 1.078e+026 8.812e-011 8.812e-011
2.926e+026| 1.893e-010| 5.078e+025 6.238e+025 5.630e-011 5.630e-011
3.820e+026| 1.380e-010| 1.173e+026 1.710e+026 3.680e-011  3.680e-011
4.304e+026| 1.254e-010| 7.544e+025 9.067e+025 4.873e-011 4.873e-011
5.054e+026| 1.624e-010| 1.557e+026 2.254e+026 5.389e-011 5.389e-011
6.311e+026| 3.525e-011| 1.100e+026 1.335e+026 4.147e-011 4.147e-011
8.004e+026| 1.260e-010| 2.474e+026 3.569e+026 3.511e-011 3.511e-011
9.261e+026| 5.547e-011| 1.615e+026 1.956e+026 3.760e-011  3.760e-011
1.057e+027| 1.680e-010| 3.259e+026 4.698e+026 4.284e-011 4.284e-011
1.359e+027| 9.260e-011| 2.372e+026 2.885e+02G 3.340e-011  3.340e-011
1.673e+027| 4.412e-011| 5.160e+026 7.489e+026 2.532e-011 2.532e-011
1.997e+027| 4.744e-011| 3.499e+026 4.200e+026 3.389e-011  3.389e-011
2.205e+027| 1.234e-010| 6.787e+026 9.861e+026 3.465e-011  3.465e-011
2.926e+027| 2.932e-011| 5.085e+026 6.229e+026 2.580e-011  2.580e-011
3.506e+027| 5.390e-012| 1.084e+027 1.563e+027 1.415e-011 1.415e-011
4.304e+027| 1.924e-011| 7.554e+026 9.109e+026 1.371e-011 1.371e-011
4.618e+027| 1.303e-011| 1.427e+027 2.059e+027 3.390e-011  3.390e-011

Table D.52: Spectral energy distribution data from 2002.05by Whipple 10 m high [D* 05].

F

F * F F
[Hz] [erg/cm?/s] [Hz] [Hz] [erglcm?/s] [erg/lcm?/s]
3.675e+026| 9.254e-011| 4.836e+025 5.610e+025 1.851e-011 1.851e-011
4.884e+026| 5.557e-011| 6.480e+025 7.423e+025 1.046e-011 1.046e-011
6.480e+026| 4.603e-011| 8.536e+025 9.769e+025 8.055e-012 8.055e-012
8.584e+026| 6.057e-011| 1.127e+026 1.294e+026 8.077e-012 8.077e-012
1.136e+027| 4.601e-011| 1.487e+026 1.719e+026 1.062e-011 1.062e-011
1.506e+027| 2.798e-011| 1.980e+026 2.270e+026 7.462e-012 7.462e-012
1.995e+027| 1.200e-011| 2.614e+026 3.022e+026 5.452e-012 5.452e-012
2.645e+027| 1.342e-011| 3.482e+026 4.004e+026 5.753e-012 5.753e-012

Table D.53: Spectral energy distribution data from 2002.05by HEGRA high [A* 034].
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are [D* 05).

F l F T

[Hz] [erg/cm?/s] [Hz] [Hz] [ergicm?/s] [erglcm?/s]
1.364e+026| 2.647e-010| 2.370e+025 2.877e+025 8.331e-011 1.026e-01(
2.000e+026| 2.479e-010| 3.482e+025 4.231e+025 5.999e-011 6.308e-011
2.933e+026| 2.017e-011| 5.126e+025 6.190e+025 2.017e-011 4.409e-011
4.304e+026| 9.972e-011| 7.496e+025 9.164e+025 3.793e-011  3.520e-011
6.333e+026| 4.883e-011| 1.112e+026 1.327e+026 3.311e-011 2.998e-011
9.266e+026| 5.569e-011| 1.606e+026 1.949e+026 2.449e-011 2.557e-011
1.357e+027| 5.473e-011| 2.360e+026 2.882e+026 2.249e-011 2.121e-011
1.995e+027| 3.564e-012| 3.492e+026 4.212e+026 3.564e-012 2.251e-011

Table D.54: Spectral energy distribution data from 2002.0604 by Whipplel0m






Glossary of Abbreviations

Abbreviation Meaning

2MASS 2 Micron All Sky Survey

ADC A nalog to Digital Converter

AGASA Akeno Giant Air Shower A rray

AGILE A strorivelatore Gamma al mmagini Leggero,
ital.: Light Imager for Gamma-ray Astrophysics

AGN A ctive Galactic N ucleus

AIT A utomatic Imaging T elescope

AMANDA Antarctic M uon And N eutrino D etector A rray

ARGOS A dvanced R esearch andG lobal Observation Satellite

ASM All-Sky M onitor

BAT Burst Alert T elescope
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LISA
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