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ABSTRACT

This thesis is dedicated to the young field of extragalactic Very High Energy
(VHE) y-ray astrophysics. In particular, to extragalactic sources like the Active
Galactic Nucleus (AGN), one of the most powerful sources of energy known so
far in the Universe, which are studied in detail in the energy range from 70 GeV
to 10 TeV with the Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
telescopes. This type of extragalactic sources contain a Super Massive Black
Hole (SMBH) inside of the mass of (106 — 1019)M,. It is believed that a SMBH
converts the potential energy of matter in an accretion process to radiation
and collimated jets with an particle outflow. As of now, there exist various
subclasses of AGNs. The most numerous detected subclass, where the ob-
jects present one jet oriented at small angles with respect to the line of sight
of an observer, is known as a blazar. Until today, most of the blazars in the
VHE regime have been discovered within the last ten years of ground based
telescopes using the Imaging Air Cherenkov Technique (IACT). The three ma-
jor IACT experiments are MAGIC, High Energy Stereoscopic System (H.E.S.S.)
and Very Energetic Radiation Imaging Telescope Array System (VERITAS).
The numerous discoveries of AGNs among others have been possible thanks
to permanent improvements in sensitivity and the extension of the energy
range of these instruments.

This thesis is focused on a study of blazars and their redshift dependent prop-
erties, starting from the very first discovery of these sources in the TeV range.
In particular, the research study presented in this work can be divided into an
experimental/analytical and a phenomenological part, the former conducted
as a member of the MAGIC Collaboration. The first part of this work is ded-
icated to a long-term study of the blazar 1ES 1959+650 during a seven year
survey of the MAGIC observation. Furthermore, new blazar discoveries and
detections of 1ES 0033+595, B3 0133+388 and PKS 1717+177 in the VHE y-ray
range are presented. In the second part of the thesis the results of the phe-
nomenological work are reported, where a population study for all (since to-
day) known blazars (with well known spectral parameters) is performed with
a special focus on the evolution of the Universe.

1ES 1959+650 one of the closest (z = 0.48) known VHE y-ray emitting blazars
was observed regularly with the MAGIC telescopes from 2005 to 2012. In this



long-term study, the data collected from 2009 to 2012 is combined with pre-
vious observations (from 2005 to 2008). This very extended survey makes
1ES 1959+650 one of the longest and unique studied blazar at energies above
300 GeV. A conclusion of this long-term study is that the overall flux above
300 GeV from 2005 to 2012 shows only a modest variability on yearly time-
scale within a factor 3 corresponding to a variation between 4% to 12% of the
Crab Nebula flux. Only one distinct "flare" (strong flux enhancement) on May
30" 2009 has been detected during the long-term study. The integral flux of
this flare corresponds to ~70% of the Crab Nebula flux. Interestingly evidence
for a correlation with a delay of 1-2 days (where y-radiation appear to lead ra-
dio) between the flux levels in simultaneously taken radio and VHE y-ray data
during the flare has been found. This result strongly indicates that the nearly
coincident flux enhancement in both wavelengths have a common emission
region which is undoubtedly produced in the jet region and not in the Broad
Line Region (BLR).

In the case of the uncertain distance (HBL) object 1ES 0033+595 the discovery
at VHE y-ray (E>100 GeV) is reported. 1ES 0033+595 was detected at clear sig-
nificance level of 5.5 . The temporal study yields a low flux level of (2.2+0.4)%
of the Crab Nebula flux above 150 GeV with no significant variability. Since the
redshift of this source is uncertain, a new value of z = 0.34 + 0.5 has been de-
rived using an empirical approach based on comparing the spectral slopes in
the High Energy (HE) and VHE y ranges.

Within the framework of this thesis, the discovery of a second blazar known
as B30133+388 (RGB 0136+3905) with an unknown redshift is reported. This
blazar is currently still not fully classified as a High frequency peaked BL Lac
(HBL) class object. Different authors argue that this source should be classi-
fied as a Intermediate frequency peaked BL Lac (IBL) object due to it’s syn-
chrotron peak at Upeax = 10'%°9 Hz. As a result of the data analysis in this work
B3 0133+388 has been detected at significance level of 5.6 0. However, no sig-
nificant variability could be detected and the temporal study yields a flux level
of (3.6+0.9)% of the Crab Nebula flux above 150 GeV. Similar to 1ES 0033+595
a new redshift estimation was performed on the HE and VHE y-ray spectra.
The new redshift was calculated to be z = 0.46 + 0.05.

The final experimental and analytical part of this thesis deals with the Low fre-
quency peaked BL Lac (LBL) object PKS 1717+177. This source was detected
at a significance level of 6 ¢ in the observation period between April to August
2009 in stand-alone mode with M 1. It is one of only four LBL objects currently
seen in the VHE y-ray range. A preliminary temporal study indicates a flux



level of ~4% of the Crab Nebula flux above 200 GeV.

The phenomenological part of this thesis consist of a population study off all
currently known LBL, IBL and HBL objects in low state with a well measured
VHE y-ray spectra. The spectral properties of the observed sources are com-
pared and correlated with each other. The main results are:

1. A strong correlation of the spectral softening and the source distance
has been found. Reasonable explanations could be on the one hand
the evidence of VHE y-ray absorption on the Extragalactic Background
Light (EBL) and on the other an artifact due to TeV blazar selection bias.

2. The obtained y-Ray horizon (GRH) shows that in most cases the IACT
observations are indeed detecting a decreasing flux with larger redshifts
given by the GRH feature. The estimations from different EBL models
show that the Universe is more transparent to VHE y-rays than previ-
ously thought and that further investigation of the EBL in order to un-
derstand the opacity of VHE y-ray photons when traveling throughout
the Universe evolution are needed.

The improved sensitivity due to the stereoscopic upgrade of the MAGIC tele-
scopes was crucial in order to discover new blazars in the low energy range
(70 — 250 GeV) of the VHE y-ray regime and thus in obtaining a unique popu-
lation study during this work. Future observations with sensitivity improved
IACT instruments like the Cherenkov Telescope Array (CTA) have the poten-
tial to probe the here arose questions in a more quantitative manner.






KURZFASSUNG

Diese Arbeit widmet sich dem jungen Feld der extragalaktischen sehr hoch-
energetischen y-Astroteilchenphysik. Insbesondere behandelt die Arbeit Ak-
tive Galaktische Kerne (AGN), die derzeit zu den stirksten Energiequellen im
Universum gehoéren und die mit den MAGIC Teleskopen auf der Kanarischen
Insel La Palma im sehr hochenergetischen (VHE) y-Strahlungsbereich von
70 GeV bis 10 TeV beobachtet werden. Diese Art von Galaxien bestehen in der
Kernregion aus einem supermassereichen Schwarzen Loch mit einer Masse
zwischen (10% — 10'°)M,, um das sich eine Akkretionsscheibe bildet. Heutzu-
tage wird angenommen, dass die potentielle Energie der Materie die durch
das supermassereiche Schwarzen Loch angezogen wird zur Bildung von Strah-
lung und gebiindelten Jets (relativistische Ausstromungen von Plasma die Lan-
gen bis zu Megaparsec erreichen konnen) fiihrt. Diese bilden sich senkrecht
zur Ebene der Akkretionsscheibe. Gegenwirtig werden AGNs vorrangig nach
dem Winkel zwischen dem Beobachter und der Achse des Jets klassifiziert.
Die derzeit am hiufigste detektiere Unterklasse von AGN sind die Blazare,
bei denen wir als Beobachter direkt oder mit wenigen Grad Abweichung in
den Jet hineinschauen. In dem VHE y-Strahlungsbereich wurden die meisten
Blazare in den letzten zehn Jahren mit Hilfe der abbildenden Luft-Cherenkov-
Teleskope entdeckt, zu denen auch die MAGIC Teleskope gehéren. Dank der
permanenten Verbesserungen solcher Experimente in Hinblick auf die Detek-
torempfindlichkeit sowie die Erweiterung der Energiebereiche konnten somit
zahlreiche neue Objekte im Bereich der VHE y-Strahlung entdeckt werden.
Der besondere Fokus dieser Arbeit liegt auf der Untersuchung von Blazaren
und ihren rotverschiebungsabhingigen Eigenschaften, beginnend mit der er-
sten Entdeckung dieser Quellen im VHE y-Bereich. Insbesondere gliedert
sich diese Arbeit in einen experimentellen/analytischen und einen phdnome-
nologisch Teil. In dem ersten experimentellen Teil wird eine Langzeitstudie
des Blazaren 1ES 1959+650 wihrend einer siebenjdhrigen Beobachtung mit
MAGIC vorgestellt. Dariiber hinaus werden in diesem Kontext die Neuent-
deckungen und Detektionen der Blazaren 1ES 0033+595, B3 0133+388 sowie
PKS1717+177 in VHE y-Strahlung-Bereich prédsentiert. Im zweiten Teil der
Arbeit werden die Ergebnisse der phdnomenologische Studie dargelegt. Dort
wird eine Populationsstudie aufgezeigt, in der die bis heute bekannten VHE y-
Strahlungsblazare (mit bekannten Spektralparametern) mit besonderem Fokus
auf die Entwicklung des Universums untersucht werden.



Der Blazar 1ES 1959+650 gehort zu den ndhsten (z = 0,48) bekannten VHE y-
Strahlungsquellen, die regelmaRig mit den MAGIC Teleskopen zwischen 2005
und 2012 beobachtet wurden. In dieser Arbeit werden insbesondere die Daten
aus den Beobachtungsjahren zwischen 2009 und 2012 prisentiert, die an-
schlielen mit fritheren Beobachtungen (zwischen 2005 und 2008) verglichen
werden. Die hier prasentierte Studie von 1ES 1959+650 gehort derzeit zu den
wenigen, die je iiber einen so langen Zeitraum fiir einen Blazaren oberhalb
von 300 GeV durchgefiihrt wurde. Aus der Langzeitstudie konnte ermittelt
werden, dass der Fluss der VHE y-Strahlung oberhalb von 300 GeV in dem
Zeitraum zwischen 2005 und 2012 nur eine geringe Variabilitdt (Faktor~3)
aufweist. Diese entspricht zum Vergleich einem Fluss von (4 — 12)% des Kreb-
snebelflusses. Des Weiteren konnte auschliellich am 30. Mai 2009 ein y-
Strahlungsausbruch ein sogenannter "Flare" beobachtet werden. Die mittlere
Flussstirke dieses Flares betrug ~70% des Krebsnebelflusses. Im Flare Kon-
text konnte eine Korrelationsstudie mit anderen Multiwellenldngenbeobach-
tungen durchgefiihrt werden. Bei der Untersuchung zwischen dem Radiobere-
ich bei 15GHz und dem VHE y-Bereich konnte ein fast gleichzeitiger Flus-
sanstieg (Verzogerung von 1 — 2 Tagen) in beiden Wellenldngenbereichen ge-
funden werden. Dieses Ergebnis ist ein sehr starkes Indiz dafiir, dass die in
beiden Fillen gemessene starke Flusszunahme einen gemeinsamen Ursprung-
sort haben muss, die zweifellos in der Jet-Region und nicht in der BLR vorzu-
finden ist.

Erstmalig wurde im Zuge dieser Arbeit am 27. Oktober 2011 in dem VHE y-
Bereich der Blazar 1ES 0033+595 mit den beiden MAGIC Teleskopen entdeckt.
Dieser konnte mit einer Signalstidrke von 5,5 o nachgewiesen werden. Die ge-
fundene Lichtkurve fiir den VHE y-Bereich zeigt einen mittleren Fluss von
(2,240,4)% des Krebsnebelflusses oberhalb von 150 GeV in der keine signifi-
kanten Variabilitdten festgestellt werden konnten. Da die Rotverschiebung
dieser Quelle unsicher ist, wurde ein neuer Wert von z = 0,34 + 0,5 mit dem
empirischen Ansatz, basierend auf dem Vergleich der Spektralindizes in den
HE und VHE y-Berichen, bestimmt.

Im Rahmen dieser Arbeit ist auch eine zweite Entdeckung eines Blazars mit
der Bezeichnung B3 0133+388 (RGB 0136+3905 ), der ebenfalls eine unbekan-
nte Rotverschiebung besitzt, gelungen. Die Analyse der Beobachtungsdaten
resultierte in der Detektion dieses Objektes bei einer Signalstidrke von 5,6 0.
Des Weiteren konnte aus diesen Daten keine erhéhte Variabilitdt in der Licht-
kurve, in der ein mittlerer Fluss von (3,6+0,9)% des Krebsnebelflusses ober-
halb von 150 GeV gemessen wurde, festgestellt werden. Da die Rotverschie-
bungen auch fiir diese Quelle unbekannt ist, erfolgte dhnlich zur vorherigen



Quelle 1ES 0033+595 eine neue Rotverschiebungsbestimmung. Die daraus re-
sultierende Rotverschiebung wurde zu z = 0,46 + 0,05 berechnet.

Der letzte experimentelle und analytische Teil dieser Arbeit befasst sich mit
der Analyse des Blazars PKS 1717+177, der eine Rotverschiebung bei z = 0,137
besitzt. Dieser Blazar wurde bei einem Signifikanzniveau von 6 o nachge-
wiesen. Dieses Objekt ist derzeit das vierte, das im VHE y-Bereich detek-
tiert wurde, welches die Synchrotron-Energieverteilung im optischen/ultra-
violetten Bereich des Spektrums ihr Maximum hat. Die vorldufige Lichtkurve
zeigt einen mittleren Fluss von ~4% des Krebsnebelflusseses oberhalb von
200 GeV.

Der phianomenologische Teil dieser Arbeit bestehen aus einer Populations-
studie in der alle derzeit bekannten Blazare, die im Ruhezustand ein gut ver-
messenes VHE y-Spektrum aufweisen, untersucht werden. Die Eigenschaften
der Spektralparameter dieser Objekte werden untereinander verglichen und
korreliert. Die wichtigsten Ergebnise dieser Studie sind:

1. Es konnte eine starke Korrelation zwischen den Spektralindizes und der
Rotverschiebung gefunden wurden. Eine mégliche Erklarungen fiir die-
sen Zusammenhang kénnte auf die extragalaktische Hintergrundstrahl-
ung (EBL) hindeuten, die einen "Abdruck" aufgrund der VHE 7y-Strahl-
ungs-Absorption in den VHE y-Spektrum hinterldsst. Auf der anderen
Seite konnte es sich hierbei aber auch um einen Artefakt, einen Selek-
tions-Bias der Quellen, handeln, der in diesem Fall die starke Korrela-
tion verursacht.

2. Der aus den Ergebnissen dieser Arbeit gewonnene y-Strahlen Horizont
(GRH) zeigt, dass in den meisten Fillen die IACT Beobachtungen in
der Tat einen abnehmenden Fluss mit grof3erer Rotverschiebungen, die
durch die GRH Funktion gegeben ist, detektieren. Es zeigt sich aber
auch, dass das Universum transparenter fiir die VHE y-Strahlung ist, als
man bisher angenommen hatte.

Die Erweiterung des MAGIC Teleskops zu einem Stereo-System war entschei-
den bei der Entdeckung von neuen Blazaren im VHE y-Bereich mit grof3er
Rotverschiebung sowie auch bei der Erstellung der einzigartigen Population-
sstudie in dieser Arbeit. Zukiinftige Beobachtungen im VHE y-Bereich mit
einer weiteren Empfindlichkeitssteigerung der IACT Instrumente, wie Beispiel-
sweise das geplante CTA Projekt, werden das Potenzial haben die hier wahrend
der Arbeit entstandenen Fragen prézise beantworten zu kénnen.
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PREFACE

The discovery of infrared radiation in sunlight by Friedrich Wilhelm Herschel
in 1800 was one of the most important milestones giving a hint that there must
be an invisible form of light beyond the visible spectrum. Fascinating, new
discoveries are being made with the technological progress revealing further
wavelengths in the range from low frequencies, used for modern radio com-
munication, to y-radiation with their high frequencies, which are today valu-
able for studying high-energy objects or regions in the Universe. The discov-
ery of the first VHE y-ray signal on a 9-standard deviation level by the Whipple
collaboration of the Crab Nebula dates back to 1989. Since then, 1989 is as-
sumed as the birth year of ground based y-ray astrophysics. In the last twenty-
five years, a large effort has been done to explore the y-ray Universe: new ex-
perimental techniques have been developed as well as new detectors (both
ground based and space borne) have been constructed. Arising from these
improved techniques, a very successful field studying VHE y-ray sources in
the energy range from 50 GeV to some tens TeV, from Earth, could be devel-
oped. These new techniques were brought and implemented into the third
generation of imagining atmospheric Cherenkov telescopes. Today, the three
most known imagining atmospheric Cherenkov telescopes are MAGIC, High
Energy Stereoscopic System (H.E.S.S.) and Very Energetic Radiation Imaging
Telescope Array System (VERITAS).

This thesis presents results achieved with MAGIC, a system of two telescopes
located in the Canary island on La Palma, in the field of extragalactic VHE y-
ray astrophysics. In the first place, a detail study of VHE y-ray emission from
the blazar 1ES 1959+650 observed with MAGIC in stand-alone mode and also
by the stereoscopic system will be discussed. Moreover, the discoveries of the
blazars with the name 1ES 0033+595, B3 0133+388 in the VHE y-ray range will
be presented as well as PKS 1717+177 which was also detected for the first
time during this work. Due to different distances and also spectral properties
of all four objects a population study including further known VHE y blazars
was also obtained and illustrated in this work. This study based mostly on
the interaction of VHE y-ray photons with the diffuse light distribution in the
ultraviolet to hard-infrared wavelengths. It is believed, that this background
light (the so-called EBL) contains important evolution informations about the
first born stars and prototype galaxies in the early Universe throughout the
redshift space. For this reason, the VHE y-ray astrophysics is a very promising
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field that can shed some light in the cosmic evolution.
The thesis work can be thematically divided into three parts:
Part I: The physics behind the VHE y-ray observations

In Chapter 1 a brief introduction to VHE y-ray astrophysics and the sources
emitting such radiation is given. In particular, the physical mechanisms which
are responsible for the emission of VHE y-ray photons are discussed. Further-
more, the absorption of VHE y-ray photons by the EBL, which substantially
attenuates the measured VHE y-ray spectra of distant extragalactic sources,
as well as its importance for the Universe evolution, is described. At the end,
the AGNs the class of objects, this thesis is dedicated to, are introduced.
Chapter 2 is devoted to the unique detection technique so-called IACT of
VHE y-rays by ground based telescopes. A particular importance will be given
to the explanation of the development of extended air showers in the atmo-
sphere, which is used as calorimeter in this detection technique, and the sub-
sequent emission of Cherenkov light in the extended air shower itself.

In Chapter 3 the main hardware components and the significant hardware
changes of both MAGIC telescopes are described. Emphasis is put on the el-
ements that lead to a significant performance improvement, e.g. the camera
and the readout system.

Chapter 4 gives a brief overview of the MAGIC data analysis chain which was
used in particular in this thesis. A special focus is also put on the differences
between the analysis of a stand-alone and stereoscopic observation and their
analysis framework.

Part II: VHE y -ray extragalactic results

In the second part of the thesis the main emphasis is given to the obtained
results from extragalactic VHE y-ray sources.

The Crab Nebula plays a very important role in the calibration of the VHE
y-ray analysis. This galactic source has a constant high-level flux of y-rays
and thus it is known as the "standard candle" of VHE y-ray astrophysics. In
Chapter 5 the properties of this source as well as one example of a referenced
analysis within the MARS framework is presented.

Chapter 6 is dedicated to the seven years of observations of the bright HBL
object 1ES 1959+650 observed with the MAGIC telescopes from 2005 to 2012.
A special focus lies on the last three years of MAGIC observations where an
usual flux enhancement so-called "flare" was detected and on the compar-
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ison with previous data. Out of this findings additionally a long term study
of the properties of the emitted radiation is performed. In this context espe-
cially the energy spectra and light curves are investigated in detail. Further-
more, correlation studies with other wavelengths are finally performed as well
es the spectral energy distribution (SED) for this source and the correspond-
ing modeling attempts.

In Chapter 7 the first discovery of the HBL 1ES0033+595 in the VHE y-ray
range is presented. This is one of the very first sources observed with the
stereoscopic system during the commissioning phase in August 2009. For this
reason, a special emphasis on the telescopes performance improvement is
given. Since optical observations of this source could not resolve the host
galaxy for a photometric redshift determination so far a new redshift deter-
mination was derived from the HE and VHE y-ray results. Moreover, the very
first results from the temporal and spectral findings and the first SED model-
ing is finally presented.

In similar way as Chapter 7, Chapter 8 is devoted to another discovery of a
blazar with the name B3 0133+388. This source was for the first time observed
with MAGIC in November 2009 during stereoscopic observations. Since this
source has also an uncertain redshift a new estimation was also performed
for this source. Finally, the temporal and spectra analysis results as well as the
modeling of the SED for B3 0133+388 will be given.

The last analysis chapter (Chapter 9) deals with a preliminary detection of the
low-frequency BL Lac (LBL) object PKS 1717+177. This object was observed
from April to August 2009 mostly in the stand-alone mode with M 1. The very
first temporal and spectral results are discussed in this chapter.

Part III: Phenomenological study

The final part of this thesis is a phenomenological work regarding the blazars
and their hidden information about the Universe evolution which can be de-
rived from a population study.

Chapter 10 is devoted to a comparison of the characteristic properties of the
sources discussed in this thesis and other well known blazars with known
spectral properties. In particular, different correlation studies of character-
istics of the observed VHE y-ray emission are presented. Finally, the GRH will
be explained and illustrated for the most known blazars detected so far, giving
an outlook towards the opacity of the Universe for VHE y-ray radiation.

The final and concluding remarks in Chapter 11 summarize the most rele-
vant findings of this thesis and give an outlook towards new source detection
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perspectives with the upcoming Cherenkov Telescope Array (CTA).



CHAPTER

BRIEF INTRODUCTION TO
ASTROPARTICLE PHYSICS

Astroparticle Physics is a new filed of research emerging at the intersection of
astronomy, astrophysics, particle physics, detector physics and cosmology. In
this Chapter, a brief overview of the history and the current status of astropar-
ticle physics is given. A special focus is addressed to recent developments and
still open questions in the cosmic ray field. In addition, it will be explained why
photons are the ideal particles to carry fascinating information about the de-
velopment of the Universe. The point of origin of VHE y-ray photons like their
emitting sources and the physical mechanisms involved will also be discussed in
this Chapter.

1.1 Cosmic rays

The early stage of the research filed of astroparticle physics dates back to the
beginning of the twenty century. In 1912, Victor Hess, an Austrian physicist,
discovered energetic particles coming form the Universe which were today
known as Cosmic Rays (CR). In his balloon experiments Victor Hess system-
atically measured the radiation at altitudes up to 5.3km during 1911-1912.
He found out that the observed ionizing radiation permanently impinging on
the Earth’s atmosphere and the level of radiation increased considerably with
higher altitude. Today, more than 100 year ago, cosmic ray are the elementary
particle the astroparticle physics deals with. They consist mainly of charged
particles like protons (79%), alpha particles and also heavier nuclei (15%), as
well as photons and (to a small fraction) electrons. It is believed, that the en-
ergy which can be measured by different experiment is one information cos-
mic rays can provide, but the most important one (beside also the particle
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type) that remains is the location of the astrophysical object and thus their
origin. Figure 1.1 illustrates the cosmic ray spectrum measured by different
experiments of all particles building the cosmic rays. The spectrum extends
over energies from a few hundred MeV to 300 EeV (=3x10%° eV) and show a
characteristic spectral signature. It can be described by a segmented power
law of the form:
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Figure 1.1: The differential cosmic ray energy spectrum measured by differ-
ent experiments. The left spectrum shows the full energy range, while the
right spectrum illustrates the very-high-energy and ultra-high-energy end of
the spectrum. The figure is taken from [Han13].

In the cosmic ray spectrum there is a small spectral break near 5x10'° eV;
commonly refereed to as the knee, where the spectrum turns down. In addi-
tion to that a second spectral break occurs at 3 x 108 eV and is usually called
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the ankle. In this part the spectrum turns up again. The interpretation of
the sources that are responsible for the characteristic shape of the cosmic ray
spectrum engage the scientist since more than 50 years. Up to the ankle the
cosmic rays are usually interpreted as originating from supernova explosions,
i.e. those cosmic ray particles are thought to be galactic in origin; however,
since today the details of particle accelaration in this objects are not clear yet.
What is also not clear is the point that we still don't know exactly what the ori-
gin of the kneeis, and more interesting what physical processes can give such
arise to particle energies in the energy range from the knee to the ankle.

Moreover, recent results show that the particle beyond the ankle have to be
from the extragalactic origin, because the Lamor radii in the galactic mag-
netic filed are too large. Another possibility is that this argument could be
overcome if those particle were very heavy nuclei as Fe. In addition due to
interaction with the Cosmic Microwave Background (CMB) there is a strong
cut-off expected. Above a threshold energy of 50 EeV (=5x10'% eV) the cos-
mic ray spectrum is attenuated by photo-hadronic interactions with the CMB
photon field, producing unstable delta-resonances and therefore, converting
high energetic protons to lower energetic ones, as shown in equation 1.4

p+ycms — AT — p+alorp+ycmp — AT = n+at (1.4)

The expected cut-off is called the GZK cut-off after its discoverers Greisen,
Zatsepin and Kuzmin. Nowadays, the most challenging interpretation lies in
the existence of the high energy cosmic rays beyond the GZK cut-off which is
still not understood fully. However, looking at the composition of the parti-
cles that represent the cosmic rays it becomes clear that nearly all cosmic rays
are charged and therefore suffer deflections from their original locations by
the weak magnetic fields (<« 1 Gauss) in the Milky Way and, if the origin loca-
tion was in the extragalactic space, also by very week extragalactic magnetic
fields. Unfortunately, since now, the direction and size of such magnetic fields
remains still unknown. Moreover, cosmic rays up to about few times 1019 eV
are in most cases randomized in their direction and therefore they cannot be
associated with any astrophysical objects in this energy range. The only par-
ticles that could serve as messengers are the neutral one. There are two types
of such particles that fall into this category these are on the one hand the pho-
tons and on the other hand the neutrinos. All other, up to now, known neutral
particles are too short-lived to survive over large cosmic distances. For ex-
ample the neutron has a lifetime below 15 minutes in its rest frame and can
therefore be ruled out being a promising neutral particle candidate. Com-
paring Neutrinos and looking at their characteristic it is known that they are
weakly interaction particles. In addition, they are also very difficult to detect
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and huge volumes of dense material are essential to observe their sparse in-
teractions. Currently, there is only one particle, the VHE y-ray, that can be
used very effective for messengers of their origin locations in the Universe. In
the VHE y-ray Universe the most challenging aspect remains in the interpre-
tation of their two fundamentally different production processes or a combi-
nation of these. These are the leptonic and hadronic processes which will be
described in details in the following section.

1.2 Gamma-rays and Their Production Processes

As mentioned above, y-rays, the main object of study of this work, are the only
particles that can be used very effective as messengers of their origin in the
Universe. Usually they are produced in interactions of charged, high-energy
cosmic rays (e* or e~ or protons) with different matter of galactic or extra-
galactic fields. Usually the nomination of y-ray radiation is used when pho-
tons carry an energy higher than some MeV. Today, the range from 106 to 10%°
is assumed as the research band of y-ray astronomy. This huge energy band
is subdivided into 6 areas as listed in Table 1.1. For this work the most rele-
vant area of the energy range in y-ray astronomy are the HE and VHE y-ray
ranges. The particle interactions that are responsible for such HE and VHE
y-ray emission will be briefly summarized in the following paragraphs, more
extended treatments can be found in, e.g. [Lon11, RL79].

Table 1.1: Definition of the y-ray band which is divided into 6 areas of low
(LE), high (HE), very high (VHE), ultra high (UHE) and extremely high (EHE)
energy particles.

Description Abbrev. Energy range
X-rays Ey, <1 MeV
Y-rays Ey, >1MeV

low y-rays LE 1MeV < Ey <30 MeV
high y-rays HE 30MeV < Ey <30GeV

very high y-rays ~ VHE 30GeV < E, <100 TeV
ultra highy-rays ~ UHE  100TeV < Ey < 100 PeV
low y-rays EHE 100PeV < Ey <100 EeV

Up to date it is known that thermal radiation emitted by stars is character-
ized by black body spectra. This radiation can be explained by photons in
the range of visible to UltraViolet (UV) light and in some few cases (AGN ac-
cretion disk emission) also up to X-rays in the keV energy range. In order to
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reach higher energy ranges, i.e. the HE and VHE y-ray bands, non-thermal
processes are necessary. In AGN, the main topic of this work, one observe a
large variety of non-thermal processes that are highlighted below.

Hadronic production: Decay of neutral pions

The decay of neutral pions 7° take place in hadronic interac-
.~ "7 |tions. Whenever accelerated protons or heavier nucleons in-
- | teract with other protons, photons or nucleons in stellar en-
vironments or cosmic gas clouds then dominantly charged
[Ton06] and neutral pions are produced. Normally, charged pions
decay in two-step process into e* or e~ and two neutrinos
while neutral pions decay with 99% probability into two y
quanta. The decay processes are the following one:

p+X—p +X +nt+n +7° (1.5)

nt—ptvy— e v+ vy (1.6)
0

T —y+Yy (1.8)

Electromagnetic production: The synchrotron radiation

e The synchrotron radiation plays an important role in as-
PN~ troparticle environments with strong magnetic fields that ex-
\y - _ |istin jets of AGN, as described in detail in Subsection 1.5.2.
Z \\ | Whenever electrons move near the speed of light they can

° radiate photons by the synchrotron process as they spiral

around a magnetic field as illustrates by the figure in the left
[Ton06] top corner. The characteristic peak emission is defined by:

Epeak =5-107°B1 Y3 (1.9)

with the transverse component of the magnetic field
B, given in units of Gauss and the electron Lorentz factor y2.
The radiated photons, typically measured in the keV energy
range, serve also usually as seed photons for inverse Comp-
ton upscatter, as described below.
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Electromagnetic production: The inverse Compton scattering

[Ton06]

As mentioned above, in this process electrons e~ upscatter
low energy photons (Yiow energy) Over a broad energy range
above the initial one and create the VHE gamma (yyyg) pho-
tons.

€ Ylow energy — €|ow energy T YVHE (1.10)

For the case when:
E.E, < m5c* (1.11)

the cross-section for this process is known as the Thomson

2

cross-section of the from: O3,

In addition, for:
E By ~< m2c* (1.12)

the Klein-Nishina formula has to be used followed by the
cross-section formula for ultrarelativistic electrons with:

Ey

1 1
UKN:nr§E(1n2€+§) with € = (1.13)

m,c?
During this interaction the electrons suffer large energy

looses and the maximum energy can be reached by:
Epmax *<4Y°E, (1.14)

When photons of energy around few keV are existing and
high Lorentz factors of Y100 — 1000 are also present then
the seed photons are upscattered into the GeV - TeV
regime. Such production mechanism take place in one zone
Synchrotron Self Compton (SSC) models that will be de-
scribed in detail in Section 6.10.

Electromagnetic production: The Bremsstrahlung

[Ton06]

Bremsstrahlung occurs whenever charged particles are
deflected during acceleration in electric fields. This could
be the case when an electron approaches a nucleus and
its Coulomb field. The interesting aspect is that the
bremsstrahlung spectrum follows a power law with the
same spectral parameters (photon index) as the one of the
particles that are accelerated, in this case electrons.
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In contrast to the emission processes of VHE y-ray photons there are also ab-
sorption processes that play a key role in the understanding of the develop-
ment of the Universe. The most relevant aspects are discussed in the following
section.

1.3 The Cosmic Background Light

Creatures on earth are illuminate by the sun (or, indoors, by artificial illumi-
nation). Looking from a viewpoint of a single planet the Universe seems to be
an empty space, with some clumps of dark matter harboring galaxy clusters
and galaxies. Most of the light in the Universe (like the Cosmic Background
Light (CBL)) is not emitted from stars or other astronomical objects at all but
from the Cosmic Microwave Background (CMB). The CMB is the light from
the early Universe, generated before there were any distinct objects at all,
visible today as a so-called black body temperature of T=2.725K. From Fig-
ure 1.2 it becomes visible that there is roughly the same amount of energy
in the Cosmic Infrared Background (CIB) as in the optical. In consequence,
the Universe compromise diffuse electromagnetic radiation, with an energy
spanning the entire electromagnetic spectrum. Commonly the different back-
grounds are conventionally subdivided into following categories; from low to
high energies:

Cosmic Radio Background (CRB)

This part of the cosmic background consist of the diffuse extragalactic light at
wavelengths above 1 m. In comparison with the Cosmic Ultra-Violet Optical
Background (CUVOB), which will be described below, it is significantly weaker
giving a sign into non thermal processes in the Universe.

Cosmic Microwave Background (CMB)

Up to now, the best-studied background component is that in the microwave
range, as depicted in Figure 1.3, which includes the most of the electromag-
netic energy of the Universe and fill it almost uniformly. Its origin is from the
time when the Universe became transparent therefore the CMB with its tem-
perature of T=3000K reveals the Universe some 350 000 years after the Big
Bang [BS12].

This time corresponds to a redshift of z= 1100 and the peak emission vipax(z =
1100) =~ 3.1x10'2 Hz is redshift down to Vimax(z = 0) = 2.8 x 10'* Hz, which can
be transfered to the known black body temperature of T=2.725K. Apart from
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Figure 1.2: The spectrum of the background light filling our Universe. Shown
is the intensity of the “background light” integrated over all sources in the
Universe. The horizontal axis gives the frequency of electromagnetic radiation
— from the radio at the far left, to the CMB, the CIB, optical light in the middle,
and on to UV, X-ray and y-ray light at far right. The height of each curve is
proportional to the intensity of the background, the amount of energy falling
on a square meter of area per second coming from a particular direction on
the sky from [Dol13].

the dominant CMB the other background radiation for instance the y-ray ra-
diation has its origin after the Universe became transparent, known as the
recombination epoch [BS12].

Cosmic Infrared Background (CIB)

As the optical cosmic background contribution the infrared component is also
very week. This component has its seeds from stellar light re-emitted by dust
which heats up and in turn glows in the infrared. Additionally it is also a ac-
cumulated emission from early galaxy populations on large scales. Further-
more, like the CUVOB it contains also a zodiac light contribution plus galac-
tic components (e.g. thermal emission of asteroids) thus it builds all in all a
summary of the collective star forming events, star-burst activity and other
emitting light cosmic events over the elapsing time.
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Figure 1.3: Cosmic microwave background seen by Planck observatory. The
image was taken from [Plal3].

Cosmic Ultra-Violet Optical Background (CUVOB)

This cosmic background fraction is formed dominantly by photons which are
emitted by the stellar light and redshifted by the expansion of the Universe.
In particular the observations of an UV extragalactic background is difficult
as the Universe begins to be opaque at short range of redshifts resulted from
cosmologically distributed Lyman-limit absorbers [BS12]. Moreover, the zo-
diac light, emitted within our Solar System, plays also an important role in the
formation of this background light.

Cosmic X-ray Background (CXB)

Like the Cosmic y-ray Background (CGB), the CXB is composed by a galactic
and an extragalactic fraction. For the galactic fraction it is believed that this
part has its origin in nearby hot gases heated by falling into clusters of galax-
ies on large scales. In contrast the extragalactic contribution is thought to be a
combination of many unresolved and resolved sources. It is believed that the
X-rays are produces by very energetic collisions between particles that hap-
pen in the environments around black holes as matter falls in. In this con-
text the X-ray luminosity functions of AGNs are important to test whether the
emission from this sources at hard X-rays can explain the CXB. There are al-
ready high-quality measurements of the CXB performed by BeppoSAX, Swift
and INTEGRAL. As presented in [MBH"80] the Spectral Energy Distribution
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(SED) peaks around 30keV with a total intensity of 10% of the CMB. This
makes the CXB to the background which contribute most of the electromag-
netic output in the Universe (apart from the CMB, which does not originate
from individual sources). Therefore it is still vital to understand which sources
are in particular responsible for the CXB emission. Recent results show that
galaxy cluster with temperature of few keV cannot be the main contributors
at the peak around 30keV, nor can starburst galaxies make a huge fraction of
the CXB [BS12], this dominant fraction, as proved by the deep surveys with
Chandra, is coming from different AGNs sources.

Cosmic y-ray Background (CGB)

This part of the CBL contain emission from the Milky Way (our Galaxy) as well
as the extragalactic y-background light. It is believed that the former con-
tribution includes photons emitted during the interaction with the cosmic
rays (see Section 1.1) with the interstellar medium of our Galaxy. In contrast
the second contribution is today still unknown. However, [VP12] proposed
that the intrinsic emission of unresolved, extragalactic point sources, e.g. y-
ray—emitting radio galaxies could be a sizable contribution to the extragalactic
y-background light. Another important issue is the point that many of these
extragalactic point sources are in particular sources of HE and VHE y-rays,
which interact with the emitted photons from the CUVOB / CIB and which is
today known as the EBL that will be described in detail in Section 1.4.

As depicted in Figure 1.2 the most dominant component of the CBL is indeed
coming from the CMB, followed by the CUVOB and CIB components. The
latter components (CUVOB and CIB) merging both together forms the EBL
which plays an important role in the VHE y-ray spectra reproduction. This
light may interact by pair production with VHE photons

+ —
YVHE +YEBL — € +¢€

from extragalactic objects, e.g. blazars, causing a deformation of the intrin-
sic spectrum. A short overview about further EBL interactions is given in the
following section.
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1.4 Absorption of VHE y-rays:
The Extragalactic Background Light

As introduced above the EBL is formed by diffuse light distribution in the UV
to hard-InfraRed (IR) wavelengths. This background light contains important
informations about the first born stars and prototype galaxies in the early Uni-
verse plus a fraction from galaxies throughout the redshift space [BS12]. To-
day, the spectrum and the strength of the EBL is still not well known. The
resulting SED (see Figure 1.4) compromises two distinct peaks: the first peak
appears in the near infrared, A =1 — 2 um which is thought to be produced
by starlight, while the second becomes evident in the range around A =100 —
200 pm, which has in addition roughly equal brightness and originates from
light absorbed and re-emitted by dust. Moreover, the long wavelength end
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Figure 1.4: EBL. measured with direct and indirect techniques in the optical to
infrared range. The H.E.S.S. y-ray data of blazars put strong constrains on the
EBL in the range 1=0.8 — 4 um. The figure is taken from [BDB*10].

(A > 300 um) of the SED is superseded by the 2.725 K CMB radiation [Wag08].
In this context it is important to stress that like any background radiation, ex-
cept the CMB, the present EBL consist of the integrated electromagnetic radi-
ation which undergoes an evolution process. Thus, the evolution of optical to
UV fraction provides valuable informations on the phase of early galaxy for-
mation. Nowadays, there are many direct and indirect measurements from
various experiments that contribute to the understanding of the EBL forma-
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tion. In case of direct EBL measurements, this contribution suffer from large
uncertainties, as they are dominated by large foregrounds of galactic and zo-
diac light. In contrast, the indirect methods like the source number counts
or opacity of TeV photon studies (see Subsection 10.3.4) can provide plenty of
upper and lower limits determinations which become more and more strin-
gent (see Figure 1.4). In this context of upper limits determinations, a strong
contribution in the range of 1=0.8 — 4 um is given by the H.E.S.S. experiment
using blazar spectra measurements in the TeV range.

Limits from TeV photon study

As mentioned before, TeV photons emitted by extragalactic sources like blazars
interact with EBL photons by pair production (see Section 1.3 for formula).
The outcome of this interaction imprints in the distant VHE blazar spectra
showing an observable deformation. In particular, upper limits on EBL and
its energy density can be determinate by assuming basic properties in the
original spectrum of extragalactic TeV emitters. The general requirement for
such study is a most accurate assumption on the intrinsic shape of this par-
ticular sources. One of the key results presented from the H.E.S.S. collabora-
tion is that upper limits obtained with this indirect method are quite close to
the lower limits obtained with the other experiments and techniques (see the
H.E.S.S. data points in Figure 1.5). Furthermore, as EBL cannot be measured
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Figure 1.5: EBL measured indirect by H.E.S.S. Lower limits based on galaxy
counts and direct measurements are respectively shown with empty upward
and filled downward pointing triangles. The figure is taken from [HAA" 13b].
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directly, empirical or theoretical models have to be employed. Up to date, a
couple of models have been developed in the last decade in order to constrain
the EBL evolution. One of the most well-known models based on stellar light
production and reprocessed in evolving galaxies development was developed
by [KD10] and [DPR*10]. More details about this approach will be discussed
in Chapter 10.

In this Section the importance of the absorption of VHE y-ray photons by low
energy photons (ygpr) was pointed out giving an outlook to objects that emit
y-rays. The following section gives an overview about such objects with a fo-
cus on extragalactic sources, known as blazars.

1.5 Astrophysical Emitters of y-rays

As anticipated above, there are various sources in the Universe that are be-
lieved to be responsible for the VHE y-ray emission. Today, these source are
subdivided into two groups. The first group consists of galactic sources where
Super Nova Remnant (SNR), Pulsar Wind Nebula (PWN) or binary systems,
also known as microquasars, are the original sources of VHE y-rays. The sec-
ond group is formed by the extragalactic sources, which are represented by
Starburst Galaxies (young galaxies with high star formation rate), Gamma-
Ray-Burst (GRB)s and AGN, the most powerful sources of energy in the Uni-
verse. The latter is also the main topic of this work and thus it is explained in a
dedicated Subsection 1.5.1. In case of GRBs, these are flashes of y-rays which
are today associated with extremely energetic explosions. The short duration
of GRBs (milliseconds to a few hundred seconds) give a hint of very compact
sources that interact with each other. Currently, the origin of such energetic
events is still not well understood, but it is assumed that a collision of two
neutron stars or even two black holes is the most favored scenario of such en-
ergetic emissions. Typically, luminosities of (10%! — 10%*) ergs™! are released
in this very short phenomena [Wag08].

1.5.1 Active Galactic Nuclei

AGN are today the most known fascinating energetic objects in the Universe.
They have been a rich field of research since their discovery in the 1940s by
Carly Seyfert [BS12]. Today, there are several number of characteristic of AGN
that could be derived from various observations over the years. The central
engine is believed to contain a super massive black hole of the mass between
(10*-10'%)M,. Black holes convert the potential energy of matter in an accre-
tion process to radiation and particle outflow.
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Figure 1.6: The AGN overview. The type of AGN subclasses we see depends on
the viewing angle, whether or not the AGN produces a significant jet emission.
The figure is taken from [BS12].

Figure 1.6 presents the unified scheme of AGNs which are comprised of a
super massive black hole, an accretion disk surrounding the black hole, a
large dust torus in the same plane as the accretion disk, randomly distributed
molecular clouds and one or two jets perpendicular to the accretion disk.
AGNs are in general classified by the variety of observational features as a
function of the viewing angle [UP95]. In this classification there are two types
of AGNs: on the one hand the radio-loud AGN s which are assumed to display
a jet (upper half of Figure 1.6) and on the other hand the radio-quite objects
(e.g. Seyfert 1-2) (lower part of Figure 1.6). This classification was obtained
due to the reason that radio emission is a signature of relativistic outflow in
form of a jet, as it produces at the same time synchrotron radiation [BS12].
In the case when a galaxy is viewed edge-on, i.e. the jets and the line of sight
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form an angle of 90°, the thick dust torus is considered to hide the emission
from the core. In this particular situation the radio emission from the jets is
clearly dominating and the AGN is seen as radio galaxy or as radio-loud AGN
[Ste12], [UP95]. When the source is observed under small viewing angle con-
ditions, the synchrotron emission becomes here the dominant radiate from
the jet. For a viewing angle of 0°, the observer is directly looking down the jet
and the sources that are observed under such particular conditions are named
Blazars which will be described in detail below. Further informations about
AGN:s, their observations, features and classifications can be found in [BS12],
[BHH12] and [UP95].

1.5.2 Blazars

The main study of this work is focused on a particular interesting subclass
of AGN known as blazars ("blazing quasars"). Up to date, blazars are the
most commonly detected extragalactic VHE y-ray sources with steadily in-
creasing numbers in the very high energy regime (VHE, E> 100 GeV) in the
past 15 years of ground-based y-ray astronomy. They are thought to be AGNs
in which a relativistic jet is pointing at the observer, or very close to the ob-
server’s line of sight. One of the most known defining features of blazars is
the absence of strong, broad emission lines in their optical spectra. In this
case, the object is classified as BL Lacertae (BL Lac), named after the proto-
type source with these properties [UP95]. In contrast, if the emission lines
are apparent, the blazar is called Flat Spectrum Radio Quasar (FSRQ). Blazars
characteristic properties are strong continuum emission extending from the
radio all the way to the y-ray regime, high polarization (at both optical and ra-
dio frequencies) and rapid variability (at all frequencies and on all time scales
probed so far). From this type of AGN subclass at least two broad emission
components (also known as "camel’s back") is detectable, with the bumps be-
ing synchrotron and inverse Compton spectra, respectively (see Figure 1.7).
The first bump has its maximum in the optical to X-ray band and the second
bump is located in the y-ray bands. Furthermore, depending on the location
of the first bump (synchrotron peak) BL Lacs are additionally subdivided into
Low frequency peaked BL Lac (LBL), Low frequency peaked BL Lac (LBL) and
High frequency peaked BL Lac (HBL):

LBL This subclass of BL Lacs has its synchrotron peak at low energies (i.e., in
the far-IR or IR band or vpeax < 104 Hz). In addition, their X-ray emis-
sion is flat (ax = 0.4 — 0.7) due to the rising part of the inverse Comp-
ton component [AAA*10c]. Furthermore, LBL blazars generally show
higher bolometric luminosities than HBL blazars and in general there is
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a trend observed that the higher the peak frequency of the first bump in

the SED the lower the overall luminosity, with
yFSRQs < yLBLs  /IBLs HBLs
peak peak peak peak

This relation is commonly called the blazar sequence [FMC*98]. A LBL
object was also analyzed during this work and the corresponding anal-
ysis can be found in Chapter 9.

IBL For this objects the synchrotron emission peaks at intermediate energies
(104 Hz < Vpeak < 10'° Hz). In this case, the X-ray band includes both
the tail of the synchrotron emission and the rise of the inverse Compton
component as shown in Figure 1.7. In this thesis also an IBL candidate
with the name B3 0133+388 was analyzed and the results are presented
in Chapter 8.

HBL The last and most detected subclass are the HBLs. Their emission peaks
at UV or even higher energies (Vpea > 10'°). Finally, also in this work
two HBLs namely 1ES 1959+650 and 1ES 0033+595 are analyzed and dis-
cussed in detail in Chapter 6 and Chapter 7.

As briefly described above, the rapid variability, high bolometric luminosities
and apparent superluminal motions have motivated the concept of relativistic
beamed emission. There the non-thermal continuum emission of blazars is
produced in < 1 light day sized emission regions, propagating with relativistic
speed f = v/c along the jet [Boel0]. In general, the resulting Doppler boosting
is determined by the beaming factor 6. Here the Doppler factor ¢ is defined

as:
1

0= ¥(1 - Bcosb)
with 6 the (small) angle between the line of sight and the direction of the rel-
ativistic jet (plasma moving) and y the bulk Lorentz factor of the emission re-
gion. Furthermore, the ratio between the synchrotron and inverse Compton
luminosity is given by

(1.15)

Lic - Urad _ LSYHC

~ = 1.16

with Up the magnetic filed density and U;,q the radiation density and the
spherical source with the Radius R. The 6* dependency occurs from the Dop-
pler boosting, mainly from the difference in speed between the observer’s
frame and that of the relativistic medium. In addition, because the ratio of
flux and the observed frequency v3 is Lorentz invariant, it can be written

Fo_ fy

wiaby: (1.17)
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Figure 1.7: Schematic view of different blazar types based on the peak of
the synchrotron component (vpear) in their SED. Low synchrotron peaked
blazars, or LBLs, are located at frequencies lower then 10'* Hz (e.g., lower dot-
ted line). For intermediate synchrotron peaked sources, or IBLs, 1014 Hz <
Vpeak < 101> Hz, (illustrates by the SED with peak within the gray area) while
for high synchrotron peaked blazars, or HBL, vpeak > 10'5 Hz. Figure adapted
from [AAAT10c].

The observed frequency v is then related to the emitted frequency v . In par-
ticular, for the observer the frequency is shifted by the Doppler factor v = 6v
and in equation 1.17 v can be substitute with:

/

Lo

Gv)3 V3

(1.18)

and for this reason the energy fluxes are connected through: f, = §° fvl. Finally,
when integrating the frequency the 6 dependency can be derived:

0
f=f frdv=6f (1.19)

When assuming a spheric "blob" as emission region [GM96] the radius of this
sphere can be determined from the measured variability time scale due to:
R = ctysr. Furthermore, because the emitting region is also Doppler boosted
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toward the observer the equation for the Radius has to be modify to

R= ctvari (1.20)
1+z
In consequence, the intrinsic variability on a timescale ty,; will be observed on
a timescale fy, = t\',ar(l +2)/6 [Boel0]. It has to be stressed in this context that
the simple relations only apply if one homogeneous spherical plasma is con-
sidered to be the source of the synchrotron and inverse Compton emission.
This issue is also referred to the one-zone model which will be described in
detail in Chapter 6, Section 6.10. In the next chapter an overview about the
most successful detection method of VHE y-ray photons emitted from differ-
ent galactic and extragalactic sources is given.



CHAPTER

DETECTION METHODS OF IMAGING
ATMOSPHERIC CHERENKOV
TELESCOPES

Today, The Imaging Atmospheric Cherenkov Technique is the most successful
detection method to observe y-rays of energy above 50 GeV from the Earth.
Since our atmosphere is opaque to a fraction of electromagnetic waves, the
main messengers from the Universe, only measurements above the atmosphere
or indirect methods are possible. In order to detect y-ray photons in the range
from 50 GeV to 50 TeV on Earth, indirect detection methods are necessary. In
this case the Earth’'s atmosphere is used as a calorimeter and the Cherenkov
light emitted by the charged particle is measured by the camera of an imaging
telescope. In this chapter the dependencies between the air shower develop-
ment and the Cherenkov light transmission throughout the atmosphere and its
detection on the surface of the Earth is explained.

2.1 Extensive Air Showers

Our Universe emits electromagnetic waves over the entire electromagnetic
range (1071 — 10'8)eV. Only a small fraction of the energy band, namely in
the optical and radio range, can be directly measured from the Earth (see Fig-
ure 2.1). Observations in nearly all other wavelengths need detectors that are
located outside the Earth’s atmosphere. In case of y-rays they can be detect
in two ways. The first method based on direct detection can be obtained via
satellite-born experiments. This direct method allow to detect y-rays mostly
in the HE y-ray range. One of the main disadvantages of this detection tech-
nique are the very restricted possible payload and the detection area size.

43
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Figure 2.1: The electromagnetic range and its atmospheric window for the
direct observation of the Universe. It can be seen that due to atmospheric
absorptions the y-rays among other energetic wavelengths cannot be de-
tected directly by ground based instruments. The figure is taken from [Wag08,
Lon92].

In consequence, these limitations affect their effective area and thus their
sensitivity and source detection possibility at energies exceeding the HE vy-
ray and reaching the VHE y-ray range, since the photon flux is rapidly de-
creasing in this energy regime. To overcome this issue, an indirect detection
method was developed using Imaging Air Cherenkov Technique (IACT), as
described in detail in Subsection 2.2.2, which are equipped with huge detec-
tor volumes and very good sensitivity. These telescopes make use of the atmo-
sphere as part of the detector. Whenever, a high energy particle (E = 5GeV)
hits the Earth’s atmosphere, an extended air shower is initiated. The high en-
ergy particle interacts with a nucleus in the upper layers of the atmosphere
and produces secondary particles, mostly electrons and positrons, which in-
teract again with the air nucleus and consequently more and more secondary
particles are generated. The iteratively produced particles carry less energy
than their initiated particle. After the shower reached the point where the in-
dividual particle does not carry enough energy to split up further particles and
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when further ionizations and absorption processes in the atmosphere domi-
nate, the cascade disappears. There are in general two types of extended airs
showers with characteristic shape of their cascade giving informations about
the primary particle that initiated the air shower. While charged leptonic par-
ticles can interact electromagnetically, the heavier hadronic particles inter-
act dominantly hadronically due to the hadronic cross-section which is much
larger than the electromagnetic one. This finding plays a key role in the IACT
since only y-rays are of most interest whereas most particles hitting the at-
mosphere are of hadronic origin and are treated as background that has to be
rejected. In the following subsections an overview about the difference in the
air shower between the induced-primary particles (see Figure 2.2 for electro-
magnetic: Yy and hadronic: proton shower shape) as well as the connection
with the Cherenkov light development is given.
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Figure 2.2: Illustration of two different types of extended air showers: electro-
magnetic shower (left) and hadronic shower (right). The figure is taken from
[Sid08].

2.1.1 The Electromagnetic Showers

The electromagnetic showers are mainly affected by two interaction processes.
On the one hand there is a pair production process (e~ e*) in the presence of
an air nucleus when a y-ray reached the atmosphere above a critical energy of
20 MeV. On the other hand the emerged electrons and positrons in turn pro-
duce high energy photons via bremsstrahlung (see below). Due to this inter-
actions a particle cascade is formed with an increasing number of secondary
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particles. Notably, the electromagnetic shower maximum is reached when
the average energy of the cascade particles is decreased toward the critical
energy [Wag08], which is introduced and explained in detail below.

Bremsstrahlung

As already mentioned in Section 1.2, whenever a charged particle is deflected
in the electric filed (Columb field) of a nucleus, it emits electromagnetic radi-
ation. This process can be described by the following equation:

e+X—e+y+X (2.1

The strength of the emitted bremsstrahlung depends on the distance to the
nucleus, as well as the strength of the Columb field. The energy loss of elec-
trons crossing of matter and producing bremsstrahlung is proportional to its
energy. For particle energies above a critical value E,;. this process dominate
over the emission compared to the energy loss by ionization and excitation of
air molecules. The critical energy is defined in this context as :

dE dE
dx IEcrit. brems. — dx |Ecrit. ionis.

(2.2)

In this particular case (see equation 2.2) the energy loss of a charged parti-
cle throughout bremsstrahlung and ionization along the way in the atmo-
sphere, with the distance x, are in balance. In the air the critical energy is
E.it.=83 MeV, [Per91]. When the electron energies fall below this value in air
they will rather dissipate their energy by ionization and excitation. In the case
of high-energy particles in the TeV range this finding builds the basic require-
ment for the formation of electromagnetic cascades. In addition, in case of
relativistic bremsstrahlung, the energy losses are of exponential form and thus
itis possible to define the radiation length X as the mean path. Over this path
the charged particles loses a fraction (1-1/e) of its energy as follows [Ste12]:

dE E . 2. .
P with X, =37.1g/cm* in air 2.3)
X

Oair
Pair Production

Primary photons or those that were created during the bremsstrahlung pro-
cess can convert themselves in the presence of an air nucleus and its electric
field or a single electron into a e* e~ pair. In this process the presence of an
interaction partner is necessary in order to ensure the energy and momentum
conservation. Furthermore, a pair production process can be induced when
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the energy of the photon E, is at least twice as large as the rest energy of an
electron:
Ey=2-0.511MeV. (2.4)

The mean distance that a y-ray travels before it interact with an air nucleus
and undergoes a pair production is given by

9
App = = Xo (2.5)

with Xj the radiation length (it is the characteristic distance in the traversed
matter).

2.1.2 The Hadronic Showers

Like photons also hadronic particles, which are many orders of magnitude
more numerous than a y-induced shower, can initiate a high energetic air
shower. These particles are charged cosmic ray particles dominantly repre-
sented by protons. The critical length for hadrons is the hadronic absorption
length, where elastic scattering does not produce secondaries and does not
reduce energy [Wag08]. In this process mainly pions (90%), kaons (10%) as
well as light baryons are generated. Hadrons in general are able to transfer
significant transverse momenta to their decay products which is indicated in
the wider lateral spread in hadronic-induced air shower shapes. Furthermore,
the interaction length of hadrons is much larger compared to the electromag-
netic length of y-rays and electron and positrons, leading to a deeper penetra-
tion into the atmosphere. For this reason, the large hadronic interaction way
length leads to a higher fraction of fluctuations that is no longer describable
by a simplified model.

The most important secondary particles, which play a role in the further de-
velopment of the Hadronic shower, are 7-mesons. Especially the neutral pi-
ons almost instantaneously decay (7 = 8.4-10717s) in two photons and can
thus trigger a further electromagnetic shower, that was already described above.
These new electromagnetic showers carry roughly one third of the energy of
the primary particle and can be compared to a y-induced air shower cascade
with only one third of the energy of the hadron. In addition, not only neutral
mesons (%) are generated during a hadronic interaction in an air shower but
also charged mesons (7*). In contrast to their neutral siblings, the charged
pions live long enough (r = 2.6-1078s), depending on the primary particle
energy, either to trigger more interaction or to decay in further particles like
muons and neutrinos. Especially muons, which decay also into electrons and
neutrinos (t = 2.2-107%s) have due to the relativistic time dilation sufficient
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lifetime to reach the ground. These particles can also be detected in general
with appropriate detectors. In the next subsection the most important find-
ings, discussed so far, between the hadronic and y-ray-initiated shower are
summarized.

2.1.3 Differences between both Air Showers

The distinction between the two types of shower is crucial in the IACT since
the background crated by hadronic cosmic rays is usually many orders of mag-
nitude more numerous. The methods that can distinguish between the back-
ground and signal induce-shower are based on differences between the two
shower types as described above. Following characteristics properties are sum-
marized in following list:

e Hadronic showers are more extended and develop their shower max-
ima deeper in the atmosphere as in comparison to the electromagnetic
showers of the same energy.

¢ The multiplicity in hadronic air showers is much higher in comparison
to the electromagnetic one.

* Hadronic showers are in general broader and more irregular than elec-
tromagnetic showers. This is the result of the mean transverse momen-
tum transfer in hadronic interactions that is larger than that of electro-
magnetic interactions and also a larger fluctuations in the shower de-
velopment.

* Secondary showers initiated by 7° decay are responsible for the less
compact structure of hadronic showers.

¢ In general, hadron-induced showers produce less Cherenkov light than
Y-induced showers.

* Finally, the most relevant aspect for the background suppression is the
fact that y-ray showers point back to their origin of their primary y-rays,
while the arrival direction of cosmic-ray initiated air shower, due to the
presence of galactic and extragalactic field, is isotropized.

As already anticipated above, air showers contain a large fraction of relativistic
charged particles that travel the atmosphere with a speed close to the speed
of light in vacuum. At the same time these particles exceed the local speed of
light of traversed medium producing the characteristic Cherenkov light in the
atmosphere. This effect is subject of the next section.
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2.2 Cherenkov Light Production

Cherenkov light is produced whenever charged particles travels through a di-
electric medium at a speed which is greater than the speed of light in the
medium itself. The charged particle interacts electrically with the molecules
in the dielectric medium and disturbs their neutrality. The result of this in-
teraction is an asymmetrical polarization of this medium along the particle
trajectory while a dipole filed arises temporarily which leads to an electro-
magnetic radiation. Along the way throughout the dielectric medium, each
dipole is swinging with the same phase parallel to the trajectory and in con-
sequence radiating short electromagnetic pulses. The short electromagnetic
pulses overlap according to the Huygens’ Principle to a wavefront from spher-
ical waves that are depicted in Figure 2.3.

" Cherenkov
wavefront

v=fc

Charged patrticle Y

Figure 2.3: Propagation of the Cherenkov light radiation. The spherical waves
are caused by the electric field (dipole) of a charged particle moving through-
out a dielectric medium with a velocity exceeding the speed of light in the
medium. The spherical waves overlap according to the Huygens’ Principle.
For a threshold velocity S, a wavefront occurs, that is developing according
to the direction of the Cherenkov angle 6¢. The figure is taken from [Ste12].
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In this context the angle O of the resulting Cherenkov radiation relative to the
charged particle trajectory is therefore:

1
oS 0c = 7 with f= v, 2.6)
‘n C

Where 7 represents the refractive index of the medium and g = v/c the parti-
cle velocity over the vacuum seed of light. For a certain medium, this equation
is connected with a threshold velocity S, for Cherenkov radiation that is given

by
1
Pth = " (2.7)

In this case, this minimum charged particle velocity is needed in order to pro-
duce Cherenkov light. At the same time, the maximum Cherenkov angle Ocmax
is assumed for p=1.

2.2.1 Cherenkov Light Production in the Atmosphere

The Cherenkov light, as indicated in the previous sections, plays an important
role in the indirect detection of VHE y-rays. The amount of emitted light by an
air shower is in first order proportional to the energy of the air shower and is
therefore proportional to the induced primary particle energy. The threshold
energy for Cherenkov radiation depends on the mass, since the speed of any
particle is determined by its mass and its momentum. For this reason, the
condition for Cherenkov light emission can be translated as follows:

Emnin = — - (2.8)

1

Here mg represents the rest frame mass of the charged particle and 7 is the re-
fraction index of the dielectric medium. In the atmosphere a y-ray induced air
shower starts its first interaction at altitudes between 20 — 25 km and extends
down to several km. The shower maximum occurs at 10 km altitudes where
the common characteristic Cherenkov angle is close to 1° and the Cherenkov
radiation is only visible in forward direction. In case of e* induced air shower
particles the Cherenkov emission angle at 2200 m a.s.l. is 8¢ [Wag08]. A typi-
cal altitude of IAC telescopes is found to be = 2 km due to the connection and
proximity to the shower maximum.

In the Earth’s atmosphere the speed of light is not constant at all altitudes but
changes by the density of the atmosphere. The refraction index as a function
of altitude in the atmosphere gives the threshold or minimum energy needed
to emit Cherenkov light. The minimum energy for different particles on their
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way throughout the atmosphere emitting Cherenkov light has an exponential
behavior. Particularly, the threshold energy of the electrons and positrons is
at the lowest level which in consequence emit the most fraction of Cherenkov
light. In contrast, the other particles must have considerably higher energies
in order to emit Cherenkov light. Furthermore, because the secondary parti-
cles have different inclination angle to the trajectory of the induced primary
particle, the emitted Cherenkov light of the air shower has not always a shape
of a circle on the ground but a superposition of many circles and ellipses for
a given particle above the energy threshold. The cumulative Cherenkov light
of all extended air shower is known as the Cherenkov light pool. In this pool
the total photon density is proportional to the energy of the air shower in-
duced primary particle, since nearly a constant fraction of the primary energy
is converted into the emitted Cherenkov photons. Figure 2.4 illustrates the
differential photon density dN/dA in the environment of a Cherenkov light
pool for different altitudes, resulting from y-induced showers with different
energies.

—— 500 GeV photon
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—— 100 GeV photon
—— 50 GeV photon
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Figure 2.4: The characteristic spectra of Cherenkov light induced by y-ray

showers of different energy. The solid line shows the spectra at = 10 km al-

titude, the dashed lines represent the corresponding spectra at = 2km a.s.l.

These spectra are affected by different absorption processes as discussed in

the text. The figure is taken from [Wag08].

From this Figure it becomes visible that the differential density is increasing
with smaller wavelengths of Cherenkov light [Ste12]. Additionally, up to dis-
tances of ~120 m from the shower axis, a flat distribution occurs in which the
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Cherenkov photon density is proportional to the energy of the air shower in-
duced primary particle [Wag08]. Another important aspect concerning the
Cherenkov light and its development are several attenuation processes while
traveling throughout atmosphere. Especially the Cherenkov light spectrum
is very important in order to optimize the response of the Photo Multiplier
Tube (PMT)s and to understand the attenuation processes, in particular the
refraction and absorption effects, in the atmosphere. The Cherenkov light is
composed of photons in the UV to IR range. The highest emission is found
towards smaller wavelengths. More precisely the highest emission occurs at
UV and blue optical wavelengths when assuming that the refraction index is
constant with wavelength (1). In this case the basic intensity can be described
as follows:

IA) =ox A2 (2.9)

In addition, as already mentioned above, the Cherenkov light suffer from at-
tenuation processes, which are in general wavelength dependent. Unfortu-
nately, the highest intensity fraction of Cherenkov light is almost totally ab-
sorbed. In this context it has to be stressed that Cherenkov photons with A
< 280nm do not reach the detection level due to the intense absorption of
ozone and oxygen molecules in the atmosphere. Moreover, further dominant
attenuation processes are caused by the Rayleigh and Mie scattering. In the
Rayleigh-scattering the Cherenkov photons scatter off air molecules (d<A).
In this process mainly the higher energy part (UV/blue) of the spectrum is
strongly attenuated due to the proportionality of A™*. The Mie scattering is
mainly caused by particles (aerosols and dust) in the air which are of the same
order or even larger compared to the wavelength of the Cherenkov light (d=A).
This scattering has an effect for the whole Cherenkov photon spectrum. Ad-
ditionally, light with A >800nm (IR) is affected by absorption by water (H»0)
and carbon dioxide (CO,) [Wag08]. All the here anticipated effects lead to a
attenuation of the Cherenkov light at ground level (2200 m), as depicted in
Figure 2.5.

Last final aspect that should be also mentioned is the faint and very short
spread in the arrival times of Cherenkov light. The Cherenkov light has a den-
sity from 100 to several 100 photons/m? for a primary y-ray photon with an
energy of 1 TeV depending on the altitude [Ste12]. Furthermore, the time span
in which the whole emitted Cherenkov light reaches the PMTs of the cam-
era system is only a few nanoseconds long. For this reason, all up to day
developed Cherenkov telescopes must have large optical reflector (glass or
aluminum mirrors), cameras with PMTs that are sensitive to the correspond-
ing Cherenkov light wavelength and a very fast response and a short integra-
tion time of the readout system. If these aspects would not be taken into ac-
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Figure 2.5: Attenuation effects of the Cherenkov light and their wavelength
dependence. The figure is taken from [Ber00].

count the night sky background would be much more dominating and the
Cherenkov light would not be detectable. Today, the IACT is the most lead-
ing indirect detection method of y-ray induced showers taking all difficulties
regarding the properties of the air showers, as discussed above into account.
This important technique and its setup will be described briefly in the follow-
ing subsection.

2.2.2 The Imaging Atmospheric Cherenkov Technique

The Imaging Air Cherenkov Technique (IACT) uses Cherenkov photons for the
determination of primary particles, their energy and direction when interact-
ing with the atmosphere. In Figure 2.6 the basic setup for MAGIC stereoscopic
IACT observations is illustrated. An extended air shower develops speed close
to the speed of light and, as described already above, produces a short pulse of
Cherenkov light (3 ns for y-induced and 10 ns for hadronic-induced-showers,
respectively). In order to obtain the Cherenkov light image, the telescopes
must be located inside the Cherenkov light pool where it is projected onto a
pixelized (imaging) camera that consist of very sensitive PMTs. Due to a lim-
ited camera size, the shower image in the camera can be truncated if a partic-
ular shower has a high energy and large impact parameter. These truncated
air showers suffer from worse energy and direction reconstruction if one com-
pares these showers with fully contained images. In case of MAGIC where the
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Figure 2.6: Tllustration of IACT for MAGIC stereoscopic observations. The air
shower is induced by a y-photon and starts its first interactions in altitudes
between 20 — 25 km where it extends down to several km. The shower max-
imum occurs at =10 km developing the characteristic Cherenkov angle close
to 1°. At typical altitude of IAC telescopes of = 2 km the Cherenkov light pool
has a diameter of 240 m. The figure is taken from [Ste12].
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camera has a diameter of one telescope of 3.5 degree the camera is able to
image air showers completely only in a defined range of energies and impact
parameters. At the same time, the limited size of any IACT camera limits the
effective collection area where detected air showers can be used for analysis.
Nonetheless, since the collection area of MAGIC is in the order of 10* m? is
allow this telescope system to detect even the very faint fluxes of very distant
galaxies as it will be shown in Chapter 7 and Chapter 8. Finally, the advantage
of detecting air shower images via the Cherenkov light in a much larger area
compared to the size of the telescopes itself and the large detectable energy
interval from 50 TeV up to 50 TeV makes the IACT still an excellent method in
the field of VHE y-ray astrophysics. In the following chapter the most impor-
tant components of the IAC telescopes MAGIC will be described in detail.

Cherenkov light
emission

Gamma-induced
air shower

Camera

Telescope /AN

Figure 2.7: Schematic view of the projection of a y- induced air shower in
the imaging plane of one MAGIC telescope. The Cherenkov light image in the
camera is of elliptical shape. The asymmetric deformation is indicated by the
air shower due to the non linear mapping function where the image is slightly
deformed and light from the shower middle in not centered but shifted to the
head of the shower image. The figure is taken from [Ste12].






CHAPTER

THE MAGIC TELESCOPES

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes is
the most sensitive observatory of VHE y-rays on the Earth's surface in the range
from (50-300) GeV. In this chapter an overview about the main components of
the two telescopes is introduced. The main focus is laid on the changes between
the MAGICI and MAGICII camera and the improved performance due to the
stereoscopic system that played a relevant part in the discovery of new sources.

3.1 Introduction

IACT, as described in detail in previous chapter, is currently the most efficient
way to detect VHE y-ray sources and the MAGIC telescope system, that con-
sist of two telescopes, is one of the three most known observatories on Earth
that make use of this technique. The MAGIC telescopes (see Figure 3.1) are
two 17 m dish telescopes located at the Roque de los Muchachos observatory
(28.8°N, 17.8°W, 2200 m a.s.l.), on the Canary Island of La Palma. The tele-
scopes are build 85 m away of each other. The first MAGIC telescope (M 1)
started its operation already at the beginning of 2004 and was commissioned
until 2005. One year later, after the commissioning phase where M1 pro-
vided very promising results, it was decided to construct a second telescope
to enable stereoscopic observations and thus to improve the detection perfor-
mance. The commissioning phase of the second MAGIC telescope M Il began
in December 2008 and ended in Autumn 2009. Since then both telescopes
operated in the so-called full stereoscopic mode. In addition, since M II was
constructed in order to contain many design improvement of M1 it is often
called an improved clone. In the following sections the main technical com-
ponents of M1 as well as the improved elements of M1I e.g. camera or the
readout system will be explained.
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Figure 3.1: Photograph of the MAGIC telescopes on the Roque de los Mucha-
chos on the Canary Island of La Palma. The photograph is taken from [Wag09].

3.2 The Telescopes Structures

The two MAGIC telescopes have a light weight structure of the reflector (stiff
carbon fiber-epoxy structure) and the light weight camera in common. These
components allow to reduce the moment of inertia of both telescopes and
resulting in fast reposition movement in order to detect short transient phe-
nomena like GRB’s, as anticipated in Section 1.5. Each telescope has a total
weight of 60 tons and a maximum position time of 100 s to point to any posi-
tion in the sky. Today these telescopes are, with an average position time of
40, the fastest moving Cherenkov telescopes in the world.

3.3 The Reflectors

The reflector of the MAGIC telescopes consists of a 17 m diameter parabolic
dish, which focuses the faint Cherenkov light (see Subsection 2.2.1) from ex-
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tensive air showers (see Section 2.1) on the pixelized camera, that will be de-
scribed later on. The large mirror surface of 236 m? (M 1) and 247 m? (MII), is
the main feature that results in a low energy threshold of 50 GeV and makes
this telescope system the most sensitivity observatory of VHE y-rays on the
Earth’s surface in the range from (50-300) GeV. In addition, the parabolic shape
of the reflector ensures the preservation the temporal structure of the Cheren-
kov light events on the focal plane [DBB*08]. This structure permits to extract
timing information from the recorded images [AAA*09c]. For M1, 964 sin-
gle mirrors consisting of a diamond-milled aluminium surface with a dimen-
sions of 49.5m x 49.5m build its reflector. In case of M1 the Point Spread
Funktion (PSF)! of the adjusted M1 reflector is of ~10 mm diameter in the fo-
cal plane. In comparison, the reflector of M II consist out of 247 1 m? quadratic
mirrors. For the mirrors two different materials are used: the central 143 mir-
rors consist of diamond-ground aluminium mirrors that are stabilized by an
aluminium honeycomb support structure (like M I). The outer 104 mirrors are
made of glass plates (2 mm). The optical performance of this mirrors compo-
sitions give a slightly improved PSF of 9 mm. The reflectivity performance of
these two different mirror types is *80% for all-aluminium and =85% for the
glass-aluminium mirrors, respectively. Furthermore, the focusing of the mir-
rors is performed for each pointing direction and corrects the bending of the
carbon fiber-epoxy frame. This Active Mirror Control (AMC) adjusts the mir-
ror position independently of their materials. While the aluminium mirrors
have a hole drilled in the middle to support the AMC laser needed to track
the panel position, the glass mirrors have mounted the lasers at the corner of
each mirror. For more information about the AMC see [BGA™08]. In addition,
another component that is needed due to the slight bending of the frames is a
system that checks the pointing accuracy. This is done by the star guider sys-
tem which consist of a Charge Coupled Device (CCD) camera in the center of
the reflector. The star guider CCD camera observes simultaneously the night
sky, along with the MAGIC photo multiplier cameras (PMT) that are described
below.

3.4 The Cameras

As already mentioned in the introduction section the two MAGIC telescopes
have been reconstructed 5 years apart (2004 (M I) and 2009 (M II), respectively),
which, due to technological development and progress along the time, led to

!A point-like y-ray source yields a sky distribution well fitted by a 2-dimensional Gaus-
sian, whose standard deviation defines the instrument angular resolution and is known as
y-ray PSF.
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significant differences in the two telescopes. The main difference is found
in the camera components. Both cameras are located in the focal plane of
each telescope, sustained by a tubular mast and several stabilizing steel ca-
bles anchored to the structure. The pixels consist of PMTs of high quantum
efficiency, and are protected behind a plexiglass window as depicted in Fig-
ure 3.2 and Figure 3.3.

Figure 3.3: MAGICII camera.

The camera of M1 is equipped with 577 hexagonal shaped PMTs with an an-
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gular size of 0.1° in the inner part of the camera and 0.2° in the outer part.
In contrast, the M II camera is very different from the one in M1 as shown in
Figure 3.4. The only similar parameter is the Field of View (FoV) of 3.5°. The
MII camera has a round shape and is equipped with 1039 PMT pixels (the
same as the small pixels in MI). Besides, another difference is given in the
PMTs itself. The PMTs of the M I camera consist with a wavelength shifter in
order to increase the sensitivity where the Cherenkov light is mainly emitted
(UV waveband) and to enhance the quantum efficiency (=30% at wavelength
of 350 nm, where the Cherenkov light of extensive air showers has its highest
intensity). In case of the MII camera, the PMTs (Hamamatsu R1408) are op-
erating without coating and have a quantum efficiency of =32%. These PMTs
lead to an enhancement of the sensitivity over the M I camera and also to a
huge part of the whole telescopes performance.

3.5 The Trigger System

MAGICs trigger system can distinguish between a Cherenkov shower event
and a Night Sky Background (NSB) light. The main idea lies in the selection
criterion of fast pulses (<5ns) which are detected simultaneously in a dens
region of the camera. The basic difference between both possibilities is the
intensity of the light collected by the camera. The light from an extensive
atmospheric air shower is more intense than the NSB one and at the same
time it involves several neighbor pixel. The trigger system itself consists of
three different levels. However, currently only the first two are in use, namely:
Level-0 and Level-1, which will be explained later on. As discussed in the cam-
era section the trigger system is also affected by technical differences that are
caused due to technological progress. The trigger area of M1 covers only an
inner camera section of radius of 0.95°, whereas for M I the complete camera
with its 1039 pixel of a radius of 1.25° is used. Both trigger areas, as shown
in Figure 3.4 consist of a logical combination of 19 overlapping macrocells.
Furthermore, the different distribution of the macrocells in the MIII camera
leads to a increasing trigger area size (factor 1.7) and also in this case to an
improved sensitivity. In order to generate a trigger a number of n next neigh-
bor (NN) pixels must be fired in coincidence in any macrocells. The different
trigger conditions es are shown on the example of the M I trigger area below.

The Level-0 trigger

The first trigger, Level-0, is a individual pixel trigger. In this case only the inner
325 pixels of the M1 camera contribute to the trigger area. This area is about
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Figure 3.4: Camera layouts with 19 macrocells defining the trigger areas. On
top: M1, On bottom: M II. The figure is taken from [Ste12].
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one degree from the camera center. The level-0 trigger itself is hosted in the
receiver boards: they generate digital signals for those channels with an input
signal above certain Discriminator Threshold (DT). These the DT values are
programmable for individual settings. The most common application of the
DT is to keep a stable rate even under variable light conditions. Moreover, the
threshold level is adjustable by a PC and is usually set such that the individ-
ual pixel rate is around 100 kHz. The conditions that could change the usual
rate are for example, the star field inside the FoV or very bright moon condi-
tions. Passing the Level-0 trigger, the digital signals are then sent to the level-1
trigger, which will be described in the following section.

The Level-1 trigger

In a different way as the Level-0 trigger, the Level-1 trigger is a topological
trigger. It is active in 19 overlapping hexagonal macrocells, each consisting of
37 pixels that are overlapping one another. Fore example when a 4NN pixel
aligned in a compact region fulfill the Level-0 trigger within 6 ns, then Level-1
trigger is issued. However, due to a huge number of possibilities, it is tech-
nically very difficult to accept all possible 4NN conditions. It should be also
mentioned that although 4NN is the standard for stand-alone observations,
the multiplicity of the next neighbor can be adjusted for other observations,
e.g. stereo observation using a 3NN condition. In particular, in case of stereo
observations only events that triggered both telescopes are recorded. In this
trigger condition each telescope must have 3 pixels above a certain threshold
(Level-0 trigger) in a compact NN topology in order to fulfill the Level-1 trig-
ger. The 3NN trigger makes a time coincidence between both telescopes and
considers also the delay due to the relative position (85 m away) of the tele-
scopes and their pointing direction. In this stereoscopic mode the individual
trigger rates are of the order of several kHz [Ste12], whereas the stereo trigger
rates (L3 rates) are in the range of 150-200 Hz [CSC* 11].

3.6 TheDataAcquisition System - The Readout Sys-
tem

The Data AcQuisition (DAQ) system for M I consist of a readout based on op-
tical multiplier and a Flash Analog Digital Converter (FADC), which is robust
and has a very good performance but is also expensive and bulky. One FADC
digitalized 16 readout channels in succession, for each of them the signals are
delayed corresponding to their readout order [Ste12]. For M II the readout was
based on the Domino Ring Sampler 2 (DRS2) chip that are used to store the
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analogue signal before digitalization. In this case all signals are sampled at the
ultra-fast speed of 2 GSample/s, which allows a very precise measurement of
the signal arrival times in all pixels. When a positive trigger feedback is given
the multi-capacitor buffer is read out and the signal are digitalized by a 12 bit
Analog Digital Converter (ADC). This alternative readout is inexpensive and
compact but performing worse in terms of intrinsic noise, in particular when
comparing dead time and linearity. More information about the readout of
MAGIC can be found in [TAB*09].

3.7 The Calibration System

In the last step before the digitalized signal can be analyzed a calibration sys-
tem is needed. For MI there exist three distinct methods to calibrate the
measured ADC counts to photons. These methods make use of three dif-
ferent colour Light Emitting Diodes (LED) that emit light at three different
wavelengths (370 nm, 460 nm and 520 nm). This LED configuration enables
to check a wavelength dependent calibration of each individual PMT when
the camera is uniformly illuminated with ultra fast pulses (3-4 ns Full With
Half Maximum (FWHM)). In comparison for the M II calibration the F-factor
method is used. In this case the calibration light is emitted by a phase locked
Nd-YAG laser which is operating at the third harmonic (1 = 355 ns) and pro-
ducing pulses of 700 ps FWHM duration. The laser intensity can be adapted
by two consecutively mounted filter wheels which have four identical filters
each. With 16 combination of the filters a wide range of intensities from 1-
1000 photoelectrons (phe) in each camera pixel can be covered. Such method
enables precise monitoring of linearity of the complete signal chain. In order
to guarantee a homogeneous illumination of the camera pixels, an integrat-
ing sphere (known as Ulbricht sphere) is used to diffuse the laser light before
reaching the camera of the telescope [Jog09]. More details on the calibration
can be found in [BGF*09].

3.8 The Observation Mode

Since 2008 the MAGIC observations are performed mostly in the so called false
source tracking or wobble mode. This observation method allows the simul-
taneous recording of ON and OFF data at different places in the camera. In
order to avoid systematic effects due to sensitivity differences in the camera,
the pointing direction alternates every 20 min between two positions, offset
by +0.4° in RA from the source [FSLo94]. These two positions are called wob-
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ble1l (W1) and wobble2 (W2) as illustrated in Figure 3.5. In this context it
should be noted, that not similar starfields are presented in the camera for W1
and W2 and, thus the trigger efficiency may not be the same for both wobble
positions. The corresponding data for background is estimated by calculating
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Figure 3.5: Schematic view of the two wobble positions. The source is at the
center of the red circle whereas the blue circles represent the regions of the
background. The star in the middle indicates the center of the camera which
is tracked alternately for 20 min. When the wobble position is changed, the
source and antisource position swap their places. Taken illustration is taken
from [Jog09].

the shower image parameters with respect to an OFF-source position. These
different positions lie on a ring with a radius r=0.4° around the camera center.
In addition, they are rotated by 90°, 180° and 270° with respect to the source
position [Jog09].

As shown in all subsections above, due to the technological progress along the
time the systems of both telescopes changed significantly. For this reason, in
the years from 2011 to 2012 MAGIC underwent a major upgrade program to
improve and to unify the stereoscopic system of the two telescopes. The new
improved components mostly based on the old replaced M I camera is shown
in the upcoming MAGIC collaboration documentations in 2013.

In the next chapter the MAGIC standard analysis chain is introduced with a
special focus on the different analysis modes between the stand-alone and
stereo observations.






CHAPTER

THE MAGIC DATA ANALYSIS CHAIN

The MAGIC data analysis chain is divided into several steps. Each analysis step,
from signal reconstruction, calibration to identification, spectral and temporal
characterization of y-ray emitting sources is performed by an independent pro-
gram forming the standard analysis chain. This chapter describes the standard
analysis chain, called MARS, that is programmed in the ROOT environment,
for the analysis of both mono and stereo data with a special focus on their
differences.

4.1 MAGIC Analysis standard chain - MARS

At the beginning of each analysis process in the IACT-astronomy one has to
manage huge amount of raw data files which are stored usually in various
data center. For this reason the main task of each analyzer lies in the data
selection and the data processing in order to obtain physical information.
To do so and to figure out all crucial information from the data a data anal-
ysis software is needed. In case of MAGIC a specific ROOT!-based analysis
package for the analysis of the MAGIC data has been developed [MGC*09],
[Lom11]. The software is named MARS, an acronym for MAGIC Analysis and
Reconstruction Software (MARS). MARS is written in C++ programming lan-
guage and it includes predominately different mathematic classes that relies
on the ROOT software framework developed at CERN. Furthermore, this anal-
ysis software was constantly developed during different MAGIC hardware up-
grade processes and the MARS version which has been used during this work
was MARS 2.8.4. The main idea behind MARS itself is to create a software
analysis chain, where each program is responsible for a dedicated analysis

'ROOT was originally designed for particle physics analysis. It is available at
http://root.cern.ch
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task. At the same time each program produces the input for the subsequent
one. Another important aspect is the Monte Carlo (MC) simulation which is
crucial for the background rejection, determination of the effective area and
the induced primary particle energy to enumerate only few. Thus, after de-
scribing the raw data analysis chain the MAGIC MC simulations chain will be
also considered in the following chapter.

4.1.1 Therawdata - Merpp

The first step in the MAGIC standard analysis chain reduces the raw data files
into ROOT files that have a binary format and are compatible with the MARS
software. Furthermore, the data must also include all relevant information
about the telescopes subsystems i.e drive system, camera control, pyrome-
ter etc.) before it can be calibrated. The merging process with the event im-
age data and the subsystems information is executed by the program called
Merpp. From now on all essential information for the data analysis can be
easily recovered in the .root data files.

4.1.2 Calibration-Callisto

Whenever the DAQ system records raw data and the data already includes all
subsystems information obtained by the executable Merpp, the data has to
be calibrated. In order to extract the signal pulses from the recorded time
slots, several extraction methods can be used: namely the spline method, the
digital filter method and the sliding window method. These methods differ
slightly in their performances depending on the data and the requirements in
connection with the speed and precision of timing information of the analy-
sis [Jog09]. When one of the extraction method is applied to the data, informa-
tion about the signal arrival time, its amplitude and intensity in FADC counts
are extracted. More information about the different extraction methods can
be found in [A*08]. After the signal extraction, the F-factor method is applied
[MLP*97]. This method uses calibration events to estimate the proportional
relation between phe which are proportional to the number of Cherenkov
photons and FADC counts. In order to obtain such proportional relation for
each individual pixel calibration constants are needed. These constants are
obtained during special data runs of pedestal and calibration events that are
taken during source observations. In case of pedestal events they are obtained
randomly triggering the telescope, so that no shower signal is recorded in the
pixels. These data can be used later on to determine the baseline of the signals
and its fluctuations. On the contrary, the calibration data events are generated
by short (2 ns) light pulses of intensity comparable to the real Cherenkov sig-
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nals. Furthermore, interleave calibration event are taken with a rate of 25 Hz
to monitor any changes during data taking [Jog09]. Both described processes
(signal extraction and calibration of the signal intensity) are performed by the
Callisto program of the MARS analysis software.

4.1.3 Image Cleaning - Star

When the program Callisto has processed the data, the calibrated data still
consist of the full information (all pixels) which is present in the telescopes
camera. Furthermore, it is known that many of the camera pixels contain im-
ages that are caused by the night sky background fluctuations. Therefore an
algorithm is needed that rejects these fluctuations. This process is called the
image cleaning and the name can be taken literally because pixels which do
not belong to the showe images i.e. night sky background fluctuations are
set to zero [Jog09]. The image cleaning has two stages in order to identify
pixels belonging to a shower. In the first stage, pixels whose number of phe
larger than a threshold value are selected. These pixels are named as core pix-
els. During the second stage, another threshold value is applied for the pixels
which are the neighboring pixels of the core pixels. These pixels are called
boundary pixels. The first and second threshold values can be 10 phe and
5phe, or 7 phe and 5 phe for core and boundary pixels respectively. A recent
advancement on image cleaning is the inclusion of arrival time of each pho-
tons. The method is based on the logic that Cherenkov photons from a y-ray
event should be spread in a few seconds whereas NSB arrive the camera pix-
els randomly. This method gives an additional requirement to select core and
boundary pixels, which results in reducing the threshold of number phe in
core and boundary pixels. Lowering the phe threshold will increase the prob-
ability of keeping the low energy y induced images. In this method, the time
difference between the arrival time of core pixels should be in 4.5 ns whereas
that for core and boundary pixels should be in 1.5ns. The cleaning param-
eters that are used for the analysis in stand alone-mode are 6 phe and 3 phe,
for core pixels and boundary pixels respectively and for the stereo analysis
6 phe and 3 phe (MI) and 9 phe and 4.5 phe (MII ) respectively. In addition,
these pixels should have at least one next-neighboring pixel above the same
threshold in a time coincidence of 1.5 ns for core pixels and 4.5 ns for bound-
ary pixels [Stel2, Lom11].

After the image cleaning, the shower parameters introduced by [Hil85] and
also known as Hillas parameters are calculated. The Hillas parameters, calcu-
lated as image moments up to the second order, are strongly related to physi-
cal interactions of an extensive air shower. Figure 4.1 illustrates the main idea
of some Hillas parameters that will be described below.
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Figure 4.1: Illustration of a parametrization of a shower image with different
Hillas parameters. The illustration is taken from [AAA*08b].

Size: describes the total charge in phe that is contained in the image. It is
related to the energy of the primary particle initiated the extensive air shower.

Width: represents the Root Mean Square (RMS) spread of the Cherenkov
light along the minor axis of the ellipse when fitting the image. Addition-
ally, for a given Size, the Width is smaller for y-ray images than for particles
of hadronic origin and therefore provides strong discrimination power in the
background rejection.

Length: this parameters describes the same properties as the Width but
this time for the major axis of the ellipse. It is connected to the projection of
the shower longitudinal development. Moreover, like the Width the Length
is also smaller for a given y-ray images than for hadronic particle (for a given
Size). This is cause by the smaller average transverse momentum in electro-
magnetic shower initiated by y-ray photons. For this reason, this parameter
plays also an important role in the background rejection.

Dist: allows to estimate the shower impact parameter and to improve the
energy estimation of the primary particle. It is the angular distance between
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the Center of Gravity (CoG) of the shower image and the expected source po-
sition in the camera plane.

Alpha: represents the absolute value of the angle between the major axis
of the shower image and the line connecting the CoG image and the cam-
era center. y-induced showers are in average characterized by small values of
Alpha. In contrast, hadronic showers being isotropic distributed on the cam-
era plane, have a flat Alpha distribution.

The image cleaning part as well as the parametrization is done by a MARS
program called Star.

Up to this point the parametrization of the individual telescope images was
processed independently. For a stereo analysis there also exist a program,
known as Superstar, that merge the two separate telescope data streams into
one single data file. The resulting file contains the stereo events with the in-
formation of the two telescopes. Moreover, for the stereo event reconstruction
different stereo parameters were assigned in order to improve the telescopes
performance. The new stereo parameters use the main axis and centroid po-
sition of both telescope images, as shown in Figure 4.2. The most important
stereo parameter that improve the analysis performance are listed below:

Impact: describes the perpendicular distance between the shower axis and
the telescope pointing axis.

MaxHeight: represents the reconstructed height of the shower maximum
above the telescopes.

In particular, the Impact parameter significantly improves the energy recon-
struction whereas the MaxHeight parameter increases the background rejec-
tion. This parameter plays a key role in the rejection of muon induced show-
ers at low distances above the telescopes at height < 4 km, which have a nearly
identical image distribution as low y-ray events. In consequence, this param-
eter increases the sensitivity of the stereoscopic system at low energies.

As already discussed above some image parameters are strongly correlated
with the characteristic behavior of a primary particle having an induced air
shower. Such correlations are very crucial since they play a major role during
a y/hadron separation and energy estimation which will be described in the
next subsections.
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Figure 4.2: Illustration of shower axis reconstruction in a stereoscopic obser-
vation. a) Geometry definition. b) Reconstruction of the shower direction.
The intersection of the air shower major axes , once superimposed the two im-
ages is taken into account. c¢) The reconstruction of the shower impact point
on the ground is obtained, when taking the intersection of image major axes
starting from the telescopes position. The figure is adapted from [Zan11b].
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4.1.4 Gamma/Hadron Separation - Osteria / Coach

y/hadron separation plays one of the most important roles in an IACT-ana-
lysis. This process is very important since the rate of cosmic rays is much
higher in the VHE y-ray range than of the strongest y-ray emitting sources.
The MAGIC telescopes trigger three different kind of events these are:

Cosmic-ray events: Cherenkov light from extensive air showers induced
by hadrons and y-rays.

Myon events: Cherenkovlightfrom myons. These particles travel with ultra-
relativistic velocities throughout the atmosphere, generating rings or section
of rings on the camera.

Randomize events: consistof mainly fluctuations of the signal due to back-
ground light e.g. strong moon light, NSB or a car which is driving near the
telescopes and produces a light flash.

Figure 4.3 shows few examples of different shower images formed on the M II
camera.

060
1E7 mm
L

b) hadron candidate

a) v-ray candidate

Ef] muon event

Figure 4.3: Cherenkov particle images formed on MII camera. a) y-ray can-
didate. b) hadron candidate c) myon candidate. Taken from [Zan11b].
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In order to discriminate between these three events the first discrimination is
performed already at the hardware level where the trigger system is optimized
for accepting y-induced events. In case of stand-alone (one telescope) obser-
vations the myon trigger rate is five times smaller than the hadron rate, and
the randomize rate is lower than 1 Hz [Zanl1b]. In comparison, in stereo-
scopic observations the rate is at level of few Hz. However also the coin-
cidence trigger (L3 trigger), which exclude most of these events and which
make the trigger threshold of the two telescopes much lower than in stand-
alone mode, cannot suppress all the background events significantly. In ad-
dition, the average rate after image cleaning for low zenith observations in
stand-alone mode is around 100 Hz, while the average y-ray rate of the Crab
Nebula (see Chapter 5) is about 0.1 Hz [Jog09]. In consequence, this exam-
ple shows very well that a further suppression of hadron induced events by a
factor of 1000 is needed in order to make significant detections in an IACT-
analysis. The MAGIC analysis chain make use, in order to suppress the back-
ground significantly, of multidimensional classification system based on the
construction of decisional trees. Especially in the MARS software, where the
image parameters and time parameters of the shower images are exploit, such
method known as the Random Forest (RF) method is used [AAA*08a]. This
method uses the image parameters from stand-alone observation or stereo-
scopic observations (Size, Length, Width, Impact, MaxHeight) as well
as timing informations to create one single parameter called Hadronness.
Hadronness build an interval from 0 to 1. Images produced by hadrons have
a Hadronness spread in the whole range from 0 to 1 whereas y-rays tend to
produce Hadronness close to zero. This special parameter is used to separate
Y(0)- from hadron-like(1) events by a dedicated Hadronness-cut. In MARS the
RF classification is trained with a dedicated program called Osteria (mono
analysis) or Coach in case of stereo analysis. These programs use for the RF
training need two samples of data. On the one hand a MC simulation sample
of simulated y-ray events, that will be describe later on. On the other hand
a real observation sample taken mostly from deep observations without any
known y-rays sources (Off sample) and therefore ideal used as background
events.

One of several applications of the RF is found in the reconstruction of the di-
rection of a primary particle. Here the crossing point of the main axes of the
shower images is adopted to the DISP method, where the arrival direction is
determined [LBC"01]. The DISP parameter, which is the distance from the
shower image center to the estimated source position, is obtained from the
RF. Like in the previous cases, the DISP-RF is trained on MC y-events and
delivers one individual estimation of the DISP parameter for each telescope.
When combining the DISP parameter with the geometrical information from
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the axes crossing point a unique source position is determined. In case of a
position disagreement the events are rejected, which is another method for
an additional background rejection.
More details about the RF and its usage in the MAGIC analysis can be found
in [AAA*08a], Jog09] and [Zan11b].

4.1.5 Energy reconstruction and energy resolution - Melibea

In the next analysis step different reconstructions of the shower direction and
its energy are carried out. Also for this task a dedicated program with the name
Melibea was developed. The main task of the Melibea program is to apply the
RF algorithm determined by Osteria (stand-alone analysis) or Coach (stereo
analysis) to the events of the analyzed data sample. In this process the infor-
mation about Hadronness of the event, its reconstructed energy, and the re-
constructed shower direction on the camera can be obtained. In IACTanalysis
the energy reconstruction is based on the direct proportionality of the event
energy and the number of produced secondary particles at the maximum of
the corresponding air shower. Usually there are two ways in order to estimate
the energy in the MAGIC analysis chain. For the mono analysis it is done by
means of a RF (more precisely by a regression method of the RF [AAAT08a]) in
case of stereo observations it is performed by using Look Up Tables (LUT)s.

For the mono analysis the RF is trained over a test sample of MC y-rays events
whose energy is known (Eyye). The used parameters are mainly Size and
zenith angle, since Size is proportional to the energy of the primary induced-
air shower particle, as described above. The decision threes of the RF are
built in such a way where an optimal cut in each three nodes is chosen. In
general, it is the cut which minimize the variance of the known Ee of the
events [Zanl1b].

In case of stereo analysis LUTs based on a single model describing the total
distribution of Cherenkov photons on the ground is used, where the Cherenkov
radius as well as the Cherenkov density is taken into account. The LUTs are
build for each telescope independently by dividing a test sample of MC y-ray
events, with known Eje, in bins of Size, Impact and MaxHeight. The final
energy estimation, E.g; is the weighted average value for both telescopes. Here
the weighted average is estimated by the uncertainty associated to the corre-
sponding bin.

The energy resolution is defined as the standard deviation o of a Gaussian
fit to the peak of (Eest- Eirue/ Eirue) distribution of MC y-ray events. The differ-
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ence from zero of this distribution gives the mean energy bias and the energy
reconstruction is as good as it is close to the zero value. In the medium energy
range (from 300 GeV to 1TeV) for a mono analysis, the energy resolution is
as good as =25% in comparison to the stereoscopic system the energy resolu-
tion could be improved in the same energy range to =16%. For higher energies
>1 TeV the energy resolution slightly worsens mostly due to the large fraction
of truncated images and worser statistics in the training sample [Stel2]. In
case of lower energies E < 300 GeV the energy resolution also slightly wors-
ens in this range. The main problem is the relative high noise and the lower
photon numbers which lead to a worse estimation of the arrival direction and
which consequently spoils the precision of the Impact parameter reconstruc-
tion as described in details in [AAAT12d].

Out of E e there is also a possibility to estimate the analysis threshold. This is
done usually by the estimation of the energy threshold when fitting the peak of
the Ee distribution either before or after the applying the gamma selection
cuts. A detail example of an energy threshold estimation is shown in Subsec-
tion 5.3.2.

4.1.6 Signal search - Odie

The detection of a signal from a dedicated source plays an important role for
the further procedure of an analysis. In MARS there are two possibilities to
derive a distribution of a signal for a given source which are known as Alpha-
and 62-plot and are shown in Figure 4.4. These distributions peak at small
values for y-ray events and flatten up in contrast for hadron events. Both dis-
tributions define in consequence the so-called signal regions. As anticipated
above, in MARS both distributions can be chosen. The selection criteria de-
pends on the kind of analysis one wants to perform. For a source-independent
analysis the 62 distribution is chosen. This distribution make use of image pa-
rameters whose definition does not depend on an known source position. In
addition, the 62 distribution is reconstructed through the DISP method, as de-
scribed in Subsection 4.1.4 and the RF for the y-hadron separation is trained
only with source-independent parameters. For a source-dependent analysis,
which is known as Alpha-analysis, the assumption are based on the source po-
sition on the camera plane. From this assumption new source-dependent pa-
rameters can be derived, mainly DIST as additional discrimination parameter
that also is used in the RF y/hadron separation. Furthermore, including time
parameters like the time gradient, which are also strongly correlated with the
DIST parameter, results in significant improvement of the Alpha-analysis per-
formance. For this reason, the Alpha-analysis is mostly performed in case of a
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point-like source with known position in the stand-alone observation mode.
In case of stereoscopic observations the #-analysis has a better signal de-
termination performance, which takes advantage from the DISP method and
from other discriminating source-independent stereoscopic parameters i.e.
MaxHeight . In MARS the program that is responsible for the 62 distribution
is called Odie.

In order to claim a discovery of a new VHE y-ray emitting source, an excess
with a significance of at least 5 ¢ is required as it will be shown in Chapter 7,
Chapter 8 and Chapter 9. The calculation of the significance from a y-ray sig-
nal results from the equation derived by Li and Ma [LM83] (equation 17).

1/2
) 4.1)

where N, and Ng are number of events in the signal and background region
of the source, respectively. The parameter « is defined as the fraction of:

a Non + Nott

N,
1+0¢(—0Jff )

N0n+ Noff

— Ion
= (4.2)
and is the ratio between the effective observation time of the source region
compared to the background region. This relation implies that Npackground =
a - Nogr, thus the number of y-ray like events from the source becomes:

Nex = Non — @ - Nogt (4.3)

In this equation the meaning of a is a normalization factor of the background
events to apply the correct background estimation for the observation time.
For the signal distributions calculated for different sources in this thesis, « is
defined as the fraction of On events over Off events in a region far away from
the signal region and the distribution tails?>. An example of such normaliza-
tion region is depicted in Figure 4.4 where a strong signal of the Crab Nebula
is shown using the Alpha and 62 distribution.

4.1.7 Sky maps - Caspar

In MARS the executable called Casperproduce histograms containing the ar-
rival directions of all y-ray-like events after the subtraction of expected back-
ground. The histograms are presented in sky coordinates (RA. DEC.). Casper
produces sky maps using the source-independent parameter DISP and the

2The normalization region in the 62 plot has a range from 0.1°-0.3°, whereas in the Alpha-
plot it spans from 20°-80°.
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Figure 4.4: Alpha (leff) and 6-plot (right) from the Crab Nebula. The red
shadow region represents the signal region whereas, the green shadow areas
identify the normalization regions. The figure is taken from [Zan11b].

corresponding method which reconstructs the shower arrival direction in an
unbiased way [Zan11b]. Moreover, the obtained sky map excess, as shown in
Figure 5.6, is smoothed using a Gaussian function with o equal to the angular
resolution of the corresponding observation mode (stand-alone or stereo). Fi-
nally, sky maps are often obtained of well known point like sources e.g. AGNs
in order to check the telescopes pointing accurateness.

4.1.8 Flux and Light curve determination - Fluxlc /Flute

To obtain most interesting results of a VHE y-ray emitting source, high level
VHE 7y-ray analysis results are needed. These results, which are in particular
a differential energy spectrum and a temporal resolved integral flux (denoted
light curve) provide direct information about the possible acceleration mech-
anism in the source itself. In MARS there are two different programs known
as Fluxlc (for mono analysis results) and Flute (for stereo analysis results)
that can be used to obtain such high level results. The differential y-ray energy
spectrum is defined as:

(E) = E(E) = ANy [photons TeV 'cm™%s ™! (4.4)
PE) = dE B AE - dAess- dtess p '

where N, is the number of detected y-rays, fef is the effective observation
time and Aeg is the effective observation area. For the spectrum all quanti-
ties are calculated in small energy bins (average binning is 28 (Fluxlc) or 30
(Flute). The parameter Aes represents the effective area. It characterizes the
detection efficiency for y-ray induced showers and is calculated from an MC
y-event test sample. This MC sample is independent from the sample used
for the RF training. There are different factors that can affect the effective area
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i.e. the trigger efficiency, the reflectivity of the mirrors, the FoV of the trigger
and the camera, the zenith angle observations as well as the cuts applied on
the analysis chain to name only a few. In Figure 4.5 a typical effective area
is shown. For low energies A has a steep rise due to the trigger probability
of the y-ray induced showers which is rapidly increasing in this energy range.
It is known that, whenever the energy of the primary particle is low, the less
Cherenkov light is emitted by the extensive air shower and thus the lower the
trigger probability. When the shower fluctuations became small in compari-
son to the total amount of light, the trigger probability becomes more stable
and the effective area remains almost constant. Further important parameter
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Figure 4.5: A typical shape of the effective Area Aef as a function of estimated
energy. Aefr is shown before (blue triangle) and after (red dots) the applied
cuts.

in the equation of the differential spectrum is the effective observation time
tegr. It is the time in which the telescope was effectively recording events. The
dead time of the detector system is mainly the reason why the effective obser-
vation time does not coincide with the real observation time. The distribution
of cosmic events in time follows a Poissonian distribution and thus the distri-
bution of time differences between successive events follows an exponential
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decrease of the form:
dN 3

aiw
with N the number of events and c as a constant. The fit parameter r is the
ideal average event rate (no dead time). The effective observation time is then
derived from the exponential fit parameter c:

ce ! (4.5)

N,
total (4.6)

leff =
where Niota) is the total number of events.
As anticipated in this subsection above, another important high level analy-
sis results is the temporal resolved integral flux over a specific energy range
versus time. The integral flux is defined as:

o0

dN,

dE [photons cm ™ 2s™'] 4.7)
Ey AE- dAegt- dtes p

F(E>E,) =

with Ej the specific energy above which the integral flux is calculated. The
integral flux is determined for bins in time, where fqg is the bin width and
Aetr is derived for the zenith angle distribution of the analyzed data in each
bin. In case of the integral flux the most important quantity to be chosen is
the lower (specific) energy. The systematic uncertainty of an integral flux is in
the low energy ranges mostly dominated by the uncertainty of the events and
Aeff as already mentioned above. In order to avoid huge errors, Ep can not
be set arbitrary low. For this reason in general significant integral fluxes (light
curves) are determined above energies of (100 — 200) GeV for a zenith angle
distribution between 5° — 35°.

4.1.9 Spectral Unfolding - Unfolding

With the last final analysis step, known as the unfolding procedure, the esti-
mation of a real/true observable by correcting the measured observable from
its natural distortions due to finite resolution of the detector is obtained. In
the particular case of IACT-analysis only few parameters can be measured or
derived i.e. parameter Size, estimated energy (E.s;) (can be computed by
means of statistical algorithms) in the analysis itself, but there are also pa-
rameters like the true energy (Eye) which remains undetermined. However,
the detector itself, mostly its response, can be described by a function M(x,y)
and the measured distribution g(y) can be expressed in terms of the true dis-
tribution f(x) as:

gy :fM(x,y)f(x)dx+b(y) (4.8)
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here x is the true energy and y indicates the estimated energy. For this reason,
the main aim of the unfolding procedure is to determine f given M and g. In
Matrix notation the unfolding is commonly written as:

Y=M-S§ (4.9)

where Y represents the measured distribution and S the real one. The aim
of the unfolding method in matrix notation is now to obtain S by inverting
equation 4.9. The migration Matrix M is usually not of type n x n and in con-
sequence the solution of S can be found by minimizing the least square ex-
pression

P=-M-9' K1 (Y-M-S) (4.10)

In general, although technically correct, the solution to equation 4.10 can be
affect with large errors (large fluctuations) to overcome this problem usually
an unfolding with regularization of the form:

2

x*=—-x5+Reg(S) (4.11)

SIRS

is used. With w the regularization parameter, which is steering the strength
of the regularization and Reg(S) is the regularization term, which describes
the smoothness of S. In the MARS environment different unfolding methods,
using different Reg(S) terms, were implemented.

These method are denoted as Bertero [Ber89], Schmelling [Sch94], and
Tikhonov [TA77]. In addition, there are also further unfolding methods and
programs that were developed recently. One of the most known and already
adapted programs in the MARS environment is the unfolding program Time-
dependent Regularized Unfolding for Economics and Engineering problems
(TRUEE) developed by [MDK™ 13]. More information about the details of the
program TRUEE and its implementation in MARS can be found in [Dor13].

4.2 MAGIC Monte Carlo Simulations

As already mentioned in the previous sections, Monte Carlo (MC) simulations
are essential in the high energy physics. All detectors in this research field
need to be calibrated. In case of accelerator experiments the common pro-
cedure is a calibration in a test beam where the most important parameters
e.g. energy, particle type, direction and also timing are known. Comparing
accelerator experiments with cosmic ray physics it becomes visible that in
the latter adequate test beam environments are not possible. To overcome
this problem, nowadays, simulations are used for the calibration of individual
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detectors. These simulations (simulation algorithms) include mostly physics
laws in the environment of a dedicated detector. In particular these are: in-
teractions between accelerated particles, Earth’s magnetic field, atmospheric
parameters from meteorology as well as all possible detector components and
their extrapolations and assumptions. In case of MAGIC MC simulations a
huge amount of computing power is needed. The air shower simulation are
the most time consuming simulation part in the whole MAGIC MC simulation
chain. In the first simulation part simplifications have to be used because un-
til now it is not possible to trace all the low energy particles in the shower itself.
In addition, also to trace all Cherenkov photons is still impossible nowadays.
Another important aspect is also the simulations of the hadronic air shower
component. For example the number of muons in hadronic air showers is
still not proven to be the corrected predicted one. The problem lies still in the
multi-TeV/PeV energy range which are up to now unfortunately not precisely
known. Since the computing power steady increases nearly annually in the
last decade, in about next 10 — 20 years this computing power development
will allow us to simulate also the missing number of events and to trace nearly
all Cherenkov photons in a VHE shower.

The MAGIC collaboration uses for their MC simulations a chain which in-
cludes three main programs called, CORSIKA, Reflector and Camera. Dur-
ing the simulation process the air shower events, which can be detected with
MAGIC, are simulated from the point when the primary particles e.g. a y
quanta or a proton enters the atmosphere as well as the response of the re-
flector and camera electronic. In the following subsections, a brief overview
about the three MAGIC MC simulation programs is given.

4.2.1 CORSIKA

COsmic Ray SImulations for KAscade (CORSIKA) is an extended air shower
simulation program. It simulates the interaction of primary particles with
the atmosphere’s molecules and the resulting extensive air shower propaga-
tion. More precisely, particles which are created from former interactions are
tracked on their way through the atmosphere down to a chosen observation
level by the user. In case of IACT observations, the most important Cherenkov
photons, as described in Section 2.2, are simulated and the important infor-
mation are stored. For the MAGIC MC simulation chain an adapted version
of CORSIKA has been developed. There new parameters as well as changes in
the code of the 'standard’ version were implemented.
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In particular following adaptations have been done for the MAGIC CORSIKA
version itself.

1.

2.

particle type

energy range

. range of incident angles

special Cherenkov wavelength band
observation level: 2200 m
magnetic field on the Canary Island of La Palma

atmospheric conditions

4.2.2 Reflector

The first part of the detector’s simulations is done by a program called Reflec-
tor. In this part the Reflector program simulates the atmosphere’s absorption
of the Cherenkov photons on their way to the telescopes reflectors (mirror
dish) as well as the reflection of the photons from the mirrors of each tele-
scope itself. In case of the MAGIC telescopes following steps are simulated by
the Reflector program.

1.

The Cherenkov photons can interact during their way through the at-
mosphere in two ways. On the one hand there is the Rayleigh-scattering
from the air’s molecules and on the other the Mie-scattering from aero-
sols. During the simulation process the absorption caused both of these
effects for the Cherenkov photons is taken into account.

. In the next step the algorithm of the Reflector program checks if the in-

coming photons hit the mirror dish. In the situation that some photons
do not reach the mirror dish they are neglected further on.

. In the third step, the absorption of the mirrors that are covered with

aluminum for M I and glass-aluminium for M II for the photons that hit
the mirror dishes are simulated.

. In addition, also the reflectivity itself is taken into account.

. In the final steps, the algorithm checks which reflected photons reach

the camera and calculate at the same time the arrival time for the in-
coming photons.



84 CHAPTER 4. THE MAGIC DATA ANALYSIS CHAIN

The output of the Reflector simulation program is a binary file which contains
all informations about the Cherenkov photons, as already shown in the enu-
meration above, and which can be now processed by the last MAGIC detector
simulation program called Camera.

4.2.3 Camera

The Camera program is responsible for the simulation of the PMT behavior,
the trigger system, the read-out of the electronics - in particular the FADC.
Moreover, Camera takes also into account the NSB which plays an important
role during the observation of y-ray sources. In particular following steps are
in this program of importance:

1. In the first step of Camera the individual pixels are filled with the light
conditions contributions (NSB).

2. Tn the second step Camera starts to read all photons from the shower in
particular three steps are taking into account: pixelization, phe produc-
tion, channel response.

3. At the final step the trigger is simulated. In the beginning it has to be
checked whether generated analog signal exceeds a particular discrimi-
nator threshold or not. At the same time a digital output signal of a given
length for those pixels is generated. Once this process is done the first
level trigger, by checking the next neighbor conditions (NN) at a given
time, as already described in Section 3.5, is simulated. Following trigger
conditions are considered in the simulation process:

a) Multiplicity: Gives the minimum number of pixels that are required
to fulfill the trigger condition.

b) Topology: Gives the distribution of the pixels in the camera.

4. In case the trigger condition is fulfilled then a first level trigger signal is
generated as well as the process of the digitalization (FADC) is written.

When all showers are processed and the geometric properties of the mirrors
and their reflectivity are read then all informations are stored in two output
files. The first one is a text file and it contains all information about the trigger
statistics whereas the second files is a root file. The latter has a structure that
is very similar to a real data file. This file can be processed further on with
the standard MAGIC analysis software MARS, just like the data files. Further-
more, the Camera program has also the option to create the pedestal and the
calibration files. During an observation night, those pedestal and calibration



4.3. SYSTEMATIC UNCERTAINTIES 85

runs are taken additionally to the data runs, as describe in Section 3.7. In a
simulation this process is also taken into account. The created pedestal and
calibration files have to be given together with the simulated data runs to the
first analysis step (Callisto see Subsection 4.1.2) in the MARS analysis chain.

4.3 Systematic Uncertainties

Since the Earth’s atmosphere is used in IACT as calorimeter it cannot be guar-
antied that each observation night is taken under the same observation con-
dition. There are small deviations of the density profile from the one assumed
in MC simulations as well as the still not perfectly well known atmospheric
conditions and transmissions. This factor is one of the most known where
systematic uncertainties are introduced into the analysis chain. In this partic-
ular case, this affects the absolute energy scale, with an uncertainty of 210%
[AAAT12d].

Another uncertainty factor is the amount of light focused by the mirrors. These
effect produces a systematic error on the energy scale of =8%. In addition,
further systematic errors of 6-8% on energy range are found by the flatfielding
procedure, which is performed to homogenize the camera response as well as
to equalize the product of the quantum efficiency of the PMT. In this context
uncertainties in the conversion coefficient of photons detected by the PMTs
to detectable phe are thought to introduce additional systematic errors. In
particular these are uncertainties in the light collection of the Winston cone
(=4%), in the electron collection efficiency of the first PMT dynode (=5%), in
the quantum efficiency (=4%) and also in the F-factor value of the PMT cali-
bration (see Subsection 4.1.2) (=10%) [AAAT12d]

Whenever an observation is performed also a mispointing can be introduced.
Usually the mispointing is not larger than < 0.02° [BDW*09].

As already mentioned above, MC simulations cannot fully describe the pro-
cesses that happened in the atmosphere. Furthermore, discrepancies between
data and MC introduce further dependence and in consequence further sys-
tematic errors of the reconstructed spectra on the applied signal cuts. In the
low energy regime (E < 250 GeV) the systematic uncertainties are around 15%
whereas in the medium range (> 250 GeV — 3 TeV) they decrease to 10%.
There are also uncertainties introduced during the unfolding procedures (see
Subsection 4.1.9). These uncertainties affect mostly the indices of the spectra
in the order of 0.1 [AAAT07d].

All in all, taking all these factors into account when observing with an stereo-
scopic system, the total systematic uncertainty for the indices of a spectrum
is estimated to be 0.15. In the low energy range, the total error on the flux
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normalization is estimated to be ~19% and for the medium energy ranges it
is determined to be =11%. Moreover, the total systematic uncertainty in the
absolute energy scale is established to be ~17% at low energies and ~15% for
medium energies [AAAT 12d].

The following chapter deals with the most well studied VHE y-ray source, the
Crab Nebula, that is used for the calibration of an IACT-analysis.



CHAPTER

MAGIC ANALYSIS OF THE CRAB
NEBULA

The Crab Nebula is a supernova remnant in the constellation Taurus. The cor-
responding explosions was observed in 1054 AD. Today this object is one of the
best studied galactic sources throughout the entire electromagnetic spectrum.
In case of the IACT this source plays an important role for the calibration of
a VHE y-ray analysis since it is always detectable with a steady and strong
emission flux in a certain energy range. In this chapter, one example about a
referenced Crab Nebula analysis that corresponds to a blazar analysis obtained
during this work, is given.

5.1 The Crab Nebula

The Crab Nebula is one of the most observed remnants of supernova explo-
sions and Pulsar Wind Nebula (PWN) throughout the entire electromagnetic
spectrum. Its complex structure is displayed in Figure 5.1. This galactic ob-
ject consist of a neutron star, also known as PSR B0531+21, inside the Nebula
with a rotation period of 33 ms and a spin-down luminosity of 5 x 1038 erg s,
[MBFHO5]. The first pulsed emission of the Crab pulsar has been observed
in the radio band at the Arecibo Observatory in Puerto Rico in 1968 [SR68].
Since then pulsed emission from the Crab pulsar has been detected at all ac-
cessible energies up to y-rays. In the y-regime the Energetic Gamma Ray
Experiment Telescope (EGRET) detector was the first experiment which de-
tected a pulsed y-ray emission up to 5 GeV from this object in 1993 [NAB*93].
Later the new generation satellites like Astrorivelatore Gamma a Immagini
Leggero (AGILE) or the Fermi LAT satellite also confirmed this discovery in the

87



88 CHAPTER 5. MAGIC ANALYSIS OF THE CRAB NEBULA

Figure 5.1: The complex structure of the Crab Nebula detected in different
wavelengths. The optical bands (purple and red colors) and the X-ray band
(blue and white colors) are shown. The white dot near the center is the pulsar,
PSR B0531+21. The inner X-ray ring is thought to be a shock wave that marks
the boundary between the surrounding nebula and the flow of matter from
the pulsar. Energetic particles move outward to brighten the outer ring and
produce an extended X-ray glow. The figure ist taken from [Cha09].

HE y-ray range [AAA"10a]. In addition, the Fermi collaboration performed a
spectral analysis for this source fitting a power law to the spectrum and claim-
ing an exponential cut-off at B, = (5.8£0.55y5 % 1.25¢5¢) GeV, [AAA*10e]. Surpris-
ingly, the ground-based IAC telescopes, like MAGIC and VERITAS could detect
pulsed emission from the Crab Nebula at even higher y-ray energies as shown
in Figure 5.2: 25 GeV by MAGIC [AAA™08c]; 100 GeV by VERITAS [VAA*11] and
400 GeV by MAGIC [KGL*12] and ruling out the cut-off hypothesis.

Since the detection of pulsed emission succeeds up to the VHE y-ray range, it
is believed that strong particles shock accelerations are ongoing in this object.
In particular, nowadays the assumption is established that the rotational en-
ergy of the pulsar is mostly carried away by a relativistic wind of electrons and
positrons. At the same time the interaction of this wind with the surround-
ing medium develops a relativistic shock wave and consequently accelerated
the leptons to higher energies [AGK*01]. An alternative assumption for the
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Figure 5.2: Spectral measurements of the Crab pulsar by various experiments.
Together with Fermi LAT data the power law extend from 5 GeV to 400 GeV,
connects well with the results from VERITAS and MAGIC and consequently
excluding the cut-off hypothesis. The figure is taken from [Gial3].

acceleration scenario could be the reconnection of the alternating magnetic
filed at the pulsar wind termination shock [Lyu03]. At this point, the wind
ram pressure balances the total pressure of the nebula. Furthermore the lep-
tons are accelerated in the shock and subsequently loose their energy by syn-
chrotron emission processes [AAAT08b]. This synchrotron radiation can be
measured as the most dominant radiation part of the Crab Nebula from the
radio to X-ray regime. In addition, it is believed that the same population
of accelerated leptons is responsible for the HE and VHE y-ray emission by
Inverse Compton (IC) scattering of low energy photons. Another photon field
component such as the CMB or local IR photons can also be responsible for
HE and VHE y-ray via the IC process. In this context is should be noted that
it is also believed that a hadronic component of the wind contributes to the
VHE 7y-rays emission and beyond due to decaying neutral pions 7° [BB03].

The considered synchrotron and IC emission makes the Crab Nebula detect-
able at all wavelengths. Its size decreases with increasing the frequency as
shown in Figure 5.3. This remarkable PWN was the first object to be well-
established as a y-ray source in the VHE range. In 1989, the Whipple tele-
scope detected for the first time a clear signal (at 90 confidence level) above
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Figure 5.3: The SED of the Crab Nebula from submillimeter range to VHE
y-ray band. Including the best fits with a constant B-Filed model and the
Magneto Hydro Dynamic (MHD) model. The figure is taken from [MHZ10].

an energy of 700 GeV coming from the nominal position of the Crab Nebula
[WCF*89]. In the following 20 years, the IACT was successfully used for fur-
ther observations of the Crab Nebula in the range from 60 GeV to 100 TeV by
experiments like MAGIC, H.E.S.S., VERITAS, Whipple, High Energy Gamma
Ray Astronomy (HEGRA), Collaboration of Australia and Nippon (Japan) for
a GAmma Ray Observatory in the Outback (CANGAROO) and Milagro show-
ing a steady and strong emission flux of VHE y-ray photons. Due to its steady
behaviour it has become the reference source for all ground based IAC tele-
scopes. The improved sensitivity of the Fermi LAT and the MAGIC stereo-
scopic system, in 2011 at the International Cosmic Ray Conference 2011 (ICRC
2011) the first complete curvature of the IC peak from the Crab Nebula was
presented, as illustrated in Figure 5.4. This result emphasized very well that
the Crab Nebula is still one of the most exceptional galactic sources regarding
the exploration of astroparticle physics.

5.2 The Crab Nebula data samples

As already mentioned above, the Crab Nebula plays an important role for the
calibration of VHE y-ray analysis. For each presented blazar analysis in the
following Chapter 6, Chapter 7, Chapter 8 and Chapter 9 a corresponding Crab
Nebula reference analysis was performed.
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Figure 5.4: The Spectral energy distribution of the Crab Nebula from LE to
VHE y-ray range. For the first time a complete curvature of the inverse Comp-
ton peak from the Crab Nebula has been presented at the ICRC 2011.The fig-
ure is taken from [Zanl1a].

The Crab Nebula data samples were selected in such way that the observation
conditions were as similar as possible to the analyzed blazar source, that is
with the same zenith angle distribution and period of observation (detector
conditions). In order to find the cuts which would give the best significance
and sensitivity, after applying the RF matrices to the Crab Nebula data by the
analysis tool Melibea (see Subsection 4.1.5), all combinations of Hadronness,
Size and a values in given ranges were tested:

* a:6°-10°in steps of 2°
e Size: 100-400 phe in steps of 50
e Hadronness: 0.04-0.16 in steps of 0.02

The other parameters like i.e. Leakage or Number of Islands were setto de-
fault values. The first referenced analysis for the blazar 1ES 1959+650, as de-
scribed in Section 6.3, is presented in the following subsection. This analysis
serves as an example procedure of each corresponding Crab Nebula analysis
for every blazar analyzed in the framework of this work. The results of the
other Crab Nebula analysis are reported in the Appendix A.



92 CHAPTER 5. MAGIC ANALYSIS OF THE CRAB NEBULA

5.3 Datasample for stand-alone MI analysis in 2009

As already mentioned, this Chapter gives an overview about how a Crab Neb-
ula analysis can be used as a reference testing the analysis chain and verifying
the applied signal/background separation cuts. The data for the first refer-
ence analysis was taken in January and March 2009. The main difficulty in
order to perform a reference Crab Nebula analysis lies mostly in the selection
of a best matching data set to the one of the analyzed source. In this case
only few observation nights, that matched the high zenith observation condi-
tions of 1ES 1959+650, were recorded from the Crab Nebula at the beginning
of 2009. After applying quality selections, mainly based on rate stability and
weather conditions the data from 3 nights with an effective observation time
of only 1.8 hours, as listed in Table 5.1, was used.

Table 5.1: Crab Nebula reference sample - for 1ES 1959+650 in the first obser-
vation period in 2009.

Date Tegt[h]  Zenith[°] Mean Rate[Hz]
21/01/2009 0.38 35-45 180
25/01/2009 0.66 32-43 183
21/03/2009 0.75 27-46 155

5.3.1 The Crab Nebula signal

In order to find cuts which result in the best significance and sensitivity com-
bination the following values were obtained for the Crab Nebula data sample:
Hadronness=0.07, Size=300, and a =6 resulted in 22.97 ¢ and a sensitivity
of 2.06%. Figure 5.5 shows the corresponding Alpha-plot with the achieved
cuts. A second Alpha-plot (see Figure A.7) was also computed for a Size cut
larger than 150 phe resulting in a sensitivity of 2.83% and a significance of
19.99 0. This value is the minimum Size cut for the calculation of the light
curve and energy spectra of the analyzed blazar 1ES 1959+650 defined also by
the effective energy threshold, as described below. For completeness also a
significance skymap of the Crab Nebula sample was computed, as displayed
in Figure 5.6. One can see a clear excess of 30 o which is in addition consistent
to the Crab Nebula sky position (empty cross).
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Figure 5.5: Alpha distribution of the Crab Nebula signal and background es-
timation from 1.79 hr of M I taken between January 21% and March 215 2009.
The data, taken under high zenith conditions (35°-46°) shows a strong signal
with a significance close to 23 standard deviations and serves to verify the cal-
ibration and the performance of the stand-alone M I telescope in this period.
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Figure 5.6: Significance skymap of the sky region around the Crab Nebula
from 1.79 hr of MAGIC observations taken between January 215 and March
21%t 2009 under high zenith conditions. The Crab Nebula position is marked
with an empty cross. The Point Spread Funktion (PSF) of about 0.10 degree is
also displayed.



94 CHAPTER 5. MAGIC ANALYSIS OF THE CRAB NEBULA

5.3.2 Analysis Threshold

Since the standard trigger threshold of MAGIC is about 70 GeV, one has to
keep in mind that the impossibility to efficiently discriminate the background
events below a certain Size of the images increases the effective energy thresh-
old to higher values as presented here. The effective energy threshold of an
analysis is estimated using a MC test sample (see Section 4.2), that is statis-
tically independent from the sample used for the RF (see Subsection 4.1.4)
training. The background separation procedures obtained in the same way
as well as the energy estimation are applied to the Crab Nebula data and to
the MC sample. Such a comparison of both samples allows to estimate the
energy threshold after the analysis cuts (but also to estimate the efficiency of
all the possible cuts). The effective energy threshold is defined as the peak
of the reconstructed energy distribution, as shown in Figure 5.7, for a given
size cut. For the MC high zenith sample used here a Size cut of 150 phe and
Hadronness of 0.07 resulted in 285 GeV.
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Figure 5.7: Crab Nebula analysis energy threshold for Size cut of 150 phe. The
energy threshold is determined by the position of the peak in the distribution
of the reconstructed energy in the MC (black curvature).
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5.3.3 Flux stability of the Crab Nebula

In order to check further analysis quality criteria of the analysis chain of the
Crab Nebula, a light curve and spectrum have been computed and will be
presented in the following subsections. The light curve of the Crab Nebula
has been computed for energies above 300 GeV, as illustrated in Figure 5.8,
which is in agreement with the energy threshold of 285 GeV. The daily mea-
surements of the Crab Nebula flux (blue points) indicate a constant flux of
F(> 300GeV) = (1.17+0.09) x 10719 cm™2 s~L. This value is in good agreement
with the reference value (red dashed line ) of the Crab Nebula flux from M1
reported in [AAA*08Db].

Light curve of Crab Nebula
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Figure 5.8: Light curve of the Crab Nebula between January and March in
2009. A constant flux of F(> 300GeV) = (1.17+0.09) x 1071° cm~2 s~! has been
measured that is in good agreement with the referenced value (red dashed
line).
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5.3.4 Spectrum of the Crab Nebula

Figure 5.9 shows the results of the differential flux analysis of the Crab Nebula
sample in the energy range from 200 GeV to 4 TeV for three different unfolding
methods, as described in detail in Subsection 4.1.9. The unfolded spectrum
can be fitted with a simple power law of the form

dN ( E )F’

—T_N, 5.1
dE " °\1Tev (.1)

with a photon index I', a normalization constant at 1 TeV and flux Ny. The
results of the fits are given in Table 5.2. It can be seen, that all three unfolding
methods agree within their error ranges and thus confirm again the stability
and consistency of the Crab Nebula analysis chain.

Table 5.2: Crab Nebula spectra unfolding results - for three different unfolding
methods (Bertero, Schmelling and Tikhonov).

Unfolding method Photon index Flux Ny Fit goodness
Name r [x10"Mem™2s71TeV™!]  [y2/NDF]
Bertero -2.51+0.08 (2.54+0.16) 3.32/4
Schmelling -2.76+0.09 (2.53+0.19) 10.17/4
Tihkonov -2.55+0.09 (2.56+0.22) 1.00/4

Unfolded differential energy spectrum of the Crab Nebula
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Figure 5.9: Comparison of the three different unfolding methods of the Crab
Nebula spectrum. All methods agree within their error ranges, thus confirm-
ing the stability of the Crab Nebula analysis chain.
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5.4 Summary and Conclusions

In this chapter the properties of the Crab Nebula and its interest for the VHE
Y-ray analysis were discussed. It has been the reference source and stan-
dard candle for the VHE y-ray analysis calibration. The Crab Nebula analysis
shown here, which is an example for all other analysis of the Crab Nebula ob-
tained separately for each blazar analyzed in this work, delivers results com-
patible with the reference values of previous measurements with M I. For this
reason the light curve and the spectrum can be regarded as confirmed in this
case and consequently the used set of cuts can be applied to the analysis of
1ES 1959+650 as it will be described in the next Chapter 6. Furthermore, the
three unfolding methods (Bertero, Schmelling and Tikhonov) showed nearly
similar results confirming the stability of the analysis chain.






CHAPTER

MONITORING OF 1ES 1959+650
WITH MAGIC

The BL Lac object 1ES 19594650 was discovered as VHE y-ray emitter in 1997
by the Utah Seven Telescope Array. After the discovery, since 2004 MAGIC
started to observe this source regularly in order to monitor its activity. In this
chapter the analysis of the data taken from 2009 to 2012 is presented and
the corresponding results combined and compared with previous findings. In
particular, the signal search as well as the main physical results related to the
differential spectrum and integral flux analysis are described. The results from
a power law fit of the differential energy spectrum of the here analyzed years
are compatible with a steady mean photon index of I' = —=2.57+0.06. During
the last three years of observations this blazar shows only marginal variability,
in the range from 5% to 12% of the Crab Nebula flux above 300 GeV. Besides,
the spectral changes of one distinct flare in May 30™ 2009 are discussed in
detail in this chapter. From simultaneous radio observations during this flare a
strong correlation between both wavelengths is found, supporting the assump-
tion of y-ray flaring emission in the parsec-scale jet of this blazar. In contrast,
simultaneous optical observation did not reveal any connection between both
wavelengths and thus confirming previous results that in this blazar also dif-
ferent structure of the emitting plasma and thus synchrotron radiation are at
work. Finally, a combination of the mean spectrum measured at VHE y-range
with archival data available for other wavelengths is presented in a SED. This
particular distribution can be modeled with a two zone SSC model which is
quite unusual for a BL Lac object and confirming again its different VHE y-ray
emission mechanism and locations.

99
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6.1 The Blazar 1ES1959+650 and its properties

The blazar 1ES 1959+650 is an elliptical galaxy, located between the constel-
lation of Draco and Cepheus at RA: 19h 59 m 59.8s, DEC.: +65d 08 m 55s, in
EquJ2000.0 coordinates. From the historical point of view 1ES 1959+650 was
first observed in the radio band as a part of 4.85 GHz survey performed with
the 91 m National Radio Astronomy Observatory (NRAO) Green Bank tele-
scope [GCI1],[BWE91]. One year later in 1992 it was observed in the X-ray
band by the Einstein Observatory and consequently listed for the first time in
the first catalog of the Einstein Slew Survey as 1ES 1959+650 [EPS*92].

Figure 6.1: Optical view of 1ES1959+650 before (left) and after the galaxy
subtraction (right) taken with the NOT on La Palma. The arrow in the right
image indicates an absorption feature of about 1“ to the north of the cen-
ter [HNS"99].

The morphologically discovery of this source dates back to 1993, when ra-
dio, optical, and X-ray observations reveal its identification as BL Lac type ob-
ject [SSP*93]. Especially in the optical high-resolution observations with the
Nordic Optical Telescope (NOT) its profile shows an unusual brightness in a
complex structure composed by an elliptical galaxy plus a disc and an absorp-
tion dust lane as shown in Figure 6.1. In addition, in the optical R-band this
source shows, comparing the flux with the other here presented blazars like
1ES 0033+595 (Chapter 7), B30133+388 (Chapter 8) or PKS1717+177 (Chap-
ter 9), very high variability (see Figure 6.2).

In order to classify 1ES 1959+650 to one of currently three known possible sub-
classes of BL Lac objects (HBL, IBL, and LBL respectively), as explained in de-
tail in Subsection 1.5.2, the resolution of the peak position of the synchrotron
component in the SED is necessary to know. Previous observations performed
by Metsdhovi in the radio band, the InfraRed Astronomical Satellite (IRAS)-
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Figure 6.2: 1ES 1959+650 optical light curve between 2003 and 2012, from
Tuorla/KVA telescopes. The figure is taken from [Nil13].

and 2 Micron All Sky Survey (2MASS) observations in the IR band as well
as optical data provided by Astrophysical Catalogues Support System (CATS)
and X-ray data from Einstein- and ROentgen SATelit (ROSAT)-catalogues re-
solved together for the first time, as presented in [NTV06], the synchrotron
component of the 1ES 1959+650 blazar (see Figure 6.3). Furthermore, recent
studies by [Bac11] could fully resolve the synchrotron peak of 1ES 1959+650,
claiming a synchrotron peak value of v?:;k =1.71 x 10'7 £ 1.34 x 10" Hz.
Consequently, both results confirm very well the position of the synchrotron
peak to be located well above 10'® Hz and thus classified 1ES 1959+650 to be a
HBL object.

As many other BL Lac objects this galaxy hosts also a Super Massive Black
Hole (SMBH) inside. Comparing all three most known methods that are used
to derive the mass My, of a central black hole, on the one hand by study the
variability time scale and on the other hand the velocity dispersion of the cen-
tral area around the black hole as well as the host luminosity, then a mean
value of about 1083M, can be determined [Bac11]. In case of 1ES 1959+650
the SMBH is also considered to be the main engine for the observed VHE y-
ray emission. Such emission is beamed usually along one major jet toward the
earth that allow us to observe the VHE photons boosted in the jet itself.
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Figure 6.3: The synchrotron peak of 1ES 1959+650 taken from [NTV06] (top)
and the recent synchrotron peak estimation by [Bac11] (bottom).
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6.2 Observations of 1ES 1959+650 in the VHE y-ray
band

As anticipated above and predicted by many different authors already fifty
years ago before the first detection of VHE y-ray emission could be indeed
measured in one of the nearest (z = 0.031) and brightest blazars, Markar-
ian421 (Mrk421) in 1992. The Whipple collaboration performed the first ex-
periment, with its 10 m telescope that made the first discovery of such blazar
possible [PACT92]. Since then, various blazars have been discovered, among
others 1ES 1959+650 in 1997. The Whipple collaboration observed this source
in 1996 also after the discovery of Mrk 421, but unfortunately due to the source
low state they could report only flux upper limits for this object [CBB*97]. In
the following year, in 1997, the Utah Seven Telescope Array (USTA) observed
1ES 1959+650 too, this time claiming for the first time a tentative discovery
of 1ES 1959+650 with 3.9 0 and subsequently, after including addition data,
passing the commonly applied 5 o limit for source discoveries [Nis99]. Five
years later in 2002, the Whipple collaboration could confirm the discovery,
when the source underwent a strong activity in the VHE y-ray range [HBB* 03].
In parallel, also the HEGRA system of Cherenkov telescopes measured this
strong VHE y-ray activity from May until June in 2002 [Hor03], [AAB*03]. Sub-
sequently, the strong VHE y-ray activity from 1ES 1959+650 in 2002 triggered
a multi-wavelength campaign, with simultaneous radio, optical, X-ray, and y-
ray observations, during which the first orphan flare was observed [KHH ™" 04].
Orphan flares are y-ray flares without any contemporaneous X-ray flaring ac-
tivity. Such unusual events are not expected from simple Synchrotron Self
Compton (SSC) models and thus not describable in these models. In order to
explain the orphan flare of 1ES 1959+650 observed in 2002, different hadronic
synchrotron models have been developed (i.e. [RBP05]), making this source
one of the most promising blazar in which hadronical interactions are re-
sponsible for the VHE y-ray emission. Since then the interest to observe this
source in the whole electromagnetic spectrum grew and the first detection
with the MAGIC telescope occurred in 2004, followed by annual observations
until 2010, as outlined below in detail in Subsection 6.2.2.

6.2.1 The redshift of 1ES 1959+650

From the optical observations, more precisely from the optical spectroscopy
measurements, one is usually able to estimate the redshift of different galactic
and extragalactic objects. Unfortunately, in case of blazars more than a half of
the AGNs classified as BL Lac objects have unknown or uncertain redshifts.
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The main reason for this condition lies in their dominant jet emission of these
objects that hides any feature of the system. During the past twenty years the
situation improved a bit due to new improved instruments and spectrometric
and photometric techniques. In case of 1ES 1959+650 the latest published op-
tical spectroscopy performed with the optical data from the 2.1 m telescope
and the Goldcam spectrograph at Kitt Peak National Observatory shows a fea-
tureless spectrum with no emission lines and only few absorption lines, as
shown in Figure 6.4. Therefore, a redshift of z = 0.048 could be estimated for
this blazar. Moreover, during these optical observations the polarization and
the polarization angle have been observed and determined in [PSS*96] sup-
porting also in this case the BL Lac classification of 1ES 1959+650.
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Figure 6.4: Spectroscopy measurements of 1ES 1959+650 showing a feature-
less spectrum with no emission lines [PSS™96].

6.2.2 MAGIC monitoring program

The long-term monitoring with new generation of IAC telescopes, like MAGIC,
can give valuable inputs and consequently improve our knowledge on blazar
physics, not only by participation in multiwavelength observations, but also
by performing an emission state independent observations of peculiar bright
blazars. The advantages of such long-term observations are on the one hand
the possibility to obtain an unbiased distribution of flux state and on the other
hand the possibility to collect data of low flux states which are still sparse.
Nowadays, any statistical study which requires high statistics on various flux
levels, in order to claim an extraordinary behavior, is still difficult. An alter-
native interesting aspect to favor monitoring observations is the investiga-
tion of spectral changes during time periods of different flux states, which
can be used for further study toward acceleration and emission regions in
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the jets of blazars. Another application of such survey is the trigger function
for other observatories and experiments. The Target of Opportunity (ToO)
observations can be performed by the IAC telescopes issuing the ToO and
consequently allowing to increase the time coverage of observatories or ex-
periments in other energy/wavelength regions. The low duty cycle of ~ 10%
leads to a very precious observation time of IAC telescopes and sparse obser-
vation time has to be scheduled very carefully in order to achieve the right bal-
ance between the AGN monitoring program and other (e.g. galactic) observa-
tions. In case of such long-term monitoring programs, in particular IAC tele-
scopes like the Whipple telescope, which was leading an AGN monitoring pro-
gram since the beginning of 2005 ([Pf09]), and the new developed First G-APD
Cherenkov Telescope (FACT) ([ABB*13]), one of the former HEGRA telescopes
are used for this purpose. The MAGIC collaboration started its first monitor-
ing program like the Whipple telescope in 2005. The target sources were the
three nearest and brightest blazars (Mrk421: z = 0.031, Mrk501: z = 0.034
and 1ES 1959+650: z = 0.048). A large part of the MAGICs monitoring obser-
vations (~ 60%) has been performed under moderate moonlight or twilight
conditions, keeping the impact on the overall observation schedule low and
improving the available duty cycle up to 12%. In order to achieve a dense sam-
pling, up to 40 short observations per source are scheduled, evenly distributed
over the observable time [HST*09]. Such short flux measurements should be
enough to detect a given source minimum flux level taking into account the
sensitivity of the telescope system (for more details about the MAGIC perfor-
mance see [CGST09] and [AAAT12d]). In case of Mrk421 and Mrk 501 which
are one of the most brightest TeV blazars, usually 15 — 30 min observation time
are scheduled for them. For 1ES 1959+650, being fainter, an observation time
of at least 30 minutes per single exposure should be assigned.

6.2.3 MAGIC observations of 1ES 1959+650

Short after its commissioning phase in 2004 MAGIC observed with the stand-
alone telescope MAGICI, here after M I, 1ES 1959+650 where a clear signal of
8 0 was detected [AAAT06b, Ton06]. One year later, in 2005, a regular moni-
toring program of the three brightest and closest blazars was started (for de-
tail description of the monitoring program see the previous Subsection 6.2.2).
The most important results of the MAGIC monitoring program have been al-
ready published in [GBB" 08, HST"09, SHB*09] and [Wag11]. The correspond-
ing MAGIC analysis of each observation year can be found for 2005 and 2006
in [Zan06, Hay08], respectively as well as for the years 2007 and 2008 in [Sat10]
and [UMO09]. The whole overview about the six year MAGIC monitoring ob-
servations and the corresponding detections for each monitoring year can be
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found summarized in Table 6.7. In the following Sections (Section 6.3 - Sec-
tion 6.5), the monitoring results of 1ES 1959+650 of the MAGIC observation
years 2009, 2010 as well as the 2012 observations during a ToO project (Sec-
tion 6.6) will be presented and discussed.

6.3 Observations with MAGICI in 2009

In 2009, the observations of 1ES 1959+650 with MAGIC were carried out in two
different observation conditions. The first observation period of this source
started from May 20" until July 29" and was performed with the stand-alone
M telescope whereas in the second period (since fall 2009) MAGIC was oper-
ated as a system of two telescopes in stereo mode [CGS™09]. The correspond-
ing analysis for the second observation period will be described in detail in
Section 6.4. In this section the analysis procedure and results from the first
observation period in 2009 are discussed.

Like in previous monitoring observation years, 1ES 1959+650 is unfortunately
only observable from La Palma under relatively high (36° —48°) zenith angle
conditions. Furthermore, when not in a high state like in 2002 when the flux
was 2-3 factor higher than the one of the Crab Nebula (for more details see
also Section 6.2), the source is rather faint showing a flux of 8-10% of that Crab
Nebula flux above 300 GeV during the monitoring observations from 2005 un-
til 2008. All the data analyzed here are taken in wobble mode, as already ex-
plained in Section 3.8. The overall summary of the observations performed in
this period is presented in Tables B.1 and B.2 in Appendix B.

6.3.1 Data quality selection

Usually the data quality selection in the standard MAGIC analysis is done after
the image cleaning (after the program Star as described in Subsection 4.1.3)
by each analyzer independently. Bad quality data is commonly rejected and
therefore not used anymore in further analysis steps. These selections are
essential for a correct data reduction and later for a good signal to noise ra-
tio. The selection criteria in the MAGIC analysis are base on bad weather
conditions and / or hardware problems or changes. In case of bad weather
conditions for example when thick clouds passing by the field of view of the
telescopes or when the dust from the sahara desert, called calima, occurred
then the sky transparency decreases and the opacity increased. Consequently,
the event rate during such observations conditions decreases or is very un-
stable and the threshold of the analysis increases, since low energy events
are strongly reduced. Other important aspects, as already mentioned shortly
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Table 6.1: 1ES 1ES 1959+650 2009 M1 data set used in this study after data
quality selection. From left to right: dates in dd / mm /yy, effective time of
observation in hours, zenith angle distribution, rate of the event after the im-
age cleaning in Hz and the significance of each observation night.

Date Eff. time[h] Zenith[°] = Mean Rate [Hz] Significance [o]

20/05/2009 0.71 42-47 100 3.40
21/05/2009 1.16 42-47 101 4.79
25/05/2009 0.25 36-38 203 1.33
30/05/2009 0.18 42-49 110 4.76
19/06 /2009 1.98 35-42 147 3.75
20/06 /2009 1.31 40-46 148 3.58
22/06/2009 0.39 41-46 214 1.35
24106 /2009 0.27 41-46 135 0.42
25/06 /2009 0.33 41-46 119 1.68
26 /06 /2009 0.32 41-46 130 0.91
27/06 /2009 0.32 41-46 185 0.47
28/06 /2009 0.32 41-46 170 1.93
30/06 /2009 0.33 41-46 141 0.84
01/07/2009 0.46 41-46 124 2.30
02/07 /2009 0.33 41-46 132 4.10
03 /07 /2009 0.59 41-46 107 3.74
05/07 /2009 0.51 41-46 120 4.36
29/07 /2009 1.75 41-46 212 2.71
30/07 /2009 1.23 41-46 100 3.58
31/07 /2009 0.28 41-46 148 1.69

above, are hardware problems or changes in the telescopes subsystems af-
fecting the data quality strongly. In particular, the most relevant telescopes
hardware component responsible for the quality of the date are: mirror re-
flectivity, pointing accuracy, and camera response. Due to a huge number of
bad pixels in the camera for example as side effect a camera inhomogeneity
(especially in the stand alone analysis) may occur. Unfortunately, part of the
here analyzed data were taken under such circumstances leading to a fully or
partly rejection of such data. The other important parameters which are used
as selection criteria for the data are: stable rates > 100 Hz, # corr. stars > 15,
cloudiness < 40%.
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6.3.2 Signal search during the first observation period in 2009

As mentioned in Subsection 4.1.6, the detection of a signal from a dedicated
source plays an important role for the further procedure of an analysis. In
case of the data set from the M1 telescope the distribution of the parameter
alphais applied. As in detail described in Subsection 4.1.6, the distribution
of the parameter alpha stands in connection to the incoming direction of the
primary particle that induced an atmospheric air shower. Figuratively, im-
ages originated from a VHE primary y-ray photon have this parameter close to
zero because of their observed direction, while images caused due to hadron
particles have a uniform distribution of alpha in consequence of its nearly
isotropic arrival direction. In Figure 6.5 the Alpha-plot of the events obtained
from M1 observations of 1ES 1959+650 in 2009, after applying a Size cut of
300 phe and a Hadronness cut of 0.07 is shown. These cut are tested on a cor-
responding Crab Nebula sample, as described in detail in Chapter 5.
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Figure 6.5: The Alphadistribution of the 1ES 1959+650 signal and background
estimation from 15.30 hr of M I observations taken between May 20th and July
29th in 2009. The distribution of the obtained signal events is shown as red
crosses in the plot while the background data is shown as the gray region. An
excess of 388.3 events was observed with a corresponding strong detection of
14.50.
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During this observation period an excess of 388.3 events was observed above
a background of 388.7 events for a« <8°. The described Alpha-plot shows a
strong detection of 1ES 1959+650 in the first period of 2009 with a significance
of 14.5 0 during an effective observation time of 15.30 hours.

Looking at the corresponding VHE y-ray skymap the excess agrees excellent
with the nominal position of 1ES 1959+650 as shown in Figure 6.6. The emis-
sion is point-like for the angular resolution of M 1.
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Figure 6.6: The corresponding significance of the 1ES 1959+650 with M1 in
2009 obtained from each sky position. The source position is shown by the
cross in the center of the skymap and agrees excellent with excess events com-
ing from the same position. Furthermore, the emission is point-like for the
angular resolution of M1 and the PSF of 0.1 degrees is shown in the bottom
left corner.

6.3.3 Temporal behavior of 1ES 1959+650 in the first observa-
tion period in 2009

In order to investigate and to compare the temporal evolution of 1ES 1959+650
emission with previous MAGIC monitoring years, the integral flux emission
above 300 GeV has to be estimated. The temporal bins are selected according
to each observation night (night-by-night binning).
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Figure 6.7: 1ES1959+650, light curve between May and July 2009 above an
energy threshold of 300 GeV, and with a daily time-scale binning. This time
strong variability is seen in the data. The purple dashed horizontal line repre-
sents the mean flux and constant function from the fit to the data.

As it can be seen in Figure 6.7, only one distinct flare is observed on 30th May,
reaching a flux level of ~0.70% C.U. ! above 300 GeV. The periods immedi-
ately before and after the flare show comparatively low flux levels (=9% C.U.),
which make the flare outstanding and well suited for further flare mechanism
study. When fitting the light curve by a constant fit a clear variability is found
from this observation period yielding F(> 300GeV)=(1.22+0.12) x 10~ cm ™2
s~! with y?/NDF=41.97/18 (probability of a constant flux ~ 0.11%). This is
the first time that 1ES 1959+650 shows a clear variability since the very fist ob-
servation and the highest state in 2002 reported by Whipple and HEGRA ex-
periments. The unique observation night on May 30" is subjected to a closer
inspection, as it shows a unusual variability pattern for this source and will be
described in detail in Subsection 6.3.5.

!A Crab Unit (C.U.) is marking the flux state of the Crab Nebula above 300 GeV
(2.24x1071%cm™2 s7h).
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6.3.4 Spectral properties of 1ES 1959+650 in the first observa-
tion period in 2009

The differential energy spectrum observed with M1 of 1ES 1959+650 in the
first observation period of 2009 is studied in detail in this subsection. For the
spectrum reconstruction the emission in intervals of reconstructed energy (or
true energy in the case of unfolded spectrum) is investigated. In case of the
first 2009 sample, where a clear significance of 14.49 ¢ (see Figure 6.5) has
been detected, 28 bins in logarithmic scale between 5 GeV to 50 TeV were set
using a size cut of 150 phe. The cuts in Hadronness and « are dynamical i.e.
their definition is based on their cut efficiency as estimated from y-like MC
simulation events leading to energy dependent cuts. The cuts are chosen in
such way that 90% and 70% of the simulated y-like events survive the cuts re-
spectively. Looking further on the unfolded spectrum which is characterized
by the same bins scaled by a factor 1.4, it allows to perform the true energy
reconstruction procedure. Figure 6.8 shows the differential energy spectrum
of 1ES 1959+650 after this correction procedure, performed with different un-
folding algorithms (Forward, Bertero, Schmelling and Tikhonov), as described
in detail in Subsection 4.1.9.

o 1ES 1959+650: May - July 2009 (without flare)
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Figure 6.8: 1ES1959+650 differential energy spectrum measured by MAGIC
between 150 GeV and 5.5TeV in the first observation period in 2009. The
power law fit to the data is also shown (red line).
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All unfolding algorithms are in very good agreement among each other. For
further analysis steps and comparison process the Bertero unfolding algo-
rithm has been selected giving the best probability of the fit. The spectrum
in the energy range 150 GeV to 5.5 TeV can be well fitted by a power law of the
form:

dN E \7T
0( ) (6.1)

dE " \1Tev

with photon index I' = 2.66 + 0.15, and a normalization constant at 1TeV of
Np = (2.64+0.22) x 10~ 2cm ™25~ TeV~!, with a fit goodness of y?/ NDF=2.58/4
and a corresponding probability of 63%. These results are in agreement with
previous determinations of the source spectrum as shown in Section 6.7. In
addition, it should be noted that this presented spectrum was calculated with-
out the particular flare day, on May 30", in order to perform a low state spec-
trum parameter determination. Finally, due to not sufficient exposure time in
order to reach a spectrum range of >10TeV, where interactions between the
VHE y-rays and the EBL via pair production at distances of z = 0.048 could
become evident, no further EBL studies can be derived. For a detail descrip-
tion about the EBL see Section 1.3 and Subsection 10.3.4. Nevertheless, the
here achieved results will be used for further spectra comparison study as de-
scribed in Section 6.7. The particular flare day analysis and results are dis-
cussed in the following Section 6.3.5.

6.3.5 Results of the flare analysis on May 30"

As already pointed out in Subsection 1.5.2 and Subsection 6.3.3 the emission
level of blazars is strongly variable on all timescales accompanied by frequent
changes of the emission level of the electromagnetic radiation often by more
than one order of magnitude. One example is the recently observed very
strong flare in the blazar Mrk 421 in 2013 where its emission level was 11 times
higher than the Crab Nebula flux above 300 GeV. In contrast, in the previous
years its baseline emission level was found to be only few percent of the Crab
Nebula flux [Cor13]. The detected different flaring states of blazars in the VHE
y-ray regime are usually correlated with a flux increase in the X-ray band and
sometimes also in the optical and radio energy band. In addition, during such
flaring states also changes of the spectral shape with the enhanced flux level
have been measured. In order to investigate the exceptional flare on May 30"
(MJD 54982) of 1ES 1959+650 regarding such changes a correlation study and
spectral shape comparison is conducted.
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Observation condition

During the monitoring program (as described in detail in Subsection 6.2.2) in
2009 the observation time was usually scheduled for 10 — 20 min per night.
In case of the observation on May 30" the hole exposure took only 18 min-
utes, starting at at 04:46 UT and ending at 05:04 UT. This observation was
performed under moderate moonlight conditions and the data was taken at
zenith angles between 36° and 37° in wobble mode. Unfortunately, during this
observation night the online analysis was not working properly, thus the oper-
ators did not know that 1ES 1959+650 was flaring at that time. Consequently,
extended observation time was not assigned on that particular night.

Signal distribution

In order to check how strong the flare on May 30" in 2009 was, a dedicated Al-
pha-analysis has also been performed separately for this particular day. From
the Alpha-plot using common detection cuts with Size of 300 phe and a re-
laxed Hadronness cut of 0.1 (due to the short exposure), a strong signal of
5.4 0 has been measured. Figure 6.9 shows the Alpha-plot with only 1 off re-
gion (top) (as the data was unfortunately recorded) and with 3 off region (bot-
tom) only for comparison reason. Interestingly and confirming the flare ap-
pearance is the high y-rate of ~ 4/min. In comparison the usual 1ES 1959+650
Y-rate in quiescent state is ~ 1/min.

Flare spectral distribution

To investigate the spectral changes during the flare of 1ES 1959+650 a spec-
trum was calculated for this particular day. Figure 6.10 shows the result of the
differential energy spectrum analysis of this particular flare. Due to the short
exposure time of only 18 minutes the range of this spectrum is rather short
and covers only the interval from 150 GeV to 550 GeV. The power law fit of the
form
dN E \T 60
dE 0(250GeV) 6.2
gives a photon index of I = —2.29 + 0.29, a normalization constant at 250 GeV
and a corresponding flux value of Ny = (1.82+0.25) x 10~%cm™2s"1TeV~! with
a fit goodness of y2/DNF=3.09/4 and P(y?)=0.43.
Comparing the fit results of the differential flux analysis of the SED of the

form;
298 _ gy (L)_F (6.3)
de " °|250Gev '
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Unfolded differential energy spectrum of 1ES1959+650
from May 30" 2009
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Figure 6.10: Differential energy spectrum of May 30 in 2009.

as shown in Figure B.1 and Figure B.2 then a simple power law fit in this case
is no longer a adequate fit function. Another fit approach is usually found in
a curved power law fit followed by the equation:

dN E a+blog;o(E/1)
—No( ) (6.4)

dE
The corresponding values for this fitare: a = -2.34+0.34, b= -2.00+0.02 and
anormalization constant at 250 GeV of Ny = (2.18+0.30) x 10 %cm 25~ 1 TeV 1.
Applying this fit on the SED the goodness of the curved power law fit is esti-
mated to be y2>/DNF=0.32/3 with the probability of 95% which is much bet-
ter than the goodness of the pure power law fit (see above). This finding
demonstrates very well, as already observed for Mrk 421 in 2010 and reported
in [Ste12] that the VHE y-ray spectra of different HBL flares show a much obvi-
ous curvature shape. Another aspect is, if one compares the average spectrum
with the one containing the flare, as depicted in Figure 6.11, then a signifi-
cant higher flux, as expected, is also evident. In addition, the spectrum show
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a hardening with increasing flux level, ranging from a mean low state spec-
trum described by a photon index of I' = —2.66 + 0.15 to flare spectral index of
I' = -2.29 £ 0.29. Such behavior was already observed in different blazars as
reported in [Wag08] or [Stel2].
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Figure 6.11: Comparison of the differential energy spectrum of 1ES 1959+650
in a low average sate with that on the flare day on May 30" in 2009. The blue
points represent the average 2009 spectrum whereas the red points show the
flare day.

Flare multiwavelength correlations

To prove possible correlations in different wavelengths, light curves with a
dense sampling are necessary. Unfortunately, as depicted in Figure 6.12, for
this interesting period, the X-ray (Swift, Rossi X-ray Timing Explorer (RXTE))
and HE y-ray (Fermi LAT) observations were not frequent enough to claim or
disprove a possible multiwavelength correlation. Even if the evolution of the
X-ray light curve gives again a hint of an orphan flare (for a detail explanation
of an orphan flare see Section 6.2 or [KHH"04]), if one compares Figure 6.12
(top and bottom panel) and Figure 6.13 with each other, no precise conclu-
sions at the current stage can be made.
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Figure 6.12: Multiwavelength light curve from the X-ray, HE and VHE y-ray
range from 2008 to 2012. Again an orphan flare seems to occur when compar-
ing the X-ray and the VHE y-ray light curve.
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Figure 6.13: The prominent orphan flare observed in 2002 form 1ES 1959+650
by Whipple, HEGRA above 600 GeV and 2 TeV, respectively as well as the RXTE
(X-ray at 10 keV) measurements (bottom panel). Adapted from [KHH"04].
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The only experiments that could provide a dense sampling of that particular
period are the optical observation from the Tuorla/KVA observatory and the
radio observations performed by the Very Long Baseline Array (VLBA) [Moj13]
and Owens Valley Radio Observatory (OVRO) at 15 GHz [OVR13], respectively.
Figure 6.14 shows in the bottom panel the optical light curve in the R-band,
where a strong variability of this sources is visible. In the middle panel the
light curve of the present MAGIC results above 300 GeV is presented.
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Figure 6.14: Multiwavelength light curve from the radio, optical and VHE y-
ray range from 2008 to 2012. In this light curves a correlation between the
radio and the VHE y-ray range becomes evident.

In addition, in the top panel, the radio data taken at 15 GHz from the ob-
servatories described above with the corresponding observation periods are
shown. At first glance, comparing the radio measurements from the OVRO
with the VHE y-ray one, a correlation between both wavelengths becomes
evident. This flux enhancement is also confirmed by the core flux measure-
ments of the VLBA I observatory where a local maximum is found on June 1%,
as listed in Table 6.2. Besides, also new radio components as reported by the
Monitoring Of Jets in Active galactic nuclei with VLBA Experiments (MOJAVE)
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program and as illustrated in Figure 6.15, occurred during the same observa-

tion period.

Table 6.2: 1ES 1959+650 VLBA core flux measurements showing a maximum

state (F=231 mJy) on June 1t in 2009.

Flux [m]y]
23 /07 /2009 224
03 /06 /2009 218
01/06/2009 231
25/02 /2009 181
23/10/2008 196
03/10/2008 176
30/05/2008 197
08/02 /2008 89
31/10/2003 151
09/06/2003 160
09/06 /2000 147
06 /03 /2000 129

Figure 6.15: MOJAVE skymap showing new radio components on June 15 in
2009 (right side) in comparison with previous observations (left side) per-
formed one year earlier where no new radio components are visible. Adapted

from [Moj13].
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In order to confirm this correlation appearance in the multiwavelength light
curves a Cross Correlation Function (CCF) was applied. This mathematic
function of two time series, in this case for the VHE y-ray, radio and optical
light curve, reveals the magnitude and significance of characteristic lag times
between the two series.The length of a possible delay, 7, is related to the light
travel time between the y-ray source and the reprocessing region [BS12]. In
case of the radio and the VHE y-ray light curves, the observations were sam-
pled at intervals of 2 days over that time span. The in this analysis considered
lags on time scales of 0-120 days. A peak in the CCF, as shown in Appendix B,
Figure B.3, indicates that the radio emission is delayed relative to the y-rays by
about 1-2 days with a correlation coefficient of c.oefr = 0.75 (y-ray leads radio).
Shifting the radio light curve of 1-2 days towards the flare in the y-ray flare, as
depicted in Figure 6.16, then a nice matching of both light curves occurs. This
finding give the first strong indication that the emission of both wavelengths
have a common radiation region. In the second case, a comparison of the
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Figure 6.16: Multiwavelength light curve from the radio, optical and VHE y-
ray range from May 20" to July 31°t.

optical and VHE y-ray light curves is performed, applying the same CCF set-
tings as in the previous case but considering a slightly higher time scale lags of
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0-200 days. The CCF result is showing the highest peak (see Appendix B Fig-
ure B.4) at a position of 55 indicating that the optical emission is delayed rela-
tive to the y-rays by about 55 days (y-ray leads optical). Figure 6.17 shows the
shifted optical light curve by 55 days towards the y-ray flare. In this case the
matching of both light curves is not clearly evident, comparing especially the
measurements of MJD < 54980 where a dense sampling of VHE data is miss-
ing. Moreover, it should be noted, that the correlation coefficient of ccgeff = 0.5
does not reveal a clear correlation confirmation between both wavelengths.
Thus, any strong conclusion about a possible accompaniment of both wave-
lengths, even if such time delays were already reported by [JSN*12], are not
possible in this study.
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Figure 6.17: Multiwavelength light curve from the radio, optical, and VHE y-
ray range from May 20" to July 315,
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Flare discussion

Today; it is very well known that blazars are strongly variable sources that oc-
casionally show extraordinary flares visible in various energy bands. These
flares are often, but not always accompanied by a counterpart in different
wavelengths. In this section such interesting flare correlation behavior in the
particular blazar 1ES 1959+650 was discussed. The obvious correlation be-
tween the VHE y-ray results and the 15 GHz radio band gives a strong indi-
cation of the common region radiation in this blazar. This finding was al-
ready found by different authors i.e. [NTV*11] who additionally found out
that the flux correlation is actually real and not an effect of instrumental flux
limits. Besides, [KAAT09] and [TVT"94] have already pointed out that blazars
detected by Fermi LAT are often flaring in radio or are at least in active state
and that the radio emission is undoubtedly produced in the jet region and
not in the BLR. Consequently, the here presented findings support very well
the assumption that both wavelengths have a co-spacial origin and that the
y-rays are produced most likely in a blob region downstream in the jet as sup-
ported by the new radio components (blobs) found in the MOJAVE skymaps.
Another interesting aspect recently reported by [JSN* 12] is the result that in a
number of cases the peak of optical flares are found to be delayed with respect
to the y-ray peaks which would again confirm the here presented findings, al-
though the correlation coefficient of ceff = 0.5 does not fully confirm or dis-
card this assumption. Such delays are expected in case of a moving shock and
different opacities of the medium or also as an effect of reprocessing as al-
ready reported by various authors (e.g. [ESR12]). Furthermore, the timescales
of variability in flux distribution and spectral changes during flares can be in-
terpreted in terms of electron cooling time, the light propagation time and
the electron acceleration time to resolve and to understand the structure of
relativistic jet and their environments. All in all, such correlation studies are
still essential in order to shed light in the fascinating acceleration processes
in blazars. In the next section the results of the second MAGIC monitoring
period in 2009 are presented and discussed.
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6.4 Observations of 1ES 1959+650 in stereo mode
in 2009

The monitoring observations continued shortly after the final installation of
the second MAGIC telescope, here after M II. The results presented were car-
ried out from the commissioning phase of the first stereo observations in the
so called "soft stereo trigger mode”. These commissioning observations of
1ES 1959+650 lasted from August 13™ until October 27™ in 2009. Compared
to the standard trigger mode adopted for regular stereo observations (the so-
called “full stereo trigger mode”, where the Cherenkov events are triggered si-
multaneously by both telescopes), the “soft stereo trigger mode” has slightly
less sensitivity at the energies below ~150 GeV, because both telescopes were
triggered independently. In order to take the non-standard trigger condition
during the analysis into account, a dedicated MC y-ray simulation sample has
been generated at the high-performance computing cluster in Dortmund and
adapted accordingly to in the analysis chain.

Finally, the whole analysis procedure was validated step by step on compat-
ible datasets from observations of the Crab Nebula, as described in detail
in Chapter 5. In case of quality cuts for the data selection in the commis-
sioning phase looser cuts for the L3 rate after cleaning of >25 Hz were cho-
sen. The other quality cuts i.e regarding the weather conditions (see Subsec-
tion 6.3.1) were applied at the same way as for the first observation period
for the stand-alone telescope, MI. After the described selection criteria were
applied to the whole observation sample of 12.80 h a subsample of 10.35 of
good quality data, as shown in Table 6.3 was used to derive further analysis
results. The data analysis for the soft stereo data is performed with the stan-
dard MAGIC analysis and reconstruction software MARS, developed for the
analysis of stereo data, as described in Chapter 4. In this analysis of the first
stereo observations of 1ES 1959+650 the advantage of a new direction recon-
struction method is used. After the calibration [A*08] and the image cleaning
of the events recorded by each telescope, the information coming from the
individual telescopes are combined and the calculation of basic stereo im-
age parameters is performed. For a detail description of the complete MAGIC
stereo analysis chain described above see Chapter 4 or [AAA*12d].
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Table 6.3: 1ES 1959+650 2009 stereo data set used in this study after data qual-
ity selection. From left to right: dates in dd / mm/yy, effective time of ob-
servation in hours, zenith angle distribution, rate of the event after the image
cleaning in Hz and the significance of each observation night.

Date Eff. time [h] Zenith[°] Mean Rate[Hz] Significance [0]

13/08/2009 0.67 42-47 30 4.70
15/08/2009 0.73 42-47 30 4.17
26/08/2009 0.50 36-38 30 4.22
27/08/2009 1.21 36-38 35 5.97
28/08/2009 0.38 36-38 30 2.58
29/08/2009 0.58 36-38 35 2.90
30/08/2009 0.82 42-49 50 2.58
26/09/2009 1.22 40-48 53 3.90
27/09/2009 0.32 35-42 52 3.63
08/10/2009 0.08 41-46 40 2.58
11/10/2009 0.13 41-46 60 3.94
24/10/2009 1.59 41-46 40 4.69
25/10/2009  0.60 41-46 75 3.61
26/10/2009 1.89 41-46 68 4.44
27/10/2009 0.64 41-46 45 3.17

6.4.1 Signal search from first stereo observations in 2009

For the first detection out of the soft stereo data, a signal search using the 02
distribution was applied. As anticipated in Chapter 4 the 62 distribution is
a squared angular distance between the estimated and the true source posi-
tion (camera center in case of the wobble center). In this case, especially the
angular distance between the center of gravity of the image and the shower
direction, the so—called DISP is reconstructed (for more information see Sub-
section 4.1.4). Figure 6.18 indicates an excess of 185.6 y-events on the 14.3 0
level during the second monitoring observation period of 1ES 1959+650 in
2009. The cuts which were here applied are the standard full range cuts with
following settings applied in the program "0die":

Odie.cuts: MHadronness.fHadronness < 0.16
&& MHillas_1.fSize > 125
&& MHillas_2.fSize > 125
&& MStereoParDisp.fEnergy >250
Odie.signalCut: 0.01
Odie.psf40: 0.063
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Figure 6.18: 62-plot of the 1ES 1959+650 signal and background estimation
from 10.35 hours of the first MAGIC stereo observations taken between Au-
gust 13™ and October 27" 2009, above an energy threshold of 250 GeV. A clear
signal of 14.3 o0 can be measured also in the second period of the monitoring
observations of 1ES 1959+650.
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Figure 6.19: The skymap obtained with the same cuts as for the 62 distribu-
tion. Again a clear signal at 14 o significance level is visible. This result also
confirms the excess from the nominal position of 1ES 1959+650 . The PSF of
0.063 degrees is also displayed in the bottom left corner.
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These cuts were optimized by means of contemporaneous Crab Nebula data
and MC simulations in previous analysis test validated by various MAGIC an-
alyzers. Moreover, the skymap result (see Figure 6.19), applying the same cuts
as for the 02 distribution, confirms very well the excess events coming from
the nominal position of 1ES 1959+650 with a hot spot at 14 ¢ significance level.

6.4.2 Temporal behavior of 1ES 1959+650 in the second ob-
servation period in 2009

The overall light curve for the second observation period in 2009 is shown
in Figure 6.20. The integral flux for y-rays is found to be F(300 > GeV) =
(5.86 +0.61)x10"2cm2s7! corresponding to the level of about (4.73+0.49)%
of the Crab Nebula flux above 300 GeV. In addition, the light curve indicates
moderate changes of the flux level with y?/NDF = 34.32/15 and a correspond-
ing probability of 0.31% which is not compatible with a steady flux, although
no major flares could be detected during this observation period. As a con-
clusion, the here presented light curve suggests, in contrast to the first ob-
servation period in 2009, a quiescent state of 1ES 1959+650. Such low state
behavior was mostly observed from this object during the long-term moni-
toring observations with MAGIC since 2005 to 2008 yielding a flux level not
higher than 12% of the Crab Nebula flux, as already reported in [HST*09].

6.4.3 The VHE y-ray spectrum of 1ES 1959+650 in the second
observation period in 2009

As discussed above, 1ES 1959+650 has also been observed in the second pe-
riod of 2009 during the commissioning phase of M II. Since no major changes
in the flux level of 1ES 1959+650 were observed during this period, thus only
one mean differential energy spectrum was calculated. The stereo analysis
cuts are adapted in similar way as for the stand-alone analysis to the efficiency
on MC simulation data. For the 82 cut and for the Hadronness cut values of
90% are set, respectively. These very loose cuts (efficiency 90%) were applied
in order to avoid some systematics related to hardware inefficiencies of the
new M II camera at the begin of the first stereo observations. The correspond-
ing differential energy spectrum is outlined in Figure 6.21.

Furthermore, the spectrum can be again well fitted by a pure power law be-
tween 200 GeV and 5 TeV yielding following parameters

) -2.48+011

dN 12 1....-2.-1
— =(2.07+0.25) x 10 TeV "cm “s (6.5)

dE ( 1TeV
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Figure 6.20: 1ES1959+650, light curve between August and October 2009
above an energy threshold of 300 GeV, and with a daily time-scale binning.
No strong variability is seen in the data. The dashed purple horizontal line
represents the constant function resulting from the fit to the data.

and skipping the first point at 150 GeV which lies far below the estimated en-
ergy threshold, as described in Chapter 5. The power law fit describes the data
acceptably well with y2/NDF = 1.20/4 as a probability of 88%. Since also this
spectrum does not extend up to energies of more than > 10 TeV, an energy do-
main at which non-negligible absorption of the EBL is expected, no further
studies in this respect could be performed. To sum up, 1ES 1959+650 shows
during the second observation period in 2009 no significant flare activity and
it seems that the source has returned to its usual quiescent state.
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Figure 6.21: 1ES 1959+650 differential energy spectrum measured by MAGIC
between 200 GeV and 5 TeV in the second observation period in 2009. The
power law fit to the data is also shown (red line).

6.5 1ES1959+650 observations with MAGICin 2010

As pointed out at the beginning of Section 6.4 the commissioning phase of
the second MAGIC telescope finished at the end of October 2009. Since then
both telescopes worked in the full stereo mode with improved angular and
energy resolution as well as improved integral sensitivity of 0.8% of the Crab
Nebula flux above 300 GeV in 50 h of observations [AAAT12d]. Above a few
hundred GeV the MAGIC stereo system sensitivity is a factor of two better
than of only one telescope. In addition, the improvement is even larger by
a factor of about 3 in the energy range between (50-200) GeV. These improve-
ments are results of an efficient usage of the stereo parameters in the analysis
chain and the intrinsic reduction of the muon background in the stereo sys-
tem (for a detailed description of the MAGIC stereo system see Chapter 4 and
[AAA*12d]). Such observations of 1ES 1959+650 were also performed during
the last MAGIC monitoring observations in 2010. The findings of the observa-
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tions in 2010 are presented and discussed in the following section.

During the last year of MAGIC monitoring observations in 2010, 1ES 1959+650
was observed in total for only 5.55 hours in this period, covering the same
zenith angle range as in the previous years between 36 to 48 deg. Like in the
past monitoring years the whole data sample was taken in the false-source
tracking (wobble) mode, in the period starting from May 23th until September
29th . After quality selection, as mentioned in previous sections (i.e. see Sub-
section 6.3.1) and applying a mean L3 rate cut of >50 Hz, in total only 5.5 hours
of good quality data has been analyzed. Moreover, the selected good qual-
ity data sample was analyzed with the standard MARS analysis framework for
stereo observations as described in the previous section. The whole selected
sample along with the daily observation time, the mean rate after cleaning,
the zenith angle distribution, and the significance for each observation day is
listed in Table 6.4.

Table 6.4: 1ES 1959+650 2010 data set used in this study after data quality se-
lection. From left to right: dates in dd / mm / yy, effective time of observation
in hours, zenith angle distribution, rate of the event after the image cleaning
in Hz and the significance of each observation night.

Date  Eff. time[h] Zenith[°] Mean Rate [Hz] Significance [0]

23/05/2010 0.46 42-47 82 4.17
08/06/2010 1.30 36-38 108 7.53
06/08/2010 0.34 42-49 50 2.05
16/08/2010 0.83 36-39 85 1.93
20/08/2010 1.13 40-48 53 1.56
31/08/2010 1.33 35-42 52 3.66
02/09/2010 0.78 40-46 104 3.94
29/09/2010 0.49 41-46 68 2.68

6.5.1 Signal search from stereo observations in 2010

Due to improved sensitivity of the MAGIC stereo system, 1ES 1959+650 has
been detected again even in this short observation period of 5.55 hours clearly.
The strength of the signal has been calculated using standard cuts as already
described in Subsection 6.4.1. In the same way, as for the soft stereo 2009
observations, the signal search was performed using the 2 distribution. The
corresponding 62-plot is depicted in Figure 6.22. It indicates an excess of 103.0
Y-events on the 10.30 0 level. In addition, the skymap in Figure 6.23 shows
the position of the computed excess events which is well matched within the
nominal position of this source (empty cross).
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Figure 6.22: 02 distribution of the 1ES 1959+650 signal and background es-
timation from 5.55h of MAGIC stereo observations taken between May 23"
and September 29™ 2010. The region between zero and the vertical dashed
line (at 0.016 degrees) represents the signal region.
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Figure 6.23: Significance skymap of the sky region around 1ES 1959+650 from
5.55h of MAGIC stereo observations taken in 2010. The 1ES 1959+650 posi-
tion is marked with an empty cross. The PSF of about 0.07 degrees is also

displayed.
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6.5.2 The temporal behavior of 1ES 1959+650 in 2010

Looking back to previous temporal analysis results of 1ES 1959+650 the source
was usually found in its quiescent state during the last five years of MAGIC
monitoring observations. In order to check the time evolution also in the
last monitoring year, again the integral flux as a function of time (MJD) has
been studied. As shown in Figure 6.24 the mean integral flux above 300 GeV is
F(> 300GeV) = (7.25+0.14) x 10712 cm™2 571, corresponding to (5.85+1.16)%
of the Crab Nebula flux. In comparison to previous observations also in this
case, no variability hints could be detected. In fact, fitting the light curve (see
Figure 6.24) with a constant flux hypothesis yields a y>/ NDF = 4.1/6, corre-
sponding to a probability of P(y?) = 0.67.
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Figure 6.24: VHE y-ray light curve of 1ES 1959+650 for E > 300 GeV measured
by the MAGIC stereoscopic system in 2010.
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6.5.3 The VHE y-ray spectrum of 1ES 1959+650 in 2010

As reported above, no variability in the flux of 1ES 1959+650 in 2010 could
be found, therefore again only one differential energy spectrum has been de-
rived. For the spectrum all data listed in Table 6.4 was used. Like in the previ-
ous analysis the energy spectrum has been reconstructed using different un-
folding algorithms to take into account and also to investigate the energy res-
olution of the full stereo system as well as the biases in the energy reconstruc-
tion. The results of the different unfolding methods show a good agreement
within the uncertainties. For further analysis steps and comparison process
the Bertero unfolding algorithm has been selected giving the best probability
of the fit also in this case. In comparison to the previous observation years
and already presented VHE y-ray spectra results in this work, the spectrum
from 2010 observations can also be well described by a simple power law with
following values:

dN
- (2.10+0.30)x 10" 2cm~2s ' Tev!

E )\ 247+0.18
( ) (6.6)

1 TeV

between 125 GeV to 6 TeV with y?/NDF=3.15/5 and P(y%=0.68).

For the first time due to improved sensitivity of the stereo system the spec-
trum extends down from 125 GeV, as can be seen in Figure 6.25. Also in this
case due to short exposure time of only nearly 6 hours the spectrum cannot
be used alone for any further EBL studies.

In this section the last 1ES 1959+650 results of the MAGIC monitoring obser-
vations in 2010 were presented. The source shows again in this period its
usual steady state and the calculated spectral parameters are well matched
within uncertainties with previous results. After the monitoring program of
1ES 1959+650 has been finished at the end of 2010 no further regular obser-
vations in the following year in 2011 were performed. Nevertheless, in 2012
a maximal historical optical R-band brightness has been recorded by the KVA
observatory of 1ES 1959+650 and consequently triggered further MAGIC ob-
servations in that year. The analysis results of the 1ES 1959+650 ToO observa-
tions in 2012 are the central theme of the next section.
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Figure 6.25: Differential energy spectrum of 1ES1959+650 measured by
MAGIC in 2010. The power law fit to the data is also shown by the red line.

6.6 MAGIC observations of 1ES 1959+650 in 2012

As shortly mentioned above, in 2012 further 1ES 1959+650 MAGIC observa-
tions were triggered by the strongest optical outburst in the R-band, revealed
by the Tuorla/KVA telescopes. Figure 6.26 illustrates the strongest optical out-
burst and the MAGIC observation window (yellow band and bottom panel).
Unfortunately, due to M1 camera failure the whole observations were per-
formed in stand-alone mode only with M II. 1ES 1959+650 has been observed
with M II from May 22"¢ until May 26™ for more than 1 hour each night. The
quality of this sample is surprisingly good, thus all the collected data, as listed
in Table 6.5, can be used for the successive steps of the analysis. The follow-
ing results were evaluated again with the standard MAGIC analysis software
MARS but this time in stand-alone mode and with a dedicated sample of MC
simulation data for M II. In particular, given that the observations were con-
ducted only with one telescope, the whole analysis is performed with the Al-
pha approach as described in Section 6.3.
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Figure 6.26: Optical light curve from the the Tuorla / KVA telescopes. At the
beginning of 2012 the strongest optical outburst in the R band is observed.
The MAGIC observation window is highlighted with the yellow band. The data
was provided by [Lin12].

Table 6.5: 1ES 1959+650 ToO observations in 2012 From left to right: dates in
dd / mm / yy, effective time of observation in hours, zenith angle distribution,
rate of the event after the image cleaning in Hz and the significance of each
observation night.

Date Eff. time [h] Zenith[°] Mean Rate [Hz] Significance[o]
22/05/2009 1.31 36-39 325 6.51
23/05/2009 1.39 38-42 300 7.04
24 /05/2009 1.45 39-45 300 5.81
25/05/2009 1.47 39-45 330 1.98

26/05/2009 1.26 41-49 290 3.47
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6.6.1 Signal search of 1ES 1959+650 in 2012

For the signal search in the 2012 data the same procedure as for the first obser-
vation period in 2009 was applied. The only difference in this analysis to the
one presented in Section 6.3 is the telescope itself. M II in stand-alone mode
is slightly more sensitive than the M I telescope alone. In Figure 6.27 the Alpha
distribution of the events obtained from the stand-alone M II observations of
1ES 1959+650 in 2012 is shown. During this observations an excess of 355.3
events was observed above a background of 479.7 events for a < 8°. The here
applied cuts (Size =300 phe and Hadronness =0.07) were similar to that one
found for the stand-alone analysis in 2009, since no Crab Nebula data under
the same zenith angle conditions were available in 2012. During an effective
observation time of only 6.90 hours a strong detection of 12.37 ¢ from this
source has been observed. The corresponding VHE y-ray skymap, as outlined
in Figure 6.28, confirms very well the direction of the detected excess events
with the position of 1ES 1959+650. Also in this case the emission is point-like
for the angular resolution of M I1.
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Figure 6.27: Alpha distribution of the 1ES 1959+650 signal and background
estimation from about 7 hours of MII observations taken in May 2012 dur-
ing the strongest optical flare in the R-band. As in previous observations
1ES 1959+650 is again detected with a significance of 12.37 o.
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Figure 6.28: Significance skymap of the sky region around 1ES 1959+650 from
about 7 hours of M II observations taken in May 2012 during the strongest op-
tical flare in the R-band. The 1ES 1959+650 position is marked with an empty
cross. The PSF of about 0.1 degrees for M 11 is also displayed.

6.6.2 Temporal behavior of 1ES 1959+650 in 2012

In order to drive constraints on models of VHE y-ray emissions in connec-
tion with a possible optical-y-ray correlations it is important to observe such
sources simultaneously. In case of MAGIC, such observations were already
successfully performed, where the optical band triggered VHE y-ray obser-
vations of AGN since the start of its operations. The triggers have been pro-
vided by the Tuorla blazar monitoring program and the ToO project. Such
simultaneous observations in both wavelength regions resulted already in the
discoveries of five new VHE y-ray emitting sources (Mrk 180, [AAA*06a]; 1ES
1011+496, [AAA*07b]; S5 0716+714, [AAAT09d]; B3 2247+381, [AAA* 12b]; and
1ES 1215+303 [AAAT12b]). In contrast in many other cases it has not been
possible to confirm with high statistical significance if the sources during high
optical activity were always in a higher VHE y-ray state. There are long-term
studies for example for Mrk421 and PG 1553+133 that show controversial re-
sults on the correlation between the two energy ranges. Thus, such connec-
tion between the optical and VHE y-ray states remains an interesting field of
study. For this reason, the nearly simultaneous 1ES 1959+650 VHE y-ray light
curve with the observed R-band maximum has been computed in order to
check if a possible correlation during the strongest optical flare in 2012 is evi-
dent.
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Figure 6.29: VHE y-ray light curve of 1ES 1959+650 for E >300 GeV measured
by MAGIC in 2012.

In Figure 6.29 the integral flux during five observation nights above 300 GeV is
given. The light curve, showing no major flare activity, can be well-fitted by a
constant yielding a integral flux of F(> 300GeV)=(1.46+0.16)x10712 cm™2 s~
with ¥/ NDF=5.2/4 and corresponding probability of 27%. The here reported
flux is only about a factor 3 higher (11.81+1.31% C.U.) than in the previous
monitoring years in autumn 2009 and 2010 and additionally within the uncer-
tainties reported in 2009. Since there are no strong flux enhancements mea-
sured like on May 30™ in 2009 (see Subsection 6.3.5) or even in 2002 [KHH* 04]
this result gives also a hint that both wavelengths and their emission regions
are not directly connected with each other.

Intra-night variability

Since blazar can also show an intra-night variability, as already reported by
various authors especially for the most prominent blazars Mrk 421 and Mrk 501
with flux-doubling times down to 2 minutes ([AAA*07c],[AAA*10g]), this sam-
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ple of five nights in series with an exposure time of more than 1 hour has also
been used for an intra-night variability check. Figure 6.30 shows a intra-night
light curve for energies above 300 GeV for the extended observations on May
224 yntil May 26™ in a 15 min binning. For this particular study a y?-Test for
each observation night has been performed. The results are listed in Table 6.6.

Table 6.6: 1ES 1959+650 2012 data set and result from the short variability
study. From left to right: dates in dd / mm / yy, effective time of observation
in minutes, y?/NDF results and the probability for the data points to be dis-
tributed uniformly around the mean value.

Date Eff. time[h] y2/NDF] Probability
22/05/2012 1.31 3.71/4 0.47
23/05/2012 1.39 0.76/5 0.98
24/05/2012 1.45 8.05/5 0.15
25/05/2012 1.47 8.76/5 0.12
26/05/2012 1.26 2.01/4 0.73

The probability for the data points to be distributed uniformly around the
mean value (about 10% of the Crab Nebula flux) differ significantly. For the
May 24™ and May 25" (purple points in Figure 6.30) the mean values is 1.5%
and 1.2%, respectively whereas for the May 23" and May 26" the mean values
are 98% and 73%, respectively. Thus, the constant function cannot be rejected
as a fit and an intra-night variability for 1ES 1959+650 cannot be claimed.

6.6.3 Spectral behavior of 1ES 1959+650 in 2012

After the study of the temporal behavior of 1ES 1959+650 in 2012 it is also in-
teresting to check if the spectral properties like the slope (index) changed sig-
nificantly during the strong optical flare in May 2012. The differential flux
and thus the spectrum were calculated using a cut efficiency of 90% for the
Hadronness and a, respectively and a detection Size cut of 300 phe. Fig-
ure 6.31 shows a well matched spectrum within uncertainties with the found
results of the three previous observation years of 1ES 1959+650. The exact
measured values are:

dN
5 (2.84+0.38)x10"?cm2s ' Tev! (

-2.92+0.19
) (6.7)

1 TeV

in the range from 225 GeV to 6 TeV with y?/NDF=3.15/5 and P(y?=0.68).
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Figure 6.30: Intra-night light curve for each observation night for energies
above 300 GeV of 1ES 1959+650 in 2012. Shown is a 15 min binned measure-
ment of the source flux (blue and purple points) and the 10% Crab flux level
for orientation. For a better orientation, the measurements are fitted with
a B-spline function. An intra-night variability for 1ES 1959+650 cannot be
claimed.

Finally, taking all findings of the 2012 analysis together into account and com-
paring the overall multiwavelength light curve of 1ES 1959+650 as outlined in
Figure 6.32, in the optical R-band and the corresponding VHE y-ray range,
no correlation approach of both wavelengths can be claimed. The only com-
mon feature at first glance could be the higher integral flux of a factor 3, but
since moderate flux enhancement were also found without the presence of
strong optical flares in previous observation years, no further correlation con-
clusions can be made. In addition, comparing the radio band (top panel)
with the optical R-band (bottom panel) against each other also in this case
no significant correlation is visible. The only obvious relation, as marked with
the dashed ellipse in Figure 6.32, is the steady but higher flux density state
in the radio band with the one in the VHE y-ray range. This result would
confirm again the previous findings in Subsection 6.3.5 where a strong cor-
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Figure 6.31: Differential energy spectrum of 1ES1959+650 measured by
MAGIC in 2012. The power law fit to the data is also shown by the red line.

relation between both wavelength bands was found. Consequently, the found
results over a seven year survey in the optical and VHE-y-ray band, indicate
strongly that no direct connection between both wavelength in this source is
given. At the same time, this result is also inconsistent with the SSC model,
which predicts a correlation between the synchrotron and the IC emission,
related to the same electron population. All in all, this indicates again that
in 1ES 1959+650 different emission mechanisms are at work or that the two
emissions originate from different regions. In the next section of this chap-
ter an overall comparison of the obtained results during this work with results
from previous observations of 1ES 1959+650 with MAGIC is presented.
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Figure 6.32: 1ES 1959+650 multiwavelength light curve from 2008 to 2012. The
dashed ellipse represents the simultaneous observations between the radio,
optical and the VHE y-ray bands in May 2012.

6.7 Comparison of 1ES 1959+650 observations with
MAGIC

In order to explore the VHE y-ray emission of 1ES 1959+650 from each MAGIC
observation year a comparison of the results obtained in this work with previ-
ous observations related to significance, the integral flux and the spectral val-
ues has been compiled. A first overview about the seven years of MAGIC ob-
servations with the corresponding observation time and significance is given
in Table 6.7. It can be seen that in all observation years this source has been
detected with a significance larger than 5.
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Table 6.7: 1ES1959+650 six years data of MAGIC monitoring observations.
From left to right: observation year [m* - MI stand-alone observation] [s*
- MAGIC stereo observations], observation time in hours, effective time in
hours, significance in each observed year, the square root of the significance
and the references for the corresponding analysis results.

Year Obs. time [h] Eff. time [h] o o/vVh Reference

2005 [*m] 22.3 19.6 6.3 1.4 [Zan06], [Hay08]
2006 [*m] 17.4 14.3 104 2.8 [Zan06], [Hay08]
2007 [*m] 18.79 12.77 10.6 3.0 [Satl0], [UMO09]
2008 [*m] 13.80 4.91 5.1 2.0 to be published
2009 P1 [*m] 22.30 15.30 14.49 3.7 this work

2009 flare [*m] 0.3 0.3 5.38 9.8 this work

2009 P2 [*s] 12.78 10.35 14.34 4.4 this work

2010 [*s] 6.68 5.55 10.30 4.4 this work

2012 [*m] 6.90 6.90 12.37 4.7 this work

6.7.1 The integral flux of seven year MAGIC observations

In this subsection the integral fluxes above 300 GeV from 2009 to 2012 are
compared with previously reported flux states (from 2005 to 2008) of this par-
ticular source. Figure 6.33 demonstrates very well, apart from only one flare
during a seven years survey, the quiescent state of this blazar. The integral
fluxes measured above 300 GeV lie in the range from ~5% to 12% of the Crab
Nebula flux measured by MAGIC as listed in Table 6.8: the highest flux level is
recorded in 2006 and 2012 (~12% C.U.), and is a factor 2-3 larger than the one
measured in the second observation period in 2009 (~5% C.U.) and 2010 (~6%
C.U.). Furthermore, the here reported changes in the flux level of 1ES 1959+650
are quite moderate in comparison to other monitored blazes like Mrk421 or
Mrk 501, where the flux variations exceed one order of magnitude [FBB*08].
Nevertheless, such moderate flux changes as observed in 1ES 1959+650 were
already found in other blazar e.g. PG1553+113 ([AAA"12d]) where the flux
variability was of the same order as for 1ES 1959+650 over a long term study
of five years. In general, the results presented here from the 2009 to 2012
study are consistent with the flux levels reported earlier (from 2005 to 2008).
Marginal flux variability (beside one flare in 2009, see Section 6.3.5) have been
observed from 1ES 1959+650 during a seven year survey. Consequently, one
would assume that also the spectral behavior of the source might not change
significantly. This assumption will be investigated in the next subsection be-
low.
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Figure 6.33: Light curve of 1ES 1959+650 from 2005 until 2012 above 300 GeV.

Table 6.8: 1ES 1959+650 flux results during seven year MAGIC observations

Year Flux>300 GeV Crab Unit [C.U.] Reference

2005 (1.04+0.24) x 10711 (8.3+1.96)% [HBK08]

2006 (1.53+0.53) x 10711 (12.4+4.3)% [HBK08]

2007 (1.22+0.12) x 10711 (9.8+0.99)% [UMO09]

2008 (0.88+0.35) x 1011 (7.1+£0.28)% to be published
2009 P1 (1.2240.12) x 10711 (9.8+0.99)% this work

2009 P2 (5.86+0.61) x 10712 (4.73+0.49)% this work

2010 (7.25+1.43) x 10712 (5.85+1.16)% this work

2012 (1.46+0.16) x 1071 (11.81+1.31)% this work
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6.7.2 Combined spectra of seven year MAGIC observations

As for the integral flux a comparison between the differential spectra observed
from 1ES 1959+650 by MAGIC every year from 2005 to 2012 is obtained. In Fig-
ure 6.34 and Figure 6.35 all MAGIC monitoring spectra plus the results from
the 2012 ToO observations are shown.

VHE y-ray spectra from 7 year MAGIC observations of 1ES 1959+650
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Figure 6.34: Measured spectra of 1ES 1959+650 for individual observation pe-
riod (from 2005 to 2012).

In summary, as already noted before, each spectrum can be well fitted with a
power law function. The resulting flux values are listed in the second column
of Table 6.9 and the corresponding indices are listed in the last column of Ta-
ble 6.9. As previously mentioned in Subsection 6.7.1 no major flux variability
has been observed from this particular blazar. Comparing the obtained spec-
tral results from 2009 to 2012 with previous finding by i.e. [HBK*08], [UMO09],
one can clearly see that all results fit together perfectly well, confirming the
steady state of 1ES 1959+650 over a seven year survey. Moreover, since all
measured spectra of this sources are derived in the quiescent state and agree
perfectly well and in order to strengthen the here presented results, the aver-
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Figure 6.35: Measured spectra of 1ES 1959+650 for individual observation pe-
riod (from 2005 to 2012) with a mean power law fit.

Table 6.9: 1ES 1959+650 differential power law flux results from seven year

MAGIC observations.
Year Fi1ev[10712TeV-lcm™2s™!] PhotonindexI’ Reference
2005 (1.58+0.28) (-2.62+0.25) [HBK"08]
2006 (2.67+£0.36) (-2.58+0.18) [HBK'08]
2007 (2.524+0.42) (—2.47+0.19) [UMO09]
2008 (2.54 +0.80) (—2.45+0.40) to be published
2009 P1 (2.64+0.22) (—2.66+0.15) this work
2009 P2 (2.07 +£0.25) (—2.48+0.11) thiswork
2010 (2.10+0.31) (—2.47+0.18) this work
2012 (2.84+0.38) (—2.924+0.19) this work
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age mean flux and spectral index of all MAGIC monitoring observation plus
the one from 2012 is calculated, as shown in Figure 6.35.
The average mean spectral values are shown to be:

—2.56+0.05
) ph TeV 'ecm2s7! (6.8)

F(E) = (2.10+0.10) x 1072 x (_
1TeV

This result is in perfect agreement with previous results reported by [Bacl1]:

)—2.57i0.06

F(E)=(2.12+0.08) x 1072 x( phTev lecm™2s7! (6.9)

1TeV

Both values are the exactest power law spectra for this source. The latter one
corresponds to the period from (from 2005 to 2009), the value obtained during
this work to the period from (from 2005 to 2012).

6.8 TheInverse Compton curvature of 1ES 1959+650

Today, the higher energies in X-ray and the y-ray radiation are believed to be
the result of Compton scattering causing in the y-ray range a prominent sec-
ond curvature in the SED (see Figure 6.40). The particles responsible for this
characteristic shape are comptonized electrons which are formed by the same
population as those emitting the synchrotron radiation. Unfortunately up to
now, the source of the seed photons is not precisely known. There are already
several promising models that could explain such scenario. One well known
model suggests that the synchrotron photons generated within the jet scatter
on the same electrons and in consequence produced them [BS12]. In that
case one would observe a synchrotron SSC emission as described in more
detail in Section 6.10. Another alternative approach could be that the seed
photons could emanate from outside the jet, for instance from the BLR region
or even the disk location, where a rich population of optical-UV photons is
given [BS12]. In this particular case an External Compton (EC) model would
be needed. In general, the best way in order to shed more light on these is-
sues is throughout the compilation and interpretation of simultaneous mul-
tiwavelength data. The Fermi LAT satellite, which is a pair-conversion y-ray
telescope, launched into a low-Earth orbit on June 11 in 2008 provides an-
nually detailed studies of time-resolved broad-band y-ray spectra of different
AGNSs. In Figure 6.36 four different blazar energy spectra from a Fermi LAT
analysis are displayed.

The two left sources are the prominent Markarians 421 and 501. Both blazars
are the archetype example of extreme HBL objects. Their spectra are hard
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Figure 6.36: Fermi LAT spectra from Mrk421, Mrk501, 1ES 1959+650, and
1ES 0502+675 from the collected data from August 4, 2008 until February
1%, 2009. A clear difference in the spectral shape between Mrk421, Mrk 501
and 1ES 1959+650, 1ES 0502+675, respectively is visible. The figure is adapted
from [AAA*10d].

(Mrk421: T =1.78 £ 0.02 [AAA 11a]; Mrk501: T = 1.75 £ 0.06 [AAA*10d] and
do not exhibit any sign of curvature, which make them ideal candidates for a
study with SSC emission model.

In contrast, the two right sources 1ES 0502+675 and the blazar analyzed here
1ES 1959+650, both also classified as HBL objects, show an usual concave en-
ergy spectrum and thus open many interesting questions.

As discussed in [AAA"10d] one possible but still extraordinary scenario could
be the existence of a second companion. In that case, this shape could be a
spurious feature resulting from the spacial confusion of both sources, a hard
and a soft one. Unfortunately, neither 1ES 0502+675 nor 1ES 1959+650 show
evidence for a second source closed by [AAA*10d]. Another suggestive ap-
proach is that these two particular spectral shapes indicate either two emit-
ting components (e.g. SSC and EC), as shortly described above, in the con-
text of leptonic models in the HE y-ray SED. Furthermore, it could also be
a turnover from the synchrotron to the HE y-ray component. This interpre-
tation remains still unclear due to not simultaneous low frequency and high
frequency SED coverage for both sources which are the crucial factor in prov-
ing an interpretation.
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The 1ES 1959+650 inverse Compton peak

In order to resolve fully and simultaneously the inverse Compton curvature
of 1ES 1959+650, data taken from the same observation periods between 2008
and 2010 from the FermiLAT and MAGIC are used for this study. In Figure 6.38
the first simultaneous quiescent state IC curvature of 1ES 1959+650 is pre-
sented. Besides, as already presented by [Bacl1], it becomes evident that a
very good agreement between both experiments (Fermi LAT and MAGIC) is
given. According to several studies and model predictions, the inverse Comp-
ton peak, in the following IC peak, of the SED of 1ES 1959+650 lies close to
100 GeV [TGG*10]. As already indicated in Subsection 6.3.5 the IC peak posi-
tion should be strongly dependent on the VHE y-ray flux level in case the peak
moves to higher energies with increasing flux level as suggested by [AAA10h],
discussed in [Wag08] and shown in Figure 6.37.

1':'!1-!1

Luminosity L [erg s']

1 nIIE

Figure 6.37: Model for the moving IC peak twards higher energies with in-
creasing VHE y-ray flux. From [Wag08].

In order to test a possible indication of such IC peak moving behavior, the cur-
vature of the quiescent state and the flare day are examined. In the first step
the average peak of the quiescent state is determined. For this reason a loga-
rithmic parabola is fitted to the Fermi LAT and MAGIC data (see Figure 6.38)
in following vertex notation:.

IC
bllog(v/ vpeak)]

vE, =viC F i x10

4
peak Vpeak

(6.10)

IC ; IC
where VpeakFVL(éak is the peak flux at the peak frequency Vpeak and b the curva-
ture parameter.
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Figure 6.38: First simultaneous quiescent state Inverse Compton curvature of
1ES 1959+650 with an excellent agreement between Fermi LAT and MAGIC.

As already predicted by [TGG*10] the values evaluated here of (8.46 + 0.35) x
10%4- corresponding to (34.98 + 1.4) GeV confirm the results very well. In addi-
tion, comparing the peak position from a quiescent state spectra with a flare
one of 1ES 1959+650, as listed in Table 6.10 and shown in Figure 6.39, then a
shift to higher energies also seems to occur. Due to missing contemporane-
ous HE y-ray data of this particular flare only an interpolation of the HE and
VHE y-ray data can be derived with a resulting peak at (1.39+0.15) x 10%- cor-
responding to (54.48 +6.20) GeV. Such correlation between flux level and peak
position was lately observed during a Mrk421 survey of MAGIC in 2010 (for
more details see [Stel2]).

Table 6.10: IC peak values during different flux states of 1ES 1959+650. A evi-
dent shift of the IC peak to higher frequency during the flare is visible.

Status VIC F ¢ yIC b
peak

Quiescent (9.30+0.55) x 1072 (9.46 +3.85) x 10**  -0.08+0.05
Flare (7.98+0.35) x 10719 (1.3940.15) x 10%®>  -0.41+0.02
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Figure 6.39: The IC peak of 1ES 1959+650 during different flux states.

6.9 Spectral energy distribution of 1ES 1959+650

In order to understand the different non thermal emission processes driving
a blazar, one has to observe (in best case) the source throughout the whole
electromagnetic range simultaneously and then study each of the different
emission region. Such simultaneous observation were already performed but
still only for a few blazars (e.g. Mrk421 see Figure 6.40). By investigating the
simultaneously measured different energy ranges one can draw a complete
and unambiguous empirical imprint followed in turn by a preexisting theo-
retical model. One of the common methods of displaying such SED is done,
by plotting the number of photons per unit time and unit area versus the fre-
quency, as already shown in Figure 6.40. The data presented in Figure 6.41
for 1ES 1959+650 is not taken simultaneously (apart from the optical, HE and
VHE y-ray observations). Nevertheless, a dense observation, covering all im-
portant wavelengths of the SED with several experiments is given, showing at
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Figure 6.40: SED of Mrk421 over all the observations taken during the mul-
tifrequency campaign from January 19" (MJD 54850) until June 1% (MJD
54983), 2009. The figure is taken from [AAAT 11Db].

the same time one of the best covered SED of any studied HBL so far. A short
description of various observatories which observed 1ES 1959+650 in differ-
ent observation periods is given below.

6.9.1 Radio observations

In the range between (108 — 10'2 Hz - yellow data points in Figure 6.41) the
low frequency part of the SED is measured by observatories like the radio
telescope RATAN-600, Effelsberg 100 m, IRAM,VLBI and VLBA with measure-
ments of the core emission region. The first 1ES 1959+650 radio observations
were already performed in 1991. A detail measurement listing of the used data
can be found in Appendix B and in [Bac11].

6.9.2 Infrared, Optical and Ultraviolet observations

The IR, optical and UV wavelengths cover the frequencies from (9x10'% — 2 x
10%° Hz - green and turquoise data points in Figure 6.41). All IR observations
presented here were taken with the Spitzer IR observatory in 2008 and the data
was retrieved from the Spitzer Heritage Archive?®. The optical R-band data was

2http://irsa.ipac.caltech.edu/data/SPITZER/docs/spitzerdataarchives/sha/
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Figure 6.41: One of the best covered SED of any HBL of 1ES 1959+650 includ-
ing the here analyzed MAGIC 2009 to 2012 data.

recorded with the KVA observatory as well as G-band observations with Palo-
mar 60 from 2004 till 2010 were used. In addition, the UV data has been taken
from the Swift-UVOT observations.

6.9.3 X-Ray observations

The first X-ray observations of 1ES 1959+650 were observed with BeppoSAX in
2001. Since then nearly annual observations were performed by satellites like
Swift-RXT, Swift-BAT and INTEGRAL. These data were used for the covering
of the synchrotron curvature. The X-ray data span a range from (5x 106 —3 x
10'¥ Hz - blue and purple data points in Figure 6.41). An important character-
istic feature in case of blazars is the strong and significant flux variation in the
X-ray band. In case of 1ES 1959+650 a X-ray flux variability of about a factor
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of four is visible (soft-X-rays - blue points in Figure 6.41). In the hard X-ray
(purple points) instead, a trend to less variability and quiescent states as for
the HE and VHE y-ray regime is observed.

6.9.4 vy-Ray observations

For the coverage of the IC curvature, as already discussed in Section 6.8, mea-
surements from the Fermi LAT, and data from previous MAGIC observations
as well as data from the here presented results (from 2009 to 2012) was used.
In particular, as already noted in Subsection 6.9.3, all the here presented y-ray
measurements in the range from (5x10%2 — 5 x 10?” Hz - orange and red data
points in Figure 6.41) were taken during a quiescent state of 1ES 1959+650.
The orange Fermi LAT data points depicted in Figure 6.41 represent the ob-
servations from 6, 11, 24 and 27 months of the Fermi LAT survey provided
by [Pan13], whereas the red points cover the full MAGIC quiescent state ob-
servations performed from 2005 till 2012.

6.10 Modeling of the SED data points of 1ES 1959+650

The SED of blazars exhibits, as shown in Section 6.9, a generic two-curvature
structure: one peak with a maximum in optical to X-ray band and a second
peaklocated in the y-ray bands. The radiation is produced in a highly beamed
plasma jet and the double peaked SED is normally attributed to a population
of relativistic electrons. As briefly mentioned above, it is known that the first
peak is produced by synchrotron emission in the magnetic field of the jet and
the second peak is caused by IC scattering of low-energy photons ([Ree67]).
The low-energy photons can be external to the jet (EC scattering, [DS93]) or
are produced within the jet via synchrotron radiation (SSC, [MGC92]). In or-
der to investigate and make constraints on the physical parameters behind
observed emissions a number of different models have been developed to ex-
plain the SED of blazars. Looking at the most simplest approach, the domi-
nant physical processes are restricted to only one emission region. From this
region the synchrotron and the IC emission is radiated. Such one zone emis-
sion model using SSC processes is applied to the 1ES 1959+650 SED data and
described in the next section below.

One zone synchrotron self-Compton model

Today it is known that the radio emission from blazars is caused by synchrotron
emission which is produced in processes when charged particles e.g electrons
move through a magnetic field. In the most simple model, the one zone SSC
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model, and as the name is already suggesting it, it is assumed that the y-
radiation is produced in a single zone jet. The acceleration region is thought to
be a spherical "blob" with radius R and bulk Lorentz factor I' = E./ m,c? con-
taining charged particles that is traveling along the jet under a small angle
to the line of sight [Wag08]. Along the way, the charged particles of the density
p interact with magnetic fields, which leads to the synchrotron radiation. An-
other assumption is that a diffuse shock acceleration mechanism is responsi-
ble for the initial electron acceleration. The spectrum of the electron injection
can be approximated by a broken power law with indices n; < 3 and n, > 3 be-
low and above a break energy vy, m.c®. The energy distribution of the electrons
has the form N(y)=ky ™ if y < ypreak and N(y)=ky,2 " if y >y}, [BS12]. Be-
sides, one also has to take the synchrotron cooling effects into account; in this
case the spectrum is showing a break point where radiative cooling becomes
dominant. Thus the energy spectrum can be described by three parameters
Enmin, Emax and Epreak- Consequently, as shown in [KTK02] it becomes evi-
dent that in the presence of randomly oriented magnetic fields B, which is
assumed to be approximately constant, an isotropic electron population with
such spectrum, as shown above, is able to develop a synchrotron photon pop-
ulation as already observed in a different number of blazars. Furthermore,
the one zone SSC model also assumes that the seed photons needed for the
IC scattering and the photons produced on the synchrotron process are iden-
tical [Wag08]. As shown in Figure 6.41 the typical two peaks structure is vis-
ible. The second peak is the result, assuming to the one zone SSC model, of
the photon upscattering to VHE regime by the same electron population that
created the synchrotron radiation and the first peak in the SED. In addition,
[TMG98] have demonstrated how the IC and synchrotron branches are corre-
lated assuming in particular SSC processes and Doppler boosting. The Dop-
pler boosting factor also used for the one zone SSC modeling is defined by
5 = [[(1 — BcosH)] ! with the bulk velocity of the plasma Sc. This parameter
describes the effects of time dilatation, boosting and jet focusing. All in all,
the simple one zone SSC model is described by nine free parameters, namely
those which describe the emission region: strength of the magnetic field B, the
size of the blob represented by R and §, those which characterize the electron
injection Ymin, Ymax» Ybreak and 11,1, as well as the electron density K plus the
time variability timescale f;cc VS. fesc. For the modeling of the 1ES 1959+650
SED a modified one zone SSC model (see Figure 6.42) developed by [WS10],
known as the self consistent SSC model, using n;, ny as well as Ymin, Ymax
Ybreak as free parameters is applied. The corresponding values for the param-
eters are listed in Table 6.11. In Figure 6.42 one can see that this approach
overestimates the flux in the hard X-ray range (see purple points). Moreover,
it is clearly evident that this model fails to describe the SED in the Fermi LAT
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Figure 6.42: One zone Synchrotron Self-Compton model.

range (orange points) as marked by the blue dashed ellipse. Such finding is
very unusual, since the single zone SSC model still belongs to the first choice
of modeling templates, and opens again questions concerning the emission
mechanism of HE and VHE photons in 1ES 1959+650.

Two zone synchrotron self-Compton model

As shown in the previous section and Figure 6.42 it is not always possible to
represent the emission of different blazars by a simple SSC model. In fact, the
more data we gather on blazars, thanks to improved sensitivity of various y-
experiments e.g. Fermi LAT, H.E.S.S., MAGIC, VERITAS, the more distinct and
complex their SED appear to be. Thus, further approaches are necessary in
order to describe different SEDs of blazars. Another well known model is the
so called two zone SSC model. This model drops the SSC constraints that the
up-scattering charged particles and the up-scatter photons have to originate
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in the same region, giving more free parameters and thus more possibilities
to model the SED of a blazar. More precisely, taking into account two inde-
pendent radiation zones, it practically doubles the number of free parameters
compared to the one zone SSC models revealing a strong explanatory power.
Such model was also applied to the observed SED of 1ES 1959+650 as shown in
Figure 6.43. The model parameters are listed in Table 6.11 the first row shows
the parameters for the low energetic emission region and the second one for
the high emission region respectively. Moreover, the numbers are determined
by a self-consistent model by [WS10] depending on the acceleration and emis-
sion time including further no free parameters like: f4cc/fesc=0.95s as well as
the acceleration Region Race, = 1 % 10 cm, Raceyy = 6 % 10" cm. In com-
parison with the one zone SSC model the two zone SSC model provided by
M. Weidinger [WS10] and adapted from [Bac11] fits the SED of 1ES 1959+650
reasonably well, but still with an overestimation of the Fermi LAT curvature
as already pointed out in Section 6.8. Nevertheless, it is currently the most
favored model for 1ES 1959+650 and this study. As described in [Bacl1] there
were already several efforts done by trying to apply a hadronical model on the
1ES 1959+650 SED data. Unfortunately, due to high energy emission which is
comprised by synchrotron emission of protons and emission by protons in-
duced cascades the modeling occur to be very difficult. In particular the fea-
tureless cascade emission has to be very fine-tuned to be able to explain the
spectral shape of the 1ES 1959+650 HE and VHE region and strongly relying on
the EBL model (for more information about the EBL see Section 1.4). Besides,
the flaring activities should also be taken into account including an additional
emission region and increasing the number of parameters even further. Con-
sequently, at the current stage it is still not possible to claim with a sufficient
accurateness if or if not hadronic mechanism are responsible for the HE and
VHE emissions in 1ES 1959+650.

Table 6.11: Model parameters used for fitting the SED of 1ES 1959+650 in Fig-
ure 6.42 and Figure 6.43.

Model Ymin Ybreak  Ymax ni  ny BIGl Klem™3] Rlem] &

One zone SSC 3 11x103 650x103 1.95 295 0.29 800x10% 70x10'* 31
Twozone SSC (LE) 800 8x10° 65x10° 260 3.60 0.81 190x10° 20x10* 20
Two zone SSC (HE) 1600 25x103 600x103 2.13 3.13 0.44 3.75x10% 20x10'* 46
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Figure 6.43: Two zone Synchrotron Self-Compton model.

6.11 Summary and Conclusions

In this chapter the analysis of two last monitoring years of VHE y-ray obser-
vations from 2009 to 2010 as well as the observations during the historical
strongest optical flare in May 2012 were presented. The essential findings of
this work are summarized in the following enumeration:

e The overall flux above 300 GeV from 2005 to 2012 shows only a mod-
est variability on yearly timescale, within a variability of factor 3, cor-
responding to a variability of 5% to 12% of the Crab Nebula flux. Such
quiescent state behavior over a long period of time has already been ob-
served in other blazars, such as PG 1553+113 [AAAT12d].

* No clear intra-night variability on smaller time-scales (15 min binning)
is evident from the analyzed data sample in 2012 for 1ES 1959+650.
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Despite the hints of variability on the level flux, the differential flux from
each year is in a very good agreement with previous results. For this
reason an average mean differential flux and photon index of

~2.56+0.05
) phTeV lem™2s™! (6.11)

F(E) = (2.10+0.10) x 1072 x (_
1TeV

were derived.

A single night flare was detected on May 30" with a y-ray rate four times
higher than in measured low states . The integral flux of this flare was
determined to be: F>300 GeV=(8.2+1.6) x 10 "!cm~2s~! corresponding
to ~70% C.U. whereas the differential flux and the spectral index are:

E )—2.291-0.29

m ph GeV_lcm_zs_l (612)
€

(1.82+0.25) x 1079 x (

In addition, a correlation study during the distinct flare for different
wavelength bands was performed. From the X-ray and VHE-y-ray light
curve it seems again that both wavelength bands are not connected with
each other giving again a hint of a measured orphan flare from this source.

Furthermore, a strong correlation between the VHE y-ray results and
the 15 GHz radio bands during the distinct flare was found. This re-
sult strongly indicates that the nearly coincident flux enhancement in
both wavelengths have a common emission region which is undoubt-
edly produced in the jet region and not in the BLR [KAA"09]. Such find-
ing was already found by different authors i.e. [NTV*11] and supports
very well the assumption that both wavelengths have for this particular
flare a co-spacial origin with a radio core and emerging superluminal
blobs which were found in the MOJAVE skymaps. From further multi-
epoch VLBA radio study of 1959+650 which are planed to be carried out
in the future further important parameter like the jet speed or compo-
nent ejection can be determined and thus revealing further important
parameters for the modeling of this blazar.

In contrast, for the optical (R-band) and VHE y-ray wavelengths only
a hint of correlation of c.qefr = 0.5 and an delay of 55 days (y-ray leads
optical) is obtained by this study. Such delays are expected, as shown in
[ESR12], in case of moving shocks along the jet and different opacities of
the medium. Also further time lag studies can provide a powerful tool to
resolve the structure of relativistic jets and their radiative environment.
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Finally, out of the correlation study between the optical and the VHE-y-
ray range during the strongest optical outburst in 2012 again no corre-
lation could be found between both wavelengths as well as between the
optical and radio wavelengths. This indicates strongly, that the dissimi-
larity between the optical and radio variations have a different structure
of the emitting plasma and thus synchrotron radiation. For this reason,
the optical synchrotron radiation might be emitted in the BLR whereas
the radio emission, as already discussed above, is emmerging from the
blob regions in the jet.

e From the 2008-2010 MAGIC monitoring observations and the FermiLAT
(2008-2010) results the first quiescent state IC peak value for the blazar
1ES 1959+650 with (34.98 + 1.40)GeV was estimated.

* In addition, when comparing the peak position from a quiescent state
spectrum with a flare one (54.48 + 6.20)GeV, a shift to higher energies
also seems to occur. Such correlation between flux level and peak posi-
tion was already reported for different blazars e.g. Mrk421 as reported
in [Stel2].

* Another interesting finding is the concave spectral shape of the Fermi
LAT spectrum of 1ES1959+650. This shape was compared with other
prominent blazars like Mrk 421 and Mrk 501 where a huge difference in
the shape was found. Today, only the HBL, 1ES 0502+675 shows a sim-
ilar HE y-ray spectral shape. This feature can be interpreted as indica-
tion of either two emitting components e.g. SSC and EC, in the HE y-ray
SED or it could be a turnover from the synchrotron to the HE compo-
nent [AAAT10d].

* For the study of the SED, the mean differential spectrum measured by
MAGIC was combined with simultaneous and historical data at other
wavelengths. The SED was modeled with two different leptonic SSC
models. On the one hand with a simple one zone SSC model where the
model fail to describe the data accordingly and on the other hand with a
two zone SSC model, where the fitting agrees well, but still in few cases
under or overestimating the measured data. It should be noted, since a
SED modeling should be performed for each VHE y-ray flare indepen-
dently in order to estimate the exact emission region of the radiation the
here presented modeling is only addressed for the quiescent VHE y-ray
state for this blazar.

Finally, at the current stage it is still not possible to claim with a sufficient ac-
curacy whether or not hadronic mechanism are responsible for the HE and
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VHE y-ray emissions in 1ES 1959+650.

The next chapter presents the analysis results of the blazar 1ES 0033+595 which
was discovered in the VHE y-ray range during this thesis.



CHAPTER

DISCOVERY OF THE LONG HUNTED
BLAZAR 1ES0033+595

The BL Lac object 1ES 00334595 has been detected for the first time in 2011
in the VHE y-ray with a statistical significance of 5.5 [Marl1], thanks to the
excellent sensitivity of the MAGIC stereoscopic system in the energy range below
few hundreds of GeV. In this chapter the discovery of this blazar is presented
with new spectral properties in the VHE y-ray range: MAGIC observed this
source between August and October 2009 for nearly 24 h, in the commissioning
phase of the MAGIC stereoscopic system. The integral flux above 150 GeV is
estimated to be (2.2+0.4)% of the Crab Nebula flux and the VHE spectrum
has a photon index of (3.8+£0.7). In addition, the source did not show any
variability during the MAGIC observations. Since the redshift of this source is
unknown, an empirical approach by [PBM*11] was used in order to determine
a new redshift of (z=0.34+0.05). Finally, for the first time, based on the new
redshift, the SED of 1ES 0033+595 has been reconstructed and modeled using
a single zone SSC model.

7.1 The Blazar 1ES 0033+595 and its properties

1ES 0033+595 is a blazar near the galactic plane. It is located in the Cassiopeia
region near the bright star Gam Cas at RA:00:35:52.63 and DEC.:59:50:04.56.
This blazar is classified as extreme HBL object with synchrotron emission
peaking near 10" Hz (logVpeax = 18.93 as shown in Figure 7.1, [NTVO06]). So
far, optical observations of 1ES0033+595 were not able to resolve the host
galaxy to determine a photometric redshift and thus the redshift of the blazar
remains uncertain. There are two different values available in the literature:
[Per00] tentatively measured z = 0.086, while others have argued that it is

161
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more distant ([STF05], z > 0.24). For this reason, it is still difficult to judge
which value of both is the correct one and thus this issue is investigated in
this work in detail.

From the historical point of view, 1ES 0033+595 was detected for the first time
as a hard X-ray source by the Einstein Slew Survey in 1992 [EPS*92]. In 1996
it has been observed by the Hubble Space Telescope as part of the snapshot
survey of BL Lac objects, and was resolved into two point-like sources with
a separation of 1.58 arcsec [SUF*99] (see Figure 7.2). These two objects with
nearly similar brightness were explained in [SUF*99] as multiple images of
a gravitationally lensed system. However, the Very Large Array (VLA) astro-
metric observations performed in 1997 did not detect a second radio source,
ruling out that possibility [RGS03].
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Figure 7.1: The synchrotron peak of 1ES 0033+595 taken from [NTV06].

In the following years this source was observed by the X-ray satellite BeppoSAX
in December 1999. Due to high galactic absorption it could only be detected
in the LECS instrument above 0.4 keV and in the PDS instrument up to ~ 60 keV
[CGG*01]. Furthermore, this source was also detected with the INTEGRAL
satellite in 2003 in the energy band (20 — 50 keV) with a statistical significance
of 5.2 ¢ [dHK" 06]. In addition, during the observations of [KHid05] in 2005 the
source was a factor of 2.4 brighter. The fact that all three X-ray observations
show different flux levels emphasize very well the variable X-ray nature of this
BL Lac object. With its large field of view and nearly continuous sky coverage
the Burst Alert Telescope (BAT) instrument on-board the Swift satellite could
also detect 1ES 0033+595 during the first 22 months of observation [TBM10].
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Figure 7.2: 1ES0033+595 observed by the Hubble Space telescope. It is as-
sumed that B is the true BL Lac object and A is a star. G is a faint galaxy also in
the FoV. The image is taken from [SUF"99].
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Figure 7.3: 1ES0033+595 observed with the radio VLBA telescopes in the fre-
quency of 4.96 GHz. The image is taken from [RGS03].
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In the HE y-ray range the source was first detected with the Fermi LAT during
its 5.5 month survey [AAA09b]. Since then it belongs to the part of the Fermi
bright AGN catalog, with a spectrum consistent with a power law with I =2.00
+ 0.13 and a Flux of F(> 200 MeV) = (20.30 + 5.11)x10"%cm%s™! [AAAT09D].
Looking at the VHE y-ray band this source was first observed for 12 h in De-
cember 1995 with the Whipple 10 m telescope. These observations yielded
only upper limits, F(> 430 GeV) < 1.85 x 10""'cm™2s™!, 17% of the Crab Neb-
ula flux [HBB04].

7.2 MAGIC observations of 1ES 0033+595

MAGIC observations of this source in the VHE y-ray range were motivated by
the BeppoSAX observations and results explained in [CG02].

Therein 1ES 0033+595 was one of the most promising candidates for TeV emis-
sion. MAGIC first observation of this object started in 2006 and later in 2008
for about 5h. Since no strong activity could be found in the data, only a flux
upper limit at 95% confidence level has been obtained, MAGIC: F(> 170 GeV)
<2.4x10 " em 2571, 9.7% of the Crab Nebula flux [AAA*11c].

New observations in 2009 during the commissioning phase of the MAGIC
stereoscopic system, as described in detail in this work, led to the discovery
of the source in the VHE y-ray range and were announced in an ATEL on Oc-
tober 27, 2011 [Mar11], and reported in [ULM*12].

The MAGIC telescopes observed 1ES 0033+595 from August 17® until October
14™, 2009, for a total observation time of 23.5 h. These observations were per-
formed during the commissioning phase of the MAGIC stereoscopic system,
as already mentioned in Section 6.4, where 1ES 1959+650 was observed in the
same period. Since this particular data was taken in the so-called "soft stereo
trigger mode”, a non-standard stereo data trigger condition, a dedicated MC
y-ray simulation sample has been generated on the high-performance cluster
in Dortmund and adopted in the zenith range from 05° — 35° during this work
for this source. As for 1ES 1959+650, the survey of 1ES 0033+595 was carried
out in the so-called wobble observation mode [FSLo94], in which the point-
ing direction alternates every 20 min between two positions, offset by +£0.4° in
RA from the source. The data was taken at zenith angles ranging between 31°
and 35°, which resulted in an analysis energy threshold of 125 GeV (for more
informations about the energy threshold see Subsection 5.3.2). After the ap-
plication of standard quality checks based on the rate of the stereo events and
the distributions of basic image parameters, 19.7 h of data were selected to
derive the results. Since in the commissioning phase difficult trigger condi-
tions were given, the cut threshold of the L3 rate was relaxed to L3 > 25 Hz.
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In addition, further rejected data were affected mainly by non-optimal atmo-
spheric conditions during the data taking, as already mention in the previous
Chapter 6, were the analysis results of the 1ES 1959+650 were presented. The
whole data sample before the quality selection is listed in the Appendix C, Ta-
ble C.1 whereas the data sample after quality cuts is reported in Table 7.1.

Table 7.1: 1ES0033+595 discovery data set. From left to right: dates in
dd / mm / yy, effective time of observation in hours, zenith angle distribution,
rate of the event after the image cleaning in Hz and the significance of each
observation night.

Date Eff. time[h] Zenith [°] Mean L3 Rate [Hz] Significance [0]
17 /08 /2009 0.28 33-34 30 0.47
18/08/2009 1.30 31-34 30 -0.23
19/08/2009 1.88 31-34 35 1.85
20/08/2009 0.70 31-34 40 2.08
21/08/2009 0.68 31-34 45 1.29
22/08/2009 1.75 31-34 45 2.52
23/08/2009 1.90 33-34 30 1.49
24 /08 /2009 1.94 31-34 45 1.75
25/08/2009 1.64 31-34 45 1.81
26/08 /2009 1.19 31-34 40 0.83
27/08/2009 1.05 31-34 45 2.09
28/08/2009 1.88 31-34 35 2.20
29/08/2009 1.16 31-34 45 0.68
11/10/2009 0.52 31-34 35 -0.44
12/10/2009 0.89 31-33 40 1.44
13/10/2009 0.97 31-34 35 0.47

The data analysis was performed using the standard software package MARS,
as already described in previous Chapter 4, including the latest standard rou-
tines for stereoscopic analysis [AAA*11d, Lom11]. The whole procedure was
similar to that one described in Section 6.4 and Section 6.5 for 1ES 1959+650,
with one exception in the energy range.

For the signal search in the 1ES 0033+595 data sample low energy range cuts
in the program "Odie" have been used. There the cuts in Size, Hadronness
and the 62 differ significantly.
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Thus, following cuts

Odie.cuts: MHadronness.fHadronness < 0.28
&% MHillas_1.fSize > b5
&% MHillas_2.fSize > bb
&& MStereoParDisp.fEnergy >50
Odie.signalCut: 0.026
Odie.psf40: 0.10
Odie.nWobbleOff: 1

have been applied to the 1ES 0033+595 data. Also these cuts were optimized
by means of contemporaneous Crab Nebula data and MC simulations. In
computing the significance of the signal coming from the 1ES 0033+595 sky
region, single cuts in Hadronness and 6 optimized for energies close to the
energy threshold were applied. Conversely, while deriving the spectrum and
the light curve of the source, multiple cuts optimized in logarithmic energy
bins were considered, as already described in Subsection 6.3.4.

7.2.1 Signal search and the final discovery of 1ES 0033+595

As mentioned above, the signal from 1ES 0033+595 could only be estimated
applying the low energy signal cuts. In the full range above 250 GeV the source
seems to be less significant. Only in the range from (50-250) GeV a detection
signal above 5 ¢ is given. Figure. 7.4 shows the 62-plot where excess of 372.0
events in the fiducial signal region with 62 < 0.026 degrees, corresponding to
a significance of 5.5 o is found.

The corresponding significance skymap in low energy range of the sky region
around 1ES 0033+595 is shown in Figure 7.5. A hot spot at ~6 o significance
level is consistent to the 1ES 00334595 sky position. Comparing the extension
of the excess to the PSF of MAGIC, the source has a point-like appearance.

This is the first time, that a signal in the VHE y-ray range could be detected
for 1ES0033+595.
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Figure 7.4: 0? distributions of the 1ES 0033+595 signal and background esti-
mation from 19.7 h of MAGIC stereo observations taken between August 17
and October 14, 2009. The region between zero and the vertical dashed line
(at 0.026 degrees) represents the signal region.
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Figure 7.5: Significance skymap of the sky region around 1ES 0033+595 from
19.7 h of MAGIC stereo observations taken between August 17" and October
14™2009. The 1ES0033+595 position is marked with an empty cross. The
PSF of 0.1 degree is also displayed.
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7.2.2 Temporal behavior of 1ES 0033+595

Since 1ES 0033+595 did not show any strong variability in the previous obser-
vation years in 2006 and 2008 that would lead to a detection, in 2009 it was
also rather faint. The mean flux above 150 GeV is F(> 150GeV) = (7.1 + 1.3) x
1072 ecm=2571, corresponding to (2.2+0.4)% of the Crab Nebula flux. This dis-
covery is a very good example of the improved sensitivity of the MAGIC stereo-
scopic system. In the energy range between (50 — 200) GeV the MAGIC tele-
scopes sensitivity is a factor of 3 better than the one of a single telescope. The
August to October 2009 light curve of 1ES 0033+595 computed for an energy
threshold of 150 GeV and with a weekly binning is shown in Figure 7.6. No ev-
idence of strong variability can be derived from these measurements. In fact,
fitting the light curve with a constant flux hypothesis yields a y?/NDF=3.7/3,
corresponding to a probability P(y?) = 0.3.
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Figure 7.6: 1ES 0033+595 light curve between August and October 2009 above
an energy threshold of 150 GeV, and with a week time-scale binning. No hints
of significant variability are seen in the data. The dashed horizontal line rep-
resents the constant function resulting from the fit to the data.
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7.2.3 The different energy spectrum of 1ES 0033+595

In Figure 7.7, the unfolded differential energy spectrum, using the Bertero
method, of the source derived from the MAGIC observations is shown. The
1ES 00334595 spectrum between 125 GeV and 500 GeV can also be described
by a simple power law (XZ/NDF:2.86/4):

dN_N( E )F a1
dE ~ °(250GeV) ’ '

with a photon index of I' = —3.80+0.70, and a normalization constant at 250 GeV
of Ny = (2.01 £0.45)x10 " lem =25~ 1 Tev 1.
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Figure 7.7: 1ES 0033+595 differential energy spectrum measured with MAGIC

between 125 GeV and 500 GeV. The power law fit to the data is also shown (red
line).
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This is the first time that the differential energy spectrum of 1ES0033+595
at VHE y-ray range has been estimated. The energy threshold of the MAGIC
stereo system allows furthermore to almost connect the spectrum to the Fermi
LAT points [AAAT09b] as it will be shown in the following section.

7.3 1ES0033+595 visible in other wavelengths

In this section the observations from the radio, optical, X-ray and the HE y-
ray range are presented. The data from the optical and HE y-ray surveys was
taken simultaneous with the MAGIC observations, whereas the radio, and X-
ray data were used from the NED archive 1.

7.3.1 Radio observations

The archival radio data provided by NED are taken from the 91 m telescope
in Green Bank from an observations carried out in 1987 as well as from the
Texas Interferometer during a 1974 — 1983 survey in the range from 4.85 Hz
and 365 Hz, respectively. The data is used, since no simultaneous observa-
tions were performed with MAGIC, only for completeness in the SED and not
for the modeling itself.

7.3.2 Optical observations

The simultaneous optical observation for 1ES 0033+595 are conducted, like
in case of 1ES1959+650, with the Tuorla Observatory, using the 60 cm KVA
telescope on La Palma and the 1 m telescope at Tuorla. For 1ES 0033+595 the
regular optical observations in R-band started already in 2003.

As outlined in Figure 7.8, during a ten year KVA survey, the source shows only
a marginal flux variability and also during the MAGIC observation window
(bottom panel in Figure 7.8) no significant variability was found. In addi-
tion, comparing the optical R-band flux from 1ES 0033+595 with the one from
1ES 1959+650 (Figure 6.2), RGB 0136+3906 (Figure 8.2) and PKS 1717+177 (Fig-
ure 9.5) then again 1ES 0033+595 seems to be very faint (F < 1 mJy) also in this
wavelength. During the MAGIC observation days the average optical flux was
0.21 mJy which corresponds to R = 17.93 mag. To derive the vF, in the opti-
cal band the contribution from near-by star 0.22 mJy is subtracted from the
measured flux ((NPT*07]) in addition the brightness was corrected for galac-
tic absorption by R = 2.35 mag ([SFD98]). The average vF, during the MAGIC

observations corresponds to 8.47+ 0.5 x10™'cm™2s71 .

Thttp://ned.ipac.caltech.edu/
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Figure 7.8: 1ES0033+595 optical light curve between 2003 and 2013, from
Tuorla/KVA telescopes. The contribution of the host galaxy (0.22 mJy) has not
been subtracted. The MAGIC observation window in 2009 is indicated by the
vertical lines in the top panel whereas the bottom panel present the enlarge
version. The data was provided by [Lin12].

7.3.3 X-ray observations

As already mentioned above, unfortunately during the MAGIC observation
window in 2009, there were no simultaneous X-ray data by Swift or INTEGRAL
available. Thus, archival data provided by NED from the observation periods
from 2004 to 2008 from both experiments is used as listed in Table 7.2.

Swift

The Swift satellite, launched in November 2004 ([GCG*04]), is equipped with
three telescopes, Burst Alert Telescope (BAT) ([BBC*05]) which detects y-rays
in a range from 15 to 150 keV with a field of view of about 2 sr.

The further instruments are, the X-Ray Telescope (XRT) (300eV — 10keV) as
well as the UltraViolet/Optical Telescope (UVOT) (170 nm — 650 nm) with an
arc-second positional accuracy ([BHN"05], [RKM*05]).
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INTEGRAL

In comparison to Swift the INTEGRAL observatory ((WCD™"03]) was launched
by a Russian rocket-launcher PROTON on 17 October 2002 ([EDJ*03]). This
observatory is equipped with four telescopes. In the present work data from
the detector ISGRI of the telescope IBIS ([ULD*03]) in the energy range from
20 — 100 keV is used. This instrument provides the best combination of field
of view, sensitivity and angular resolution for this study.

Table 7.2: Results of X-ray observations performed with Swift and INTEGRAL
from 2004 to 2008.

Experiment Flux [107''ergcm™2s!'] Frequency [10!°Hz]
Swift 1.96+0.34 2.53
Swift 2.50+0.40 1.99
INTEGRAL 0.30 1.69
INTEGRAL 1.03+0.15 1.45
INTEGRAL 1.89 1.45

7.3.4 HE y-ray observations

For the contemporaneous IC curvature resolution a dedicated FermiLAT anal-
ysis was performed by Sara Buson and Valentina Tronconi from the Fermi LAT
collaboration. Normally Fermi LAT operates in all-sky survey mode, scanning
the entire sky every 3 h, therefore it can provide observation of 1ES 0033+595
simultaneous with MAGIC. Fermi data was collected from August 17th 2009
to October 14™, 2009. In addition, to make a comparison with the behavior
of the source over a wider time interval, a dedicated analysis from the begin-
ning of the Fermi LAT mission, that spans from August 4", 2008 (beginning
of scientific operation of LAT) to October 28th 2011, was performed. The data
analysis of 1ES 0033+595 is challenging because this source is located near the
galactic plane, therefore the analysis was restricted to the 300 MeV - 300 GeV
energy range. Following results were obtained for 1ES 0033+595 from a dedi-
cated simultaneous Fermi LAT analysis: The fluxis (8.0+3.6) x10™¥ cm™2 57!
and the spectral index is —1.7 £ 0.2. In comparison, for the 38 month time in-
terval, the fluxis (6.6+1.0) x10™2 cm™2 s~ ! and the spectral indexis —1.9+0.1.
For spectral analysis, in the first case the full energy range was divided in 4
energy bins: 2 bins for the 300 MeV — 10 GeV range and 2 bins for the 10 GeV -
300 GeV range. In the latter case the full energy range was divided in 6 equal
energy bins. The achieved results from the Fermi LAT analysis are outlined
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together with simultaneous MAGIC data in Figure 7.9.

Since this source is also in the HE y-ray range very week, only a good over-
lapping between the MAGIC and Fermi LAT measurements can be achieved
with a long-term survey (for the 38 month time interval) due to more avail-
able statistics, as presented with the black triangle in Figure 7.9.
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Figure 7.9: The first IC curvature from 1ES 0033+595 described with Fermi LAT
and MAGIC data.

7.4 The inverse Compton peak of 1ES 0033+595

Like in the case of 1ES 1959+650 also here the determination of the IC peak
value is obtained. For the logarithmic parabola fit only overlapping data points,
as shown in Figure 7.10, from Fermi LAT and MAGIC are used. Since both
measurements suffer from alack of statistics the here presented results should
be treated as a preliminary estimation. The logarithmic parabola was fitted to
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the Fermi LAT and MAGIC data in the following vertex notation:

I (o bllog(v/vIC )]
VFV - VpeakFVLCeak x 10 ped (72)

IC ; IC
where Vpeaka;Ceak is the peak flux at the peak frequency Vpeak and b the cur-
vature parameter. From the logarithmic parabola fit following values could

be estimated: b=-0.41%0.05, v,c,, F,ic =(7.98+0.34)x10"*ergcm™s™! and
pea

v{)gak:(l.39i0.55) x10%° Hz. The V;I)gak corresponds to (57.48+22.74) GeV which

is similar to the previous findings for the IC peak from 1ES 1959+650 (see Sec-

tion 6.8).
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Figure 7.10: The IC peak estimation of 1ES 0033+595 described with a logarith-
mic parabola using Fermi LAT (blue triangle) and MAGIC data (red circles).

7.5 The redshift of 1ES 0033+595

As anticipated in Section 7.1, due to its featureless optical spectrum, as shown
in Figure 7.11, high galactic absorption, and a foreground star with a sepa-
ration of 1.58 arcsec, the estimation of a proper redshift of 1ES 0033+595 is
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highly difficult. From the findings in Subsection 7.2.3 the VHE spectrum ap-
pears to be extremely soft (photon indexI" ~ 4), as it is expected by the absorp-
tion of VHE photons throughout interaction with the EBL (see Section 1.4) if
the source is located at relatively large redshift [SdS92]. Such absorption pro-
cess is characterized by a function of the energy of the photon and of the dis-
tance it has traveled. Thus, from empirical findings, spectra with indices I' ~ 4
have been observed in blazars located at redshifts above 0.2, [AAAT12e].
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Figure 7.11: Spectroscopy measurements of 1ES 0033+595 showing a feature-
less spectrum with no emission lines [PSS*96].

One of the recent developed redshift determination methods is the empiri-
cal approach of [PBM*11]. The method assumes that the intrinsic spectrum
at TeV energies (e.g., observed with MAGIC) cannot be harder than that in
the GeV band (observed with Fermi LAT). The underlying assumption is, that
the VHE spectrum corrected for the absorption of TeV photons by the EBL
via photon-photon interaction should still be softer than the y-ray spectrum
observed by Fermi LAT, [PBM*11]. The spectrum shown in Figure 7.13 was
corrected using the Franceschini EBL model [FRV08] (see Appendix C, Fig-
ure C.1) in the fine steps of redshift until the slope of the deabsorbed spec-
trum equals the one in the GeV-band. In this case a value of z* = 0.58 +0.12
is obtained which corresponds to an upper limit on the redshift. In addition,
an estimate of the true distance can be achieved using the linear relation be-
tween z and the true redshift. This relation was the result of a systematic
study carried out on blazars with known distances. The extracted redshift of
1ES 0033+595 using the inverse formula (for more details see [PBM " 11]) re-
sults in zrec = 0.34 £ 0.05. This finding confirms very well firstly the already
predicted higher redshift above 0.2 throughout the photon index of I' ~ 4 and
secondly the estimation of a lower limit (z > 0.24) by [STF05]. Therefore in the
following discussions the new redshift estimation of z;ec = 0.34 £ 0.05 is used.
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7.6 Spectral Energy Distribution of 1ES 0033+595

As already pointed out in the previous sections, this is the first time that the
reconstructed SED from radio to TeV energies of 1ES 0033+595 is presented, as
displayed in Figure 7.12. The yellow data points present the archival radio data
(NED), the green points are the optical data from the KVA observations and
archival data (NED), the blue and the purple points represent the archival X-
ray data by Swift and INTEGRAL (NED) and the orange and the red data points
are the Fermi LAT and MAGIC points obtained during this work. From the
reconstructed SED as for 1ES 1959+650 again the typical two peaks structure
becomes evident. In order to model this particular SED a SSC model is used
as described in the next subsection.
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Figure 7.12: Reconstructed SED for 1ES 0033+595 from radio to TeV range.The
yellow data points present the archival radio data (NED), the green points are
the optical data from the KVA observations and archival data (NED), the blue
and the purple points represent the archival X-ray data by Swift and INTE-
GRAL (NED) and the orange and the red data points are the Fermi LAT and
MAGIC points obtained during this work.
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7.7 Modeling of the SED of 1ES 0033+595

As anticipated above, the emission characteristics of BL Lac objects are gen-
erally well reproduced by the one-zone leptonic model, in which a population
of relativistic electrons inside a region moving down the jet emit through syn-
chrotron and synchrotron self-Compton mechanisms, [TMG98]. The spec-
tral energy distribution of 1ES0033+595 was modeled with such one-zone
leptonic model using the y?-minimization method by N. Mankuzhiyil fully
described in [MAP*12]. The emission region was assumed to be spherical,
with radius R, filled with a tangled magnetic field of intensity B and relativis-
tic electrons, emitting synchrotron and synchrotron self-Compton radiation.
The energy distribution of the electrons follows a smoothed broken power
law with normalization K between the Lorentz factors ymin and ymax, with
slopes n; and n, below and above the break at ypeac. The relativistic boost-
ing is represented by the Doppler factor 6. In Figure 7.13, where MAGIC data
was corrected for the extragalactic absorption using the model of Frances-
chini [FRV08] (see Appendix C, Figure C.1), the modeled SED with an assumed
redshift of z = 0.34 for 1ES0033+595 is presented. The obtained values of the
model parameters are summarized in Table 7.3. A comparison with other HBL.
type objects (i.e. [TGG"10], [AAA*12b], [AAA™ 12¢]) shows that the model pa-
rameters used here for the SED fitting are compatible with those obtained for
other HBL class objects.

Table 7.3: Model parameters used for fitting the SED in Figure 7.13.

Z  Ymin Ybreak  Ymax ni ny BIG] Klem™@] Rlcm] §

0.34 1000 3.7x10* 2.9x10% 2.0 3.2 0.2  3.7x10> 65x10® 36
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Figure 7.13: The SED from low to high energies with assumed redshift z = 0.34
simultaneous KVA data where the contribution of nearby star has been sub-
tracted and the flux has been corrected for galactic extinction (filled triangle),
INTEGRAL, Swift BAT archival data from 2004-2008 (filled triangle), simulta-
neous Fermi LAT data (filled circle) and MAGIC data corrected for the extra-
galactic absorption using the model of [FRV08] (filled diamond). The 3 year
Fermi LAT data (open circle) and archival radio data from the Green Bank and
Texas observatory (open circle) is also shown.

7.8 Summary and Conclusions

In this work the first detection of VHE y-ray emission from 1ES 0033+595 has
been reported.

¢ From the 2009 MAGIC data the source is clearly detected at 5.5 o signif-
icance level.

¢ Its discovery was announced on October 27! in an ATEL [Marl11].

e The spectrum can be well described with a power law fit with a photon
index of (3.80+0.70).

* The integral flux above 150 GeV is estimated to be (2.20+0.40)% of the
Crab Nebula flux. No significant variability was found in the recorded
MAGIC data.
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e In connection with the Fermi LAT results and MAGIC data the first pre-
liminary estimation of the IC peak could be obtained, yielding:

IC —
Vi s0033+595pear=(57-48%22.74) GeV

* The comparison of the herein presented multiwavelength data confirms
the typical HBL blazar subclass behavior of this source: it shows marginal
variability in the optical R-band, is variable in X-rays, followed by a hard
spectrum in the Fermi LAT regime and its discovery in the VHE y-ray
range.

* Moreover, the MAGIC detection of 1ES 0033+595 in the VHE y-ray range
confirms the prediction as promising VHE y-ray emitter by the [CG02]
list predicted already more than a decade ago.

¢ Since the redshift of this source is unknown, but crucial for a accurate
SED modeling, a new estimation (z = 0.34 +£0.05) with the empirical ap-
proach by [PBM*11] was performed.

 This result is in a good agreement with the lower limit of z > 0.24 re-
ported in [STFO5] as well as with the empirical findings where higher
redshift sources above 0.2 are characterized throughout the photon in-
dex of I ~ 4.

* Finally, a comparison with other HBL type objects as presented in e.g.
[TGG'10], [AAAT12b], [AAA"12d] shows that the model parameters used
here for the SED fitting are compatible with those obtained for other
HBL class objects and thus confirming again the classification of this
source being a HBL type object.

The following chapter presents another analysis and the corresponding re-
sults of a blazar known as B3 0133+388 which was also discovered during this
work.






CHAPTER

DISCOVERY OF THE BLAZAR
B30133+388 (RGB0136+3905)

The BL Lac object B30133+388 is an unknown distance blazar which was
observed by the MAGIC telescopes for the first time in November 2009. The
analysis of this data lead to the first discovery at 5.6 ¢ significance level in the
VHE y-range of this source. In this chapter, the discovery of the VHE y-ray
emission is presented, showing new properties of this blazar in the VHE y-ray
range. The MAGIC telescopes observed B30133+388 between November 7%
until November 26™ for nearly 20 h in stereo mode. The integral flux above
150 GeV is estimated to be (3.6+0.9)% of the Crab Nebula flux and the VHE
spectrum has a photon index of (3.82+0.70). In addition, the source did not
show any variability during the MAGIC observations. Since the redshift of this
source is unknown, an empirical approach by [PBM*11] was used in order to
determine a new redshift of (z=0.46+0.05). Finally, for the first time, based
on the new redshift, the SED of B30133+388 has been reconstructed and
modeled using a single zone SSC model.

8.1 The Blazar B3 0133+388 and its properties

The unknown distance blazar B3 0133+388 also known as RGB J0136+3905, lo-
cated at RA: 01:36:32.59 and DEC.: 39:05:59.18 was discovered for the first time
in 1977 during a radio observation and listed in the third Bologna sky survey
of 408 MHz radio objects ([FGT85]). It was later detected also in various other
energy bands i.e. in the X-rays with ROSAT ([BSF"97]), and identified spectro-
scopically as a BL Lac object, with an IBL sub-classification by [LKC*98] and
[LKF"99], respectively. In contrast [NTVO06] classified this source as HBL ob-
ject with a synchrotron emission peaking at 101659 Hz, as shown in Figure 8.1.
Thus, today the sub-classification of this source is still under debate.

181
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Figure 8.1: The synchrotron peak of B3 0133+388. The figures is taken from
[NTVO06].

From optical observation performed at the beginning of the 21st century with
the NOT only a point source could be revealed (see Figure 8.2.) In 2009 this
source was detected by the Fermi LAT observatory during its first three months
of survey and listed since then in the Bright Active Galactic Nuclei Source
List [AAA™09a]. Moreover, based on the radio, optical, and X-ray spectral prop-
erties, this blazar was proposed by [CG02] to be a promising VHE y-ray emitter
under the assumption that the redshift was less than 0.2.

e

Figure 8.2: Optical image of B3 0133+388 observed with the NOT. The host
galaxy has been removed. The figure is adapted from [Nil13].
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8.2 First MAGIC observations of B30133+388

As discussed above, B30133+388 has been detected in several other wave-
lengths, except in the VHE y-ray range until July 2012 where its discovery was
announced on the 5th International Symposium on High-Energy Gamma-Ray
Astronomy (GAMMA 2012) [MM12]. Up to date, the potential scientific impact
of increasing the number of VHE y-ray blazars is still crucial. With a good sam-
pled fraction of well-measured VHE y-ray blazars, population study, as shown
in Chapter 10, becomes more and more possible. From such study constrains
on the EBL (see Section 1.4 and Subsection 10.3.4) and its evolution, as well
as the nature of the cosmic rays can be derived. Motivated by these aspects
and because B3 0133+388 was one of the most promising VHE y-ray blazars
where its extrapolation of the Fermi LAT flux agrees within the sensitivity of
the MAGIC stereoscopic system, as displayed in Figure 8.3, this source was
observed for the first time by MAGIC in November 2009.
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Figure 8.3: Flux extrapolation for B3 0133+388 (black solid line). The top dot-
ted dashed line represents the Crab Nebula spectrum. The dashed line is the
M I sensitivity by considering it as two times less the sensitivity of the MAGIC
stereo system. The dotted line represents the MAGIC stereo sensitivity. The
figure is adapted from [Man09].

The stereoscopic observations with MAGIC and the improved performance of
the telescopes has been resulted in the discovery of this source in the VHE -
ray range. The B3 0133+388 survey was carried out from November 6™ until
November 26™ for a total of 20 h of observations. Out of this sample, as pre-
sented in detail in Appendix D, Table E.1, only 6.5 h of good quality data after
quality selections (see previous Subsection 6.3.1) remain, as outlined in Ta-
ble 8.1.
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Table 8.1: B30133+388 discovery data set. From left to right: dates in
dd / mm / yy, effective time of observation in hours, zenith angle distribution,
rate of the event after the image cleaning in Hz and the significance of each
observation night.

Date Eff. time(h] Zenith [°] Mean Rate [Hz] Significance [0]
10/11/2009 1.31 13-29 80 2.56
11/11/2009 0.58 22-31 82 1.24
15/11/2009 1.40 13-31 82 3.46
16/11/2009 0.13 12-14 76 1.88
19/11/2009 0.39 17-31 83 1.56
20/11/2009 0.30 15-27 89 1.82
21/11/2009 0.83 14-34 77 0.57
24 /11/2009 1.57 10-34 70 2.21

The zenith angle distribution that was conducted for this observations has a
range from 10° to 35°. Furthermore, all data was taken in wobble mode, as
for the previously presented observations of 1ES 1959+650 in Chapter 6 and
1ES 0033+595 in Chapter 7. Also in this case the data analysis of B3 0133+388 is
performed using the standard software package MARS [AAAT08b, AAAT09c],
as described in Chapter 4, including the latest standard routines for stereo-
scopic analysis [AAA"11d, Lom11]. The whole stereo data analysis procedure
was similar to that one described in Section 6.4, Section 6.5 for 1ES 19594650
and for 1ES0033+595 in Section 7.2, respectively.

8.2.1 Signal search and the discovery of B3 0133+388

Due to improved sensitivity of the MAGIC stereoscopic system mostly in the
low energy range also this improvement led to a discovery of a new VHE y-
ray blazar. Similar to 1ES0133+595 the strongest signal of B3 0133+388 was
only found in the low energy range between (50 — 250) GeV by applying the
low energy standard cuts:

Odie.cuts: MHadronness.fHadronness < 0.28
&% MHillas_1.fSize > b5
&& MHillas_2.fSize > b5
&& MStereoParDisp.fEnergy >50
Odie.signalCut: 0.026
Odie.psf40: 0.10
Odie.nWobbleOff: 1
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In the full range above 250 GeV the source seems to be almost non-significant.
Only in the range from (50 — 250) GeV a detection signal above 5o is given.
Figure 8.4 shows the 2-plot where an excess of 279.0 events, corresponding
to a significance of 5.6 o is found. The significance was calculated according
to the Equation 17 by Li and Ma [LM83] (for a detailed 62-plot description see
also Subsection 4.1.6).

B3 0133+388 with MAGIC stereo in November 2009 |

I

Time =6.50 h
N, = 1362; NDff =1083.0+32.9

N, = 279.0
Significance (Li&Ma) = 5.650
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Figure 8.4: 2 distribution of the B3 0133+388 signal and background estima-
tion from 6.5 h of MAGIC stereo observations taken in November 2009.
The signal of B3 0133+388 is restricted only to the low energy range.

The corresponding significance skymap in the low energy range (50 — 250) GeV
of the signal from B3 0133+388 is displayed in Figure 8.5. A hot spot at ~8 ¢
significance level is consistent to the B3 0133+388 sky position. Like the other
here presented blazars this source has also a point-like appearance in the low
energy range. For more details about the sky-mapping procedure adopted in
the MAGIC stereo analysis chain see i.e. [Lom11].
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Figure 8.5: Significance skymap of the sky region around B3 0133+388 from
MAGIC stereo observations taken in November 2009. The nominal position
of this source is marked with the empty cross.

8.2.2 Temporal behavior of B30133+388

In this subsection the temporal evolution during the MAGIC observation from
November 10™ until November 24™, 2009 of B3 0133+388 is studied. Thus, the
integral flux emission during the two observation weeks is determined. The
temporal bins are selected according to the significance of the signal, where a
3-days binning is set. The here obtained light curves, as outlined in Figure 8.6
above 100 GeV and above 150 GeV (for further comparisons) are compatible
with a steady emission of flux:

Fo100Gev = (3.09+£0.63) x 10 " em™2 s7! with y?/NDF=0.17/2 corresponding
to a probability P(y?)=0.9 and

F-150Gev = (1.18 £ 0.30) x 10~ em™2 s7! with y2/NDF=2.47/2 corresponding
to a probability P(y?)=0.3, respectively. To sum up, the integral flux above
100 GeV is estimated to be (5.7+£1.1)% of the Crab Nebula flux whereas the
integral flux above 150 GeV is measured to be (3.65+0.95)% of the Crab Neb-
ula flux for B30133+388 in the VHE y-ray range. In addition, no evidence of
variability can be derived from these measurements.
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Figure 8.6: B3 0133+3885 light curves between November 10% to November
24t above an energy threshold of 100 GeV and 150 GeV, respectively, and with
a 3-day time-scale binning. No hints of variability are seen in the data. The
dashed purple horizontal line represents the constant function resulting from
the fit to the data.
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8.2.3 Differential energy spectrum of B3 0133+388

In this subsection, the first VHE y-ray differential energy spectrum of the blazar
B3 0133+388 is presented. For the differential energy spectrum calculation, as
shown in Figure 8.7, 30 bins between 10 GeV to 50 TeV are set. The cuts for
the calculation of the spectrum are selected according to the corresponding
efficiency on the MC simulation data, as described in previous sections e.g.
Subsection 6.4.3. For the 62 cut and for the Hadronness cut values of 75% are
chosen, respectively. For the spectrum of B3 0133+388 a significant signal be-
tween (2 - 3)o significance is found in only three energy bins in the energy
range between 80 GeV to 325 GeV. In addition, the first bin in Figure 8.7, with
the bin center at 50 GeV is not taken into account due to the energy threshold
of 100 GeV for this analysis.

10° o B30133+388
Power law fit
s |
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o —
5
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3
I|:l \,
g 1ol | dFIE =f * (En° * ~
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Figure 8.7: The differential energy spectrum of B3 0133+388 fitted by a power
law between (100 — 300) GeV. The power law fit to the data is also shown (red
line).

As for 1ES 0033+595 the spectrum of B3 0133+388 has been fitted by a simple
power law between 100 GeV and 300 GeV of the form:

dN_N( E )F 6.1)
dE ~ °\150GeV) ’ '
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in units of cm2 s~! TeV~!, with a photon index of I' = —3.82 £ 0.70, and a nor-
malization constant at 150 GeV of Ny = (1.73+0.36)x10 %cm™2s 1 TeV~! and
with y2/NDF=0.52/2, corresponding to a probability of P(y?) = 0.77. This re-
sult also confirms, as already noticed during the signal search analysis, that
the VHE y-ray emission is concentrated mostly at low energies below 300 GeV.

8.2.4 Other y-ray experiment observations: VERITAS

During the last five years the VERITAS collaboration observed B3 0133+388 to-
gether with five other promising VHE y-ray blazars between September 2009
and June 2010 (MJD 55122 - 55383) [AAA*12f]. The motivation by the VERI-
TAS collaboration to observe this source in the VHE y-ray regime was nearly
similar to MAGIC’s derived from nearly the same assumption for this object
which are: A bright and hard spectrum in the Fermi LAT results and a power-
law fit extrapolation suggesting integral flux levels between (1 — 12)% of the
Crab Nebula flux above 150 GeV after accounting for the absorption by the
EBL [AAA™12f]. Out of this observations of B3 0133+388 performed from Oc-
tober 18", 2009 till October 25™, 2009 during a 9.9 h exposure, the VERITAS
collaboration could only derived flux upper limits (1.7% C.U. above 165 GeV)
for this source. Moreover, they suggested, that the non-detection of this blazar
can be explained due to a spectral steeping of the high-energy spectrum that
can be explained firstly by intrinsic curvature, secondly by redshift-dependent
EBL absorption and finally by uncorrelated variability. In Figure 8.8 the SSC
modeling of the SED of B3 0133+388 during simultaneous observations in dif-
ferent wavelengths and three different redshift values assumptions (z = 0.2,0.3
and 0.4) is shown. In fact, the hard LAT spectrum and low VERITAS upper
limit determined for this blazar suggest a steeping of the y-ray spectrum at
E = 100 GeV which can be explained by the EBL absorption effect if a red-
shift of z > 0.4 is assumed. In addition, out of the low state observations with
VERITAS a redshift-independent explanation of the evident spectral softening
could by made by [AAA™12f] suggesting that only the SED model at z = 0.4
is compatible with the VERITAS upper limit which coincidently is in a good
agreement with balanced radiation and particle energy. All in all, the here
presented findings by the VERITAS observations confirm very good the here
found results for the spectral properties, the integral flux estimations and the
redshift constrains (see Section 8.5) for this very distant blazar, during this
work.



190 CHAPTER 8. DISCOVERY OF THE BLAZAR B3 0133+388

Jpon RGB J0136+391
2=0.2 SSC
=0.3 SSC e P
~ 107 : A a4 ,;."'.."“?
N 2=0.4SSC {
3>~. 1011
|-|>-> 1010
VERITAS UL (MJD 55092-55099)
9 [ ] Fermi (MJD 54682-55565)
10 v v Swift XRT (MJD 55134)
3 Swift XRT (MJD 55223)
* A Swift UVOT (MJD 55134) |
8 e * Radio (archival)
10 ‘I*I | | | .Ial.ola".:lwa.l o | | | | | o | S Bl
10° 10" 10" 10" 107 10" 10> 10® 10® 107

Frequency (Hz)

Figure 8.8: SED from VERITAS observations in 2009 yielding only flux upper
limits from B3 0133+388. The figure is adapted from [AAA™ 12f].

8.3 B30133+388 visible in other wavelengths

In this section the observations from the radio, optical, X-ray, and the HE y-ray
range are presented. Part of the data from the UV, optical, X-ray and HE y-ray
surveys were taken simultaneously or semi-simultaneously with the MAGIC
observations, whereas the radio, and some of the X-ray data is used from the
NED archive !.

8.3.1 Radio observations

The archival radio data provided by NED are taken from VLA (1.4 GHz) obser-
vations recorded in 2001 and the Very Long Baseline Interferometry (VLBI)
(2.3 GHz and 8.4 Hz) carried out in 2007. These data are used, since they are
not simultaneous with the MAGIC observation, only for the completeness in
the SED and not for the modeling itself (see Figure 8.14.). The corresponding
values of the archival radio is listed in Table 8.2.

Thttp://ned.ipac.caltech.edu/
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Table 8.2: B30133+388 results of radio observations performed by VLA and
VLBI from 2001 to 2007.

Experiment Flux [10~ergcm™2s!]  Frequency [109Hz]
VLBI-8.4Hz (2007) 2.27 8.40
VLBI-2.3Hz (2007) 1.15 2.30
VLA-1.4Hz (2001) 8.23 1.40

8.3.2 Optical observations

The simultaneous optical observation for B30133+388 are conducted, like in
case of 1ES 1959+650 and 1ES 0033+595, by the Tuorla Observatory, using the
60 cm KVA telescope on La Palma and the 1 m telescope at Tuorla. For this
source the regular optical observations in R-band started already in 2003. As
outlined in Figure 8.9, during a ten year KVA survey, the source shows only
significant variability in the middle of 2005. In the following years the optical
R-band flux shows marginal variability and also during the MAGIC observa-
tions in 2009. Furthermore, for completeness archival data from 2MASS ob-
servations recorded at the end of 1999 in various bands (J, H K;) are listed in
Table 8.3, as well as semi-simultaneous Swift-UVOT observations performed
in October 30™, 2009.

Table 8.3: B30133+388 results of UV and optical observations performed by
Swift-UVOT, KVA, and 2MASS observations, 1999-2009.

Experiment Flux [10~'ergcm™2s!']  Frequency [10'°Hz]
Swift-UVOT (2009) 1.160+0.150 1.14
Swift-UVOT (2009) 1.440+0.300 1.34
KVA (2009) 0.154+0.050 0.468
2MASS (1999) 0.750+0.021 0.240
2MASS (1999) 0.700+0.020 0.182
2MASS (1999) 0.560+0.010 0.138

8.3.3 X-ray observations

As already mentioned above, unfortunately during the MAGIC observation
window in 2009, there were no simultaneous X-ray data by Swift-XRT avail-
able. Thus semi-simultaneous data from the observation period in October
30, 2009 and January 27, 2010 are used. Moreover, some archival X-ray
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Figure 8.9: B30133+388 optical light curve between 2003 and 2013, from
Tuorla/KVA telescopes. The figure is taken from [Nil12].

data conducted by BeppoSAX and ROSAT from the observation periods from
2001 to 2004 could be found in the NED archive, as listed in Table 8.4.

Table 8.4: B3 0133+388 results of X-ray observations performed by BeppoSAX,
ROSAT and Swift-XRT from 2001 to 2010.

Experiment Flux [10~''ergcm™2s!]  Frequency [10!"Hz]
BeppoSAX (2001) 1.4 0.145
ROSAT (2003) 2.33 3.020
ROSAT (2004) 9.59 3.020
Swift-XRT (2009) 1.21+1.00 0.145
Swift-XRT (2010) 2.14+1.00 0.145

8.3.4 HE y-ray observations

In order to achieve a contemporaneous IC curvature resolution a dedicated
Fermi LAT analysis was performed by Carlo Romoli from the Fermi LAT col-
laboration (for a detailed description of the Fermi LAT satellite see [AAA™ 10f]).
Normally Fermi LAT operates in all-sky survey mode, scanning the entire sky
every 3 h, therefore it can provide observation for different sources simulta-
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neous with MAGIC. Due to a very low and constant flux of this source in the
HE y-ray regime (see Figure 8.10) the Fermi LAT analysis has to be enlarged
before and after the simultaneous MAGIC observations in order to achieve
sufficient statistics to derive a HE y-ray spectrum. In addition, to find a bet-
ter overlapping with MAGIC, the analysis has been done in a subinterval of 45
days centered in the period of the MAGIC observations.
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Figure 8.10: HE y-ray light curve of B3 0133+388 with constant emission in
the first eleven months of Fermi LAT observations. The figure is taken from
[AAA*10D].

The Fermi LAT data was collected from October 26, 2009 to December 12,
2009. Furthermore, to make a comparison with the behavior of the source
over a wider time interval, a dedicated analysis from the beginning of the
Fermi mission, that is August 4t 2008, to October 28, 2010, was taken from
the 2FGL catalog. Following results were obtained for B3 0133+388 from a
dedicated Fermi LAT analysis: for the semi-simultaneous analysis, the flux
is (6.4+1.7) x10713 ph cm 2 s7! MeV~! and the spectral index is —1.61 +0.17.
For the 24 month time interval (2FGL catalog), the fluxis (7.25+ 0.41) x10~ 13
ph cm™2 s7! MeV~! and the spectral index is —1.69+0.04. The obtained results
from the Fermi LAT analysis are outlined together with simultaneous MAGIC
data in Figure 8.11. Since this source shows also a low signal in the HE y-ray
range, only a good agreement between the MAGIC and Fermi LAT measure-
ments can be achieved with the data from the 2FGL catalog (more available
statistics), as presented with the blue triangle in Figure 8.11.
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Figure 8.11: The first inverse Compton curvature from B3 0133+388 described
with Fermi LAT and MAGIC data.

8.4 The inverse Compton peak of B30133+388

Also for this new detected source the IC peak has been studied. For the log-
arithmic parabola fit only overlapping data points, as shown in Figure 8.12,
from Fermi LAT (2FGL catalog) and MAGIC are used. Since both measure-
ments suffer like in case of 1ES0033+595, from a lack of statistics the here
presented results should be treated as a preliminary estimation. The logarith-
mic parabola was fitted to the Fermi LAT and MAGIC data in following vertex
notation:

VE, =vIC  Foc x 1071080/ Vpead)] 8.2)

peak Y peak

IC : IC
where VpeakFVLCeak is the peak flux at the peak frequency Vpeak and b the cur-

vature parameter. From the logarithmic parabola fit following values could
be estimated: b=-0.21+0.06, v, F,ic =(1.80+0.24)x10"""ergem™s™" and

peak
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vIC =(4.94+0.35) x 10%* Hz. The v€ corresponds to (20.26+1.44) GeV which
peak peak

is compatible with the previous obtained IC peaks values of 1ES 1959+650 (see
Section 6.8) or 1ES 0033+595 (see Section 7.4).
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Figure 8.12: The IC peak of B3 0133+388 described with alogarithmic parabola
using Fermi LAT (blue triangle) and MAGIC data (red circles).

8.5 The redshift of B30133+388

As pointed out at the beginning of this chapter, B3 0133+388 has like the pre-
vious presented blazar, 1ES 0033+595 (see Chapter 7), an unknown redshift.
In the past 10 years several attempts were done in order to derive the redshift
of this source. Already the authors [LKC"98] who identified B3 0133+388 first
as a BL Lac object saw a featureless optical spectrum, followed by [WXDHO00],
[BCTB0O0], [CMA*02] and [PPG*07] which failed to detect any spectral fea-
tures. In addition, also recent spectroscopic redshift measurements using the
Keck Low Resolution Imaging Spectrometer on September 17! (MJD 55091),
2009 [AAA"12f] reveal again a featureless power law spectrum, as shown in
Figure 8.13 [AAA*12f]. On December 7th 2008 B3 0133+388 was observed also
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Figure 8.13: Spectroscopy measurements of B3 0133+388 showing a feature-
less spectrum with no emission lines [AAA™ 12f].

by the NOT throughout an I-band filter with almost uniform transmission be-
tween 725 nm and 825 nm during an epoch when the optical nucleus was in
an low state [NPV*12]. This deep survey found the surface brightness profiles
of this source to be consistent with a point source and determined a lower
limit for the host galaxy brightness by applying simulations of z > 0.40, for
this object [NPV"12]. As shown in Subsection 8.2.3, the VHE y-ray spectrum
of B30133+388 as in the case of 1ES 0033+595 appears again to be extremely
soft (photon index I' ~ 4). Such feature is expected, as already anticipated in
Section 7.5, by the absorption of VHE photons throughout interaction with
the EBL if the source is located at relatively large redshift z > 0.2, [SdS92]. This
result gives again a hint that this source must be located much further than
z> 0.2 as already predicted by the VERITAS collaboration [AAA™12f]. In order
to drive constrains from the HE and VHE y-ray results toward a new redshift
estimation again the empirical method of [PBM™11] is used (for a detailed ex-
planation of this method see Section 7.5 and [PBM " 11]). The spectrum shown
in Figure 8.15 was corrected using the Franceschini EBL model [FRV08] (see
Appendix D, Figure D.1 and Figure D.2) in the fine steps of redshift until the
slope of the deabsorbed spectrum equals the one in the GeV-band. In this case
avalue of z* = 0.78 £ 0.20 is obtained which corresponds to an upper limit on
the redshift for this source. The extracted redshift of B3 0133+388 using the in-
verse formula (for more details see [PBM11]) results in zye. = 0.46+0.05. This
finding confirms perfectly well the already predicted higher redshift above 0.2
throughout the photon index of I ~ 4 and the VERITAS collaboration as well
as the estimation of a lower limit (z > 0.40) by [NPV"12]. Therefore in the fol-
lowing discussions the new redshift estimation of z;ec = 0.46 +0.05 is used for
this object.
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8.6 Spectral Energy Distribution of B30133+388

As already mentioned at the beginning of this chapter, this is the first time that
the reconstructed SED from radio to TeV energies of B3 0133+388 is presented.
Figure 8.14 displays the reconstructed SED for this source containing archival,
semi-simultaneous and contemporaneous B3 0133+388 measurements.
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Figure 8.14: Reconstructed SED for B3 0133+388 from radio to TeV range.The
yellow data points present the archival radio data (NED), the green points are
the optical data from the KVA observations and archival data (NED), the blue
and the purple points represent the archival X-ray data by Swift-XRT and the
archival BeppoSAX, ROSAT (NED) and the orange and the red data points are
the Fermi LAT and MAGIC points obtained during this work.

The yellow data points present the archival radio data, as described in Sub-
section 8.3.1; the green points are the optical data from the KVA observations
and the Swift-UVOT surveys as well as archival data from 2MASS (Subsec-
tion 8.3.2); blue and purple points represent the semi-simulations X-ray data
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by Swift-XRT and the archival BeppoSAX, ROSAT measurements, that are de-
scribed in Subsection 8.3.3 and the orange and the red data points are the
Fermi LAT and MAGIC points obtained during this work. Also in this case, the
reconstructed SED of B3 0133+388 shows a typical two peaks structure. In or-
der to model this particular SED a siple SSC model, as described in the next
subsection, is used.

8.7 Modeling of the SED of B3 0133+388

The SED of B3 0133+388 was again modeled with the a one-zone leptonic SSC
model by N. Mankuzhiyil using the y?-minimization method fully described
in [MAP"12]. This modeling is applied to the most contemporaneous mea-
surements as shown in Figure 8.14. The emission region was assumed to be
spherical, with radius R, filled with a tangled magnetic field of intensity B and
relativistic electrons, emitting synchrotron and synchrotron self-Compton ra-
diation. The energy distribution of the electrons follows a smoothed bro-
ken power law with normalization K between the Lorentz factors ymin and
Ymax, With slopes n; and n, below and above the break at ypeqax. The rela-
tivistic boosting is represented by the Doppler factor . In figure 8.15, where
MAGIC data was corrected for the extragalactic absorption using the model
of [FRV08], the modeled SED for B30133+388 is presented. The obtained
values of the model parameters for the redshift z = 0.46, are summarized in
Table 8.5. Again a comparison with other HBL type objects i.e. [TGG'10,
AAA™12b, AAA"12e] shows that the model parameters used here for the SED
fitting are compatible with those obtained for other HBL class sources, thus
supporting the classification of B3 0133+388 as a HBL object.

Table 8.5: Model parameters used for fitting the SED in Figure 8.15.

Z Ymin 7Y break Y max ny npy BIG] K[Cm_g] R [cm] o
0.46 1000 5.5x10%* 4.1x10° 2.0 4.2 0.11 5.2x10% 36x10° 29
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Figure 8.15: The SED of B3 0133+388 using for the first time HE and VHE y-ray
data for the SSC modeling.

8.8

Summary and Conclusions

In this work the second discovery of a new detected blazar B3 0133+388 was
reported. Following summarized findings regarding B3 0133+388 could be ob-
tained during this work:

From the first MAGIC observations performed in 2009 for this source a
clearly signal at 5.6 o significance level was found.

Its discovery was announced on the 5th International Symposium on
High-Energy Gamma-Ray Astronomy (GAMMA 2012) [MM12].

The spectrum can be well described with a power law fit with a pho-
ton index of (3.82+0.70) and the differential flux rapidly decreases with
energy (no excess above 300 GeV).

The integral flux above 100 GeV is estimated to be (5.7+1.1)% of the Crab
Nebula flux.

For the energy range above 150 GeV the results yields (3.65+0.95)% of
the Crab Nebula where in both cases no variability was found in the
recorded MAGIC data.
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e The comparison with previous VERITAS observations of B3 0133+388,
where a flux upper limit was derived for this object:
VERITAS: Frsig5Gev = 4.9x10712 phem™2 57!, 1.7% C.U. [AAAT12f]),
shows a compatible result between both experiments:
VERITAS: Fps165Gev =8.3+£0.3x10712 phecm™2s71,2.8+1.1% C.U.).
It has to be stressed, that since blazars are strongly variable sources only
simultaneous observations can provide the best matching results.

* In connection with the Fermi LAT and MAGIC results the first prelimi-
nary estimation of the IC peak could be obtained,

yielding: v}gcgmgg +E,,88p%k:(20.26i1.44) GeV, which is in good agreement

with previous findings for other BL Lac objects of the HBL subclass.

* Moreover, the MAGIC detection of B3 0133+388 in the VHE y-ray range
shows that the extrapolation method of Fermi LAT flux states is a hugely
useful tool in order to find other VHE extragalactic y-ray emitters.

* In addition, also the prediction of B3 0133+388 as promising VHE y-ray
emitter by the [CG02] list, more than a decade ago, could be confirmed
in this study.

¢ Since the redshift of this source is unknown, but crucial for a accurate
SED modeling, a new estimation (z = 0.46 +0.05) with the empirical ap-
proach by [PBM*11] was performed.

e Thisresultisin a very good agreement with the lower limit of z > 0.4 pre-
sented in [NPV*12], with the prediction of the VERITAS collaboration
(z > 0.4) and with the empirical findings where higher redshift sources
above 0.2 are characterized throughout the photon index of I ~ 4.

 In summary, a comparison with other HBL type objects i.e. [TGG"10,
AAAT12b, AAAT12e] shows that the model parameters used here for the
SED fitting are compatible with those obtained for other HBL class ob-
jects, thus supporting the classification of B30133+388 as a HBL source.

The last analysis chapter presents the detection of a LBL object that is known
as PKS1717+177 (OT +129), which was detected in this work in the archival
data of MAGIC stand-alone observations performed in 2009.
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PKS 17174177 (OT +129) is a low-frequency-peaked BL Lac that is still un-
detected in the VHE y-ray range. In this last analysis chapter the first analysis
results of PKS 17174177 observation obtained with the M| telescope in 2009
are reported, giving a strong hint of signal for a potential new discovery. MAGIC
observed this source for the first time between April 19™ to August 28" in 2009
for about 35 hours, where part of the data was taken in the soft stereo trigger
mode. Out of the stand-alone M| analysis a signal at 6 ¢ level is reported.
The integral flux above 200 GeV is estimated to be ~4% of the Crab Nebula
flux and the VHE spectrum has a photon index of (2.65+0.39). It is important
to emphasize, that this source did not show any variability during the MAGIC
observations although this source was simultaneously detected to be in its his-
torical strongest optical state. In consequence of these findings, also in this case
no VHE y-ray correlation with the optical band could be found giving again the
indication that different emission regions are responsible for the VHE y-ray and
optical radiation. Finally, also in this context a simple SSC model was used for
the PKS 17174177 SED modeling, confirming previous assumption that a one
zone SSC model is not a satisfactory model for this particular source.

9.1 The Blazar PKS 1717+177 and its properties

PKS1717+177 also known as OT +129 is a blazar located at RA:17:19:13.05
DEC.:17:45:06.43 with a known redshift of z=0.137. This source belongs to
the subclass of BL Lacs objects called LBL [VV93] with synchrotron emission
peaking near 103 Hz (logVvpeak = 13.08, [NTVO06]), as displayed in Figure 9.1.
Today, this kind of objects with an extremely low value of the peak frequency
of the synchrotron component (the maximum of the first SED peak is found in
the IR-optical range) are poorly known and only few of them (i.e. BL Lacertae

201
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or S5 0716+714) has been detected in the VHE y-ray range.
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Figure 9.1: PKS 1717+177 synchrotron emission peak near 10'3 Hz. The figure
is taken from [NTV06].

From the chronological point of view this source was already detected in the
radio ([FDK69]) and optical ((HMA™"74]) wavelength in the 20th century. In
the optical band it has been identified by [HMA*74] as a star-like or slightly
diffuse object with 18.5 mag. Also the NOT shows, as depicted in Figure 9.2,
only a star-like appearance of PKS 1717+177.

Figure 9.2: Optical image of PKS 1717+177 observed with the NOT where a
star-like object is visible. The figure is taken from [Nil13].
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Like most BL Lac type objects this source also shows strong optical polariza-
tion and has a spectrum which shows no emission lines between 5000 A and
9000 A [SRM'05], as displayed in Figure 9.3. Furthermore, due to absence of
apparent spectral lines in the spectroscopic measurements of PKS 1717+177
only one value is quoted for this source in the literature with z = 0.137 re-
ported by [SRM*05].
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Figure 9.3: Spectroscopy measurements of PKS 1717+177 showing a feature-
less spectrum with no emission lines [SRM*05].

Further multiwavelength features of this particular LBL object are its marginal
variability in the radio core and a flat spectrum in the radio band [PMW™85].
In the X-rays this source was already discovered in 1989 by the Einstein Obser-
vatory, [WW90], wheres in the HE y-ray range it was detected for the first time
by the Fermi LAT during the first three months of its observations [AAA™09al].
Only at the end of September 2008, PKS 1717+177 shows one short and bright
flare, as shown in Figure 9.4, that was interestingly never measured again in
the following observation years, [AAA10Db].
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Figure 9.4: Fermi LAT light curve of PKS 1717+177 during its major activity in
September 2008. The figure is taken from [AAAT10Db].
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The HE y-ray spectrum of PKS1717+177 is consistent with a flat power law
with I' = 1.84 £ 0.07 and a Flux of F(> 100MeV) = (6.9 + 0.9)x10¥cm2s™!

[AAAT09a]. These properties being a bright and hard Fermi LAT blazar made

PKS 1717+177 one of the most promising candidate among low frequency peak
objects being a TeV emitter.

9.2 MAGIC observations of PKS1717+177

As already pointed out above, due to its spectral properties in the HE y-ray
range and showing great promise to be detected in the VHE y-ray regime out
of Fermi LAT flux extrapolation results, as explained in [TGG™10], this source
was also selected to be observed with MAGIC. The first survey of this blazar
with MAGIC started with a total observation time of 35 h from April 19™ to Au-
gust 24" in 2009. Like in the case of 1ES 1959+650 (see Chapter 6) this source
was also observed in two different observation conditions firstly with only one
telescope M1 from April 19" to August 10 2009 and secondly in the soft
stereo trigger mode with both telescopes from August 11" to August 24" in
2009. In order to avoid any splitting in the data sample and because the obser-
vations in stereoscopic mode took only few hours (~2 h of good quality data
in the commissioning phase) the whole analysis is obtained in stand-alone
mode of M I. An interesting event of this source that accompanied the whole
observation period with MAGIC was the historical strongest optical outburst
observed from June to August 2009, as outlined in Figure 9.5 and where the
source was also observed with MAGIC in this period as ToO object.
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Figure 9.5: Optical R-band light curve, from Tuorla/KVA telescopes, of
PKS 1717+177. The figure is taken from [Nil12].
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Similar to previous analysis procedures, as described in Chapter 6, also in this
case a data quality selection was performed on the whole data sample; after
quality cuts (bad weather, unstable event rates and hardware problems, e.g.
strong camera inhomogeneities) only 12.66 hours were retained. The whole
observation sample of PKS1717+177 is listed in Appendix E. Moreover, the
whole survey was taken under moderate zenith angle conditions from 11° to
31° and in wobble mode (see Chapter 4). The observation nights that pass
the quality selection criteria and that are used for the final analysis results are
summarized in Table 9.1.

Table 9.1: PKS1717+177 data set. From left to right: dates in dd / mm/yy,
effective time of observation in hours, zenith angle distribution, rate of the
event after the image cleaning in Hz and the significance of each observation
night.

Date Eff. time[h] Zenith [°] Mean Rate [Hz] Significance [o]
19/04 /2009 1.31 23-30 250 1.32
21/04/2009 0.61 12-30 200 0.62
23/04 /2009 1.01 13-31 130 0.95
24 /04 /2009 1.36 12-14 160 2.04
26/04 /2009 0.93 11-31 250 1.97
21/05/2009 1.23 11-27 240 1.67
23/05/2009 1.66 11-27 240 0.52
15/06/2009 0.47 15-23 135 0.07
26/06/2009 0.32 12-19 165 2.56
27/06/2009 0.46 12-19 165 1.03
28/06 /2009 1.03 11-20 170 0.39
01/07/2009 0.64 17-25 160 1.14
23/07 /2009 0.27 14-22 145 0.70
25/07 /2009 0.32 12-21 240 1.71
10/08 /2009 0.44 11-19 260 0.91
13 /08 /2009 0.33 15-24 270 1.44
15/08 /2009 0.59 15-28 285 2.42
16 /08 /2009 0.65 18-27 300 1.21
17/08 /2009 0.32 17-27 270 0.44
19/08 /2009 0.45 17-27 270 0.80
23/08 /2009 0.37 17-21 180 0.24

24 /08 /2009 0.53 20-27 200 0.52
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9.3 Data analysis and signal search

The stand-alone M1 analysis follows the scheme outlined in Subsection 6.3.
When defining the signal region as a < 8°, an excess of 226.7 events over 946.3
background events yields a total significance of the 6.09 o signal. The result-
ing Alpha-plot for Size = 300 and Hadronness = 0.08 is shown in Figure 9.6.
In addition, a corresponding 02 distributions was also derived showing sim-
ilar result of 6 o with slightly relaxed Hadronness cut of 0.10 as displayed in
Appendix E in Figure E.1.
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No,=1173; N, =946.3

Ny = 226.7
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Figure 9.6: Alpha-plot for PKS 1717+177 from 12.66 hr of MAGIC observations
taken between April 19" and August 24t 2009. For a < 8° an excess at the 6o
significance level is obtained.

o

A skymap (see Figure 9.7) for the signal region also shows an excess at the
nominal position of PKS 1717+177 with a hot spot at ~6 o significance level,
confirming the detection of this blazar.
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Figure 9.7: Significance skymap for the region around PKS1717+177 from
12.4h of MAGIC observations taken between April 19" and August 24™, 2009.
The PKS 1717+17 position is marked with an empty cross. The PSF of about
0.1 degree is also displayed.

9.3.1 Temporal behavior of PKS 1717+177

The first VHE y-ray light curve for PKS1717+177 was determined for ener-
gies above 200 GeV. In this case the Alpha-analysis was used. The cuts in
Hadronness and « are selected according to the cut efficiency in the MC sam-
ple, as discussed already in Subsection 6.3.4. For this analysis a Hadronness
and an « cut of 0.7, respectively, are chosen. Moreover, the adapted Size cut
was chosen similar to the detection cut of 300 phe. Due to a very low sig-
nal from this source a weekly time-scale binning was chosen. The light curve
of PKS1717+177 is shown in Figure 9.8. The integral Flux at E>200 GeV is
found to be F > 200GeV = (8.2 +1.8) x 10712 cm™2 s~! with a fit goodness of
x?=4.01/7 and P(y?) =0.78. This finding corresponds to a very low flux of only
~ 4% C.U. Unfortunately, the large error bars involved, due to the small signal
detected, prevent any strong conclusions about a possible variability of the
source emission processes so far.
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Figure 9.8: PKS 1717+177 light curve between April and August 2009 above an
energy threshold of 200 GeV. A hint of variability is seen in the data, mostly
around of August 16™.

9.3.2 Differential energy spectrum of PKS 1717+177

In order to determine the energy spectrum for PKS1717+177 also here the
Alpha-analysis is used for the given data set. For the different energy spec-
trum the same Size, Hadronness and a cuts were used as in case of the light
curve. The unfolded differential energy spectrum is shown in Figure 9.9 us-
ing the Bertero unfolding method with the smallest y? value. The other un-
folding methods were also tested giving similar results within the error bars.
Like in case of the other spectra obtained during this work, the spectrum of
PKS 1717+177 can also be described well with a pure power law with a pho-
ton index of I' = —2.65 + 0.39, and a normalization constant at 250 GeV of
Np = (3.84+0.38)x10"'cm™2s"1TeV~!. The fit goodness yields following re-
sults: y?>/NDF=1.0/3 with Py?>=80%. The significance of the signal found
in each energy bin with corresponding mean flux are listed in Table 9.2. A
significant signal between 1.8 o to 2.7 o significance is found in four energy
bins, between 120 GeV to 1.2 TeV. The first energy in this spectrum is not taken
into account due to the energy threshold of 180 GeV. Of particular concern in
this context is the highest energy bin in the spectrum that exceeds the 1 TeV
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Figure 9.9: PKS1717+177 differential energy spectrum measured by MAGIC
between 125 GeV and 1.5 TeV. The power law fit to the data is also shown (red
line).

range due to its relatively base redshift of z=0.137 and the corresponding y-
ray opacity at that distance. Further assumptions about the EBL including
particular remarks on PKS 1717+177 and the other blazars presented in this
work are the topic of the upcoming Chapter 10.

Table 9.2: Spectral analysis of the PKS 1717+177 2009 sample - In the first col-
umn the mean energy of the bin is given; the corresponding bin significance
is listed in the second column and the mean flux of each bin is found in the
last column.

Mean Energy Significance [o0] Flux [ cm 257! Tevj

117 2.16 (4.83+2.57) x 10710
219 2.35 (3.98+1.75) x 10711
370 1.90 (9.75+4.01) x 10712
890 2.69 (2.52+1.09) x 10712

1175 1.79 (6.56+4.18) x 10713
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9.4 Theinverse Compton peak of PKS1717+177

A first estimation of the IC peak of PKS1717+177 is derived from the Fermi
LAT observations from the 2FGL catalog (based on the first 24 months of sur-
vey data) and the here reported MAGIC results. In similar way as for the other
blazars described in this work a logarithmic parabola fit was applied to the HE
and VHE y-ray measurements. The logarithmic parabola was fitted in follow-
ing vertex notation of the form:

Fac x10°1980 Vpead)! 9.1)
peak

vEy, = peak

where VgéakaIC is the peak flux at the peak frequency v <k and b the cur-

vature parameter. From the logarlthmlc parabola fit followmg values could
be estimated: b=-0.08+0.01, v & Fy © = (4.40+0.33)x10"2ergcm 25! and

Viea = (474 £0.72) x 10* Hz. The Ic peak (Vpead) Of PKS1717+177 is found
to be at (19.64+2.99) GeV. Figure 9.10 shows the corresponding IC peak for
PKS1717+177.
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Figure 9.10: Spectral Energy Distribution of PKS 1717+177 in 2009. The figure
is taken from [AAA™ 10c].
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The obtained value shows very well, that the peak location for the LBL object
is nearly similar to that one of the HBL objects as presented for 1ES 1959+650
in Section 6.8, for 1ES 0033+595 in Section 7.4 and finally for B30133+388 in
Section 8.4. In conclusion, this result shows also that the peak location in the
IC curvature doesn'’t reveal further information about new subclassifications
criteria for the blazars.

9.5 Spectral Energy Distribution of PKS1717+177

For the first reconstructed SED from the LBL object PKS 1717+177 archival and
semi-simultaneous multiwavelength measurements were used. As in previ-
ous cases, the archival data for the radio, optical and X-ray observation was
carried out from the NED archival. Figure 9.11 shows the reconstructed SED
where most of the plotted data can be found in the radio band implying that
PKS1717+177 is a well established radio source.
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Figure 9.11: The SED of PKS 1717+177 in 2009 with the new analyzed MAGIC
data points.
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Most of the radio observations (green points in the SED) were performed by
Effelsberg, Texas as well as VLBI and VLA observatories in the period from
1990 to 2009. The whole list of the used radio measurements for the recon-
structed SED can be found in the Appendix E, Table E.6. In addition semi-
simultaneous data from the Fermi LAT and MAGIC results from 2008 to 2009
(orange and red points) are drawn in the plot. Out of the reconstructed SED a
very good LBL shape structure, where the synchrotron peak is located in the
IR-optical range, becomes evident.

9.6 Modeling of the SED of PKS1717+177

In order to use mostly simultaneous multiwavelength measurements for a
SED modeling data from observations performed between 2008 to 2009 have
been used to model the SED of PKS1717+177 by E Tavecchio, as presented
in [TGG*10]. Before the MAGIC analysis was completed giving reasonable re-
sults, Tavecchio tried already to model the SED, as shown in Figure 9.12, with-
out the MAGIC results in [TGG" 10]. There a one zone synchrotron SSC model
was applied to the measurements.

One of the major problems in order to model a LBL object is the fact that
they have a large separation between the synchrotron and IC peaks in the SED
which consequently requires large Doppler factors. The large separation be-
tween both curvatures is also strongly visible in case of PKS1717+177, due
to the Fermi LAT spectrum that continue to be hard up to the highest ener-
gies. As shown in Figure 9.12, the model established by Tavecchio [TGG"10]
resulted by using two assumptions for the Doppler factor. In first case (solid
line) a moderate value of the Doppler factor § =21 is chosen. It can bee seen,
that the fit with this factor underestimates the values measured by Fermi LAT.
In the second case the author used also a somewhat extreme value of 6 =50
(dashed line) were a better agreement between the data and the fit is visible.
In consequence, it becomes evident that the simplest SSC model would be
in case of fitting the IC peak in conflict with physical assumptions where 6
cannot exceed 50 [Tav10]. An alternative approach suggested by [Tav10], is
that the emission zone is not a single homogeneous region like in the model-
ing case of 1ES 1959+650 where a two zone assumption was applied (see Sub-
section 6.10). In particular, the approach assumes that the jet is structured
into fractions, with a fast core or spline (I' = 15 —20) that is surrounded by
a slower layer (I' = 3 — 5). As already anticipated above, after a private com-
munication, Tavecchio tried also to model the SED with the here presented
spectral results for PKS 1717+177. Figure 9.13 shows the one zone synchrotron
SSC model applying the Fermi LAT spectrum from 24 months of observa-
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Figure 9.12: The SED of PKS 1717+177 without MAGIC data results. The opti-
cal and X-ray data are recorded on January 2009 with the satellite Swift. The
first measurements of 3 months of Fermi LAT survey are summarized with the
"butterfly". The solid line represents the one zone synchrotron SSC model
with a Doppler factor § =21. In contrast the dashed line is the result of the cal-
culated fit using a somewhat extreme value of 6 =50. The figure is taken from
[Tav10].

tions (red circle) and also the measured MAGIC data points (green circle) and
the EBL corrected spectral points (pink circle), since the EBL cannot be ne-
glected at z=0.137. The model parameters for this SED are listed in Table 9.3.
Unfortunately, due to high systematic uncertainties of the stand-alone obser-
vations the MAGIC measurements lie between both Doppler factors, thus no
strong conclusion on this parameter for this source can be derived. Moreover,
it is also known that the one zone synchrotron SSC model gives only satisfac-
tory result for most types of blazar when almost simultaneously data is used in
the modeling procedure. For the PKS 1717+177 modeling, it is unfortunately
not the case, since also semi-simultaneous data is used. In conclusion, for a
real Doppler factor parameter test and any further assumptions it is crucial to
obtain really simultaneous data for a SED modeling.
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Figure 9.13: SED of PKS 1717+177 with MAGIC data results. The optical and X-
ray data are recorded on January 2009 with the satellite Swift. The 24 months
of Fermi LAT survey are summarized with the "butterfly". The solid line rep-
resents the one zone synchrotron SSC model with a Doppler factor § =20, in
contrast the dashed line is the result of the calculated fit using a somewhat
extreme value of § =50.

Table 9.3: Model parameters used for fitting the SED in Figure 9.13.

marker Ymin Ybreak Ymax M1 M2 BIG] Klcm™3] Rlcm] &

solidline 500 8x10% 6x10° 2.0 3.6 0.05 6.3x10° 3x10'° 21
dashed line 500 8x10% 6x10° 2.0 3.6 0.05 6.3x10° 3x10'° 50
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9.7 Summary and Conclusions

In this chapter a first analysis of PKS1717+177 VHE y-ray data taken with
the stand-alone MAGIC telescope in 2009 is presented. Since the cross-check
analysis for the discovery of this source is ongoing any announcements of this
VHE y-ray detection is not possible at this stage. Nevertheless, establishing
PKS1717+177 as VHE y-ray source is expected as its interpolation result of
the HE y-ray flux gives very promising predictions. In this chapter the first
VHE y-ray results for this particular LBL object are presented with following
summarized findings as listed below:

e Out of the signal search analysis in the 2009 M1 stand alone data the
source is clearly detected at 6 o significance level.

* The spectrum can be well described with a power law fit with an inter-
mediate photon index between a hard and a soft slope of (2.65+0.39).

* The integral flux above 200 GeV is estimated to be ~4% of the Crab Neb-
ula flux where no variability can be seen. Of particular concern is also
the result that no correlation between the optical, where simultaneously
the strongest optical flare out of the source was measured, and the VHE
Y-ray emission for this source is found. This result can be associated
with different emission regions that are independently responsible for
the VHE y-ray and optical radiation.

* In connection with the FermiLAT results and the here presented MAGIC
data the first preliminary estimation of the IC peak could be obtained,
yielding: vige ., 177peak = (19:6422.99) GeV. The presented values are
in a good agreement with previous results of the other blazars. In fact,
it seems that nearly all blazars independently of their subclassifications

have their IC peaks in low states between 20 — 50 GeV.

* The reconstructed SED using archival radio and semi-simultaneous op-
tical and X-ray data reveals again the synchrotron emission peak located
in the IR-optical range.

* The modeled SED with a simple SSC model by Tavecchio including the
here obtained MAGIC measurements gives not a conclusive value for
the applied Doppler factors. It seems that Fermi LAT and MAGIC results
lie between two Doppler factors, namely 6 =21 and 6 =50.

¢ In this context, also the one zone SSC model seems not to be a satisfac-
tory model for this particular source.
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e Finally, in order to make any further assumption regarding a real model
parameter test it is crucial also in this case to obtain really simultaneous

multiwavelength measurements.

The upcoming chapter presents a population study with all four sources ana-
lyzed in this work with a special focus on the cosmic evolution.



CHAPTER

BLAZAR POPULATION STUDY

In the first section of this chapter an overview about the current detected TeV
blazars and their spectral features is given. The second section is dedicated
to a study of different VHE y-ray parameters and a comparison of the here
discovered blazars brought into this context. Additionally, in the third section a
synoptic overview of the newly detected blazars in connection with the EBL is
performed. Finally, in the last section the new collected results are summarized
and discussed in detail towards the cosmic evolution.

10.1 Blazars that have been discovered to date

Today, the extragalactic y-ray sky is highly dominated by blazars, as already
mentioned in previous chapters. In 2012 several new or recent discoveries of
VHE y-ray blazars were announced and presented, for instance B3 0133+388
(see Chapter 8) and 1ES0033+595 (see Chapter 7) on the 5 International
Symposium on High-Energy Gamma-Ray Astronomy (GAMMA 2012).

The most notable aspect in context of a population study is the fact that nearly
all of the new announced VHE blazars are HBLs. Consequently, this type of
blazars dominate the population of VHE blazars with their high synchrotron
and IC peak frequencies. The modeling of this type of blazars, in the case that
sufficient multiwavelength data was available, is in nearly all cases done with
aone zone SSC model. This model has been proved to be very attractive due to
its success by fitting a large number of objects and its relatively small number
of fitting (free) parameters. However, as shown in Chapter 6 for 1ES 1959+650
and also for three more sources (PKS 1424+240, RGBJ0648.7+1516 and RBS
0413) presented at the GAMMA 2012 conference, the simple SSC model does
not produce a satisfactory fit. For these exceptional HBLs, models like the two
zone model or even a hadronic model provide far superior fits to the SEDs.
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In order to investigate the acceleration processes in AGNs and also the EBL
absorption effects, as described in Section 1.3 and Subsection 10.3.4, a large
sample of blazars emitting in the VHE y-ray range is desirable.

@ HBL IBL LBL FSRQ

Figure 10.1: TeV skymap in galactic coordinates, as of March 2013, gener-
ated using [WH13]. Blue and pink shaded areas present MAGIC/VERITAS and
H.E.S.S. visibility, respectively. A total of 53 sources consisting of 41 HBLs, 4
IBL, 4 LBL, 1 unknown type (IC310) and 3 FSRQs are shown.

As shown in Figure 10.1 and listed in Table 10.1, to date, the VHE y-ray blazar
sample comprises 41 HBLs, 4 IBL, 4 LBL, 3 FSRQ and 1 unknown type object
(IC310) plus PKS1717+177. The latter not yet fully considered as an estab-
lished VHE y-ray source (see Chapter 9). Table 10.1 is based on the TeV catalog
by Wakely and Horan, [WH13]. The fourth column gives the type of the listed
blazar where again a dominance of HBL objects is clearly visible. Further-
more, the redshift of the new detected blazars has also been enlarged during
the past ten years of IAC telescopes observations. Recent announcement on
the GAMMA 2012 conference presented a new HBL with the name KUV 00311-
1938 and a tentative redshift of z >0.51. In addition, [FWD™13] reported re-
cently a new redshift estimation of PKS 1424+240 with a lower limit of z = 0.60.
This makes PKS 1424+240 today the most distant detected TeV blazar.
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Table 10.1: Todays known VHE y-ray emitting blazars.
Object Name RA Dec Type Redshift
Markarian 421 110419.0 +3811141 HBL z=0.031
Markarian 501 165352.2 +394537 HBL z=0.034
1ES 2344+514 2347049 +514217 HBL z=0.044
Markarian 180 113626.4 +700927 HBL z=0.045
1ES 1959+650 195959.8 +650855 HBL z=0.048
1ES 1727+502 172818.6 +501310 HBL z=0.055
PKS 0548-322 055038.4 -321612 HBL z=0.069
PKS 2005-489 200927.0 -484952 HBL z=0.071
RGB J0152+017 015233.5 +014640 HBL z=0.080
1ES 1741+196 174357.8 +193509 HBL z=0.083
SHBLJ001355.9-185406 001356.0 -185407 HBL z=0.095
1ES 1312-423 131503.4 -423650 HBL z=0.105
PKS 2155-304 2158527 -301318 HBL z=0.116
B3 2247+381 225006.6 +382558 HBL z=0.119
RGB J0710+591 0710264 590900 HBL z=0.125
H 1426+428 142832.6 +424021 HBL z=0.129
1ES 1215+303 121752.1 +300701 HBL z=0.130
1ES 0806+524 080959.0 +521900 HBL z=0.138
1ES 0229+200 023253.2 +201621 HBL z=0.140
1RXSJ101015.9-311909 101015.0 -311818 HBL z=0.143
H 2356-309 235909.4 -303723 HBL z=0.165
RXJ0648.7+1516 0648456 +151612 HBL z=0.179
1ES 1218+304 122126.3 +301129 HBL z=0.182
1ES1101-232 110336.5 -232945 HBL z=0.186
1ES 0347-121 034923.0 -115838 HBL z=0.188
RBS 0413 0319470 +184542 HBL z=0.190
1ES 1011+496 101504.1 +492601 HBL z=0.212
MS 1221.8+2452 1224 24.2 +243624 HBL z=0.218
1ES 0414+009 0416529 +010520 HBL z=0.287
1ES 0033+595 003553.0 +595004 HBL z=0.340
1ES 0502+675 050756.2 +673724 HBL z=0.341
1ES 0647+250 065046.5 +250300 HBL z=0.450
PG 1553+113 1555447 +111141 HBL z=0.450
B30133+388 013632.0 +390600 HBL z=0.460
KUV 00311-1938 003334.2 -192133 HBL z=0.510
PKS 0447-439 044928.2 -435012 HBL ?
HESS J1943+213 194355.0 +211808 HBL ?
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Object Name RA Dec Type Redshift
PKS 0301-243 030326.5 -240711 HBL 2
1ES 1440+122 144248.3 +120040 HBL ?
H1722+119 172504.3 +115215 HBL ?
3C66A 022241.6 +430235 IBL z=0.410
W Comae 122131.7 +281359 IBL z=0.102
PKS 1424+240 142700.0 +234740 IBL z=0.630
VER J0521+211 052155.0 +211124 IBL ?
MAGIC J2001+435 200113.5 +435303 IBL ?
S50716+714 0721534 4712036 LBL z=0.310
BL Lacertae 2202433 +421640 LBL z=0.069
PKS1717+177 171913.0 +174506 LBL z=0.137
PKS 1510-089 151250.5 -090600 FSRQ z=0.360
PKS 1222+21 1224544 +212246 FSRQ z=0.432
3C279 125611.1 -054722 FSRQ z=0.536
IC 310 031643.0 +411929 ? z=0.019

One important aspect in this context of blazars and the redshift is, that about
one fourth of the population (see Table 10.1) does not have a secure redshift.
For example the here presented two new discoveries of blazars 1ES 0033+595
and B3 0133+388 to name only a few. This lack of redshift information is due to
the fact that optical emission lines are in most cases very weak or even absent
in BL Lac objects, preventing direct redshift measurements. Another interest-
ing aspect, as illustrated in Figure 10.2 is, that the majority of known-redshift
TeV blazars is located at z < 0.2. The todays common explanations for this
property lie on the one hand on the sensitivity of current IACT experiments
(less luminous blazars are too weak to be detected) and on the other hand
on the assumed absorption from the EBL which will be discussed in detail in
Subsection 10.3.4. In the next section the most important common spectral
features of the currently well established VHE y-ray blazars listed in Table 10.2
are studied.

However, it has to be kept in mind that it can be expected that the number of
detected TeV blazars will increase steadily, and the list and study shown here
will be outdated by the time this thesis is published.
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Figure 10.2: Redshift (z) distribution of TeV blazars as of 2013 March. Most of
the blazars with known redshift are located at z < 0.2.

10.2 Population data sample

Since the launch of the Fermi-LAT satellite in 2008 and the improved sensitiv-
ity of the IACT experiments good quality spectra are available both from the
Fermi-LAT in the HE y-ray band (0.1GeV < E < 100GeV) and the VHE y-ray
regime (E > 100GeV) for more than three dozen sources. One should keep in
mind that most of the blazars were detected in flare states, thus the here pre-
sented study, in order to achieve similar study conditions, is performed on a
reduced sample in quiescent state (see Table 10.2). In addition, the TeV FSRQs
(PKS1510-089, PKS 1222+21 and 3C279) which are the most distant blazars
with redshift ranging from 0.36 to 0.54 are also not taken into account due to
a lack of measured data in quiescent state. The here presented study is sim-
ilar to a part of earlier investigations carried out on a limited sample of TeV
blazars by [Wag08]. Moreover, the chosen sample contains all blazars with
a published VHE spectrum during a low state of activity before March 2013,
including also the results for 1ES 19594650, 1ES 0033+595, B3 0133+388 and
PKS 1717+177 obtained during this work.
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Table 10.2: VHE y-ray emitting blazars in quiescent state used for the study.

Object Name Redshift Type Foo0Gev Iev Reference
[erg cm™2s71]
Mrk421 0.030 HBL 9.0x107!11  2.20+0.08 [SEBM13, AAA*07a]
Mrk 501 0.034 HBL 2.0x107"  2534+0.10  [SEBMI3, Dorl13]
1ES2344+514  0.044 HBL 1.5x1071  2.95+0.12 [SEBM13]
Mrk 180 0.045 HBL 1.0x1071  3.30+0.70 [SEBM13]
1ES1959+650  0.048 HBL 1.0x1071  2.52+0.18 this work
1ES1727+502  0.055 HBL 2.0x10712  2.70+0.50 [MAA*13]
1ES1312-423  0.101 HBL 1.0x10712  2.85+0.47 [HAA" 13a]
B32247+381 0.119 HBL 4.5x1072  3.20+0.50 [AAA*12a]
1ES1215+303  0.130 HBL 5.9x10712  2.96+0.14 [AAA*12¢]
PKS1717+177 0.137 LBL 3.6x10712 2.65+0.12 this work
1ES0806+524  0.138 HBL 6.2x10712  2.84+0.12 [SEBM13]
H 2356-309 0.165 HBL 2.5x10712  3.06+0.15 [SEBM13]
1ES1218+304 0.182 HBL 1.0x1071  3.08+0.34 [SEBM13]
1ES1101-232  0.186 HBL 3.0x10712  2.94+0.20 [SEBM13]
1ES0347-121  0.188 HBL 4.0x10712  3.10+0.23 [SEBM13]
1ES1011+496 0.212 HBL 6.5x10712  2.80+0.37 [SEBM13]
PKS0301-243  0.266 HBL 5.6x10712  3.71+0.24 [SEBM13]
1ES 0033+595 0.340 HBL 2.0x10712  3.80+0.70 this work
1ES0502+675 0.341 HBL 45x10712  3.41+0.42 [SEBM13]
PKS1553+133  0.450 HBL 4.0x10711 3.40+0.10 [AAA*12¢]
B30133+388 0.460 IBL/HBL 3.8x107'? 3.85+0.70 this work
PKS 1424+240 0.603 IBL 1.5x1071  3.80+0.50 [SEBM13]

10.3 VHE y-ray emission parameters

According to previous observations from different IACTs one can determine
observables that characterize the jet emission in a blazar. In Table 10.2 mea-
sured fluxes above 200 GeV of all known VHE y-ray emitting blazars in quies-
cent state are listed as well as the corresponding photon index in column three
and column four, respectively. Moreover, the chosen spectra determined in
quiescent state are assumed in all cases for simplicity to be pure power laws.
Out of the VHE y-ray observations two important observables can be extracted.
On the one hand the photon index I which is determined, as already shortly
mentioned above, by fitting the spectra with pure power laws over a selected
spectral interval. As outlined in Table 10.2 the photon indices I' in quiescent
state vary from blazar to blazar between I' = 2.2 — 4.0. In case of flaring states
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such indices can change substantially for instance reaching values I' < 1.8.
On the other hand, the source luminosity L which is described in detail in the
following subsection.

Luminosity and luminosity distance

The luminosity characterizes the emitted energy per time and steradian and
thus is independent of the observer’s distance [Wag08]. For the selected sam-
ple the luminosity is extracted at 200 GeV. This is an energy at which the y-ray
flux has been measured for all sources under this study avoiding extrapola-
tion methods for a given spectrum. The apparent luminosity for a blazar can
be calculated according to the following formula:

B FX47TD%

where F is the energy flux for energies E=200 GeV, I the corresponding spec-
tral index. Additionally z is the redshift and Dy is the luminosity distance with
cosmological constants Q) =0.73, Qr = 0 and Q,, = 0.26 as well as the Hubble
parameter Hy = 71.1kms~ ' Mpc™! for each blazar.

In order to calculate the cosmological distances for instance for 1ES 1959+650,
the redshift for this estimation is essential. The luminosity distance Dy for
1ES 1959+65 and its emitted photons in case of a flat Universe is described as

z !
D, = (1+z)DHf dz (10.2)

o E(2)

with Dy=c/Hy the Hubble distance and E(z) = \/ Q1+ 2)3+Q, using the
same constants as described above. The obtained luminosity distance for
1ES 1959+650 is then: Dy = 200Mpc. For the correlation study presented in
the next subsection, the main emphasis is put on the comparison of the newly
detected TeV blazars and their new estimated redshifts with the blazars which
have well known redshifts and spectral measurements.

10.3.1 Correlation between the photon index and the redshift

The first correlation study is done on the photon index I' and the redshift z
as shown in Figure 10.3. The here used correlation method is known as Pear-
son’s r. The coefficient r is a measure of the linear correlation between two
variables X and Y. The correlation coefficient ranges from -1 to 1. A value of
1 implies that a linear equation describes the relationship between X and Y
perfectly. For this correlation study the corresponding linear coefficient was
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found to be r = 0.71 and it shows a strong correlation dependency between
both parameters. In Figure 10.3 one can also see that mostly sources with soft
spectra (I' > 3.5) are visible at large distances with z > 0.2.
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Figure 10.3: Photon index versus redshift. Interestingly, a strong correlation
between both parameters with r = 0.71 is found.

At current stage there are two most reasonable explanations for this result: On
the one hand a redshift-dependent evolution in the VHE y-ray seems to occur
when looking at further distances. This would be supported by the fact that a
constant function does not provide a good description for the data and thus
this result could be interpreted as a first model independent indication for
the evidence for absorption of y-ray photons on the EBL. On the other hand,
since TeV blazars are chosen to be observed when passing different selection
criteria, this finding could be also an artifact due to a TeV selection bias. Nev-
ertheless, similar observations were reported by [AAA"09b] and [SEBM13], in
a study carried out on a sample of TeV-selected AGNs detected with Fermi LAT
confirming this finding. However, also in this case it cannot be claimed with
100% certainty that the observed deficit of sources for large redshift is a real
effect. Finally, the new estimated redshifts for 1IES 0033+595 and B3 0133+388
are in good agreement among other blazars with similar spectral indices.
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10.3.2 Correlation between the photon index and the VHE -
ray luminosity

In the second correlation study the photon index I" and the luminosity L de-

pendency is investigated, as illustrated in Figure 10.4. The corresponding lin-

ear correlation coefficient from the Pearson’s r correlation was found to be

r = 0.57 where a marginal correlation is found. For fluxes up to 4-10*ergs™!

the spectral index seems to be fairly homogeneous. In addition, at higher lu-

minosities mostly soft spectrum sources like 1ES 0033+595 or B3 0133+388 are
detected.
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Figure 10.4: Photon index I" versus luminosity distribution. For fluxes up to
4-10%ergs™!, the spectral index distribution is nearly homogeneous.

10.3.3 Correlation between the luminosity and the redshift

In Figure 10.5 the correlation of the luminosity L versus redshift z for the se-
lected blazar sample is shown. As already presented in [SEBM13], in this sam-
ple it becomes also evident that at higher redshifts z > 0.2 the sources tend to
be scarce and much more luminous than sources of lower redshift z < 0.1. In
this context a strong correlation of r = 0.96 is found. This result can be inter-
preted as the lack of sufficient sensitivity of todays build IACT experiments.
More precisely, it means that todays instruments see only luminous sources
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at high redshifts and that the less luminous ones are too weak to be detected.
The common interpretation why we do not detect them in low redshifts is that
we integrate over a much smaller volume and thus are less likely to see high-
luminosity sources [SEBM13]. Moreover, one should keep in mind that if the
luminosity is calculated for higher energies than 200 GeV and is corrected for
EBL absorption, which is stronger at TeV energies and also higher redshift, the
correlation in Figure 10.5 will be steeper.
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Figure 10.5: Luminosity versus redshift of 22 selected TeV blazars. As ex-
pected, at higher redshift less luminous objects are to week to be detected.

10.3.4 The y-ray horizon

Apart from the y-ray emission parameter study of blazars, a synoptic overview
of the detected blazars in connection with the EBL can be performed. As de-
scribed in Section 1.4 the EBL is the accumulated and reprocessed radiation
of all the starlight produced over the age of the Universe. The measurements
of the intensity and evolution of the EBL offer a critical test of cosmology and
structure formation. Additionally, a detailed knowledge of this light density
plays an important role in the determination of the Inter Galactic Magnetic
Field (IGMF) strength. The EBL measurements with a direct technique suf-
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fer from the existence of foreground sources within our own solar system and
Galaxy. Such difficulty can be overcome by use of VHE y-ray emitting sources
and their interaction mechanism with the EBL through pair production:

+ p—
YVHE +YEBL — € +e

There the observed VHE y-ray spectrum alters in a distance-dependent man-
ner. For this reason the measured spectrum (fops) in the VHE y-ray regime
from blazars might not be the true one (intrinsic source spectrum). As de-
scribed in [AAB*06] the absorbed spectrum of the TeV photons has the form:

Jobs = fsource % e TH (10.3)

with 7(E) representing the optical depth at a given energy E. Today, the prop-
erties and parameter of the EBL (its spectrum) are not well known.

It is assumed that y-rays of energy above 1 TeV typically interact with IR pho-
tons of wavelength larger than 1um, such as those radiation emitted by the
prototype galaxies. In contrast to y-rays of energy below 1TeV their interac-
tion should occur in the presence of near-infrared, optical and UV photons,
mostly from stars. In addition, from previous measurements a trend is visi-
ble that 7(1 TeV) > 7(0.1 TeV) leading to the effect that the EBL interaction will
absorb more VHE photons and consequently deform the spectrum to a much
steeper one. Such imprint, as already possibly found and discussed in Sub-
section 10.3.1, will be more visible in sources with larger redshifts (z > 0.2). In
this case the optical depth is much larger, looking at the larger distance where
their light will have statistically more opportunities to interact with the EBL on
the way to the observer. Consequently, if the intrinsic VHE y-ray spectrum can
be measured properly, a precise measurement of the EBL SED as suggested in
[AAB*06] and shown in Section 1.4, might be achieved. Today, there are unfor-
tunately not more than 3 well studied blazars, namely Mrk421, Mrk 501 and
1ES 1959+650, where the intrinsic spectral shape might be observed close by.
But also for this blazars the problematic lies in their basic feature - the vari-
ability. In particular both Markarians are highly variable in the TeV range. The
photon index of these sources lies within the rang of I'vyg =~ 1.5 — 2.8 [BS12].
As a result the strength of the EBL is in most cases overestimated and the cor-
rection for high redshift blazars lead to intrinsic spectra much harder than
I' = 1.5, which seems by far unrealistic, when one assumes that the hardest
index obtained for the accelerated leptons is 1.5 [BS12].

The today’s measured spectral shapes of various observed blazars (see Ta-
ble 10.2) can give us only a few insights about the intrinsic spectrum in par-
ticular in case of large distant sources. In order to investigate this issue a
function, which is known as the y-Ray horizon (GRH), zgry(E) (first shown
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by Fazio & Stecker 1970') with the energy-dependent distance zggy at which
the optical depth reached 7=1 for a given energy 7(E, z) = 1 was developed.
This relation proves to be very useful to study the Metagalactic Radiation Field
(MRF) where all photons produced in the Universe, which are not absorbed,
are accumulated in the MRF. In this way the theoretically predicted GRH can
be compared (depending on the MRF model and cosmological parameters)
with a measured one, by determining cut-off energies for large samples of y-
rays sources, especially blazars, at various redshifts [KBM*04], as shown in
Figure 10.6. The main difficulty in this study as nearly in every cosmic ray
experiment lies in the lack of statistics and huge uncertainty about the truth
shape of the y-ray spectra before cosmological absorption has occurred. In
nearly all cases of the here used and published spectra it is difficult to infer
the cut-off due to poor statistics. Inspecting also the range of the likely in-
trinsic spectrum, low flux seems to be the consequence of heavy absorption
owing to the comparatively high redshift sources z > 0.2. At redshifts z > 0.2
the GRH for the models by [KD10] and [DPR*10] converge, since the optical
depth becomes independent of the density of IR photons. The models differ
mostly in the star formation rate, the dust properties as well as the IR density
in the early Universe. Furthermore, the GRH shows also over the years that
with decreasing IACT energy threshold, the Universe becomes "transparent”,
providing at the same time access to a larger source population, as shown
here in this study. Due to the huge redshift, which increase the column depth
for pair production, the expected cut-off energies are generally at lower en-
ergies as confirmed by the spectrum of B3 0133+388 and 1ES 0033+595 where
the threshold conditions implies interactions with harder photons [KBM™04].
Figure 10.6 shows the y-ray horizon for two different EBL models ([KD10],
[DPR*10]) applying the cut-off energies from different Blazars (LBL, IBL, HBL)
in comparison to the new discovered one, namely 1ES 0033+595, B3 0133+177
and hopefully soon PKS 1717+177.

Interestingly, it was found that in most cases the IACT observations are in-
deed detecting a decreasing flux with larger redshifts given by the GRH fea-
ture. The visible discrepancy between the here presented measurements and
the two models can be traced firstly to the huge uncertainty factor in the mea-
sured spectrum, as already shortly anticipated above, as well as to the dif-
ferent formalism of the MRF which are used (for a detailed discussion see
[KBM*04]). In particular the estimations from the EBL models by [KD10]
and [DPR™10] shows that only 5 sources out of 20 have data points that cor-
respond to an optical depth 7 = 1. The huge mismatch of the lowest redshift

At the end of the 70s Greisen has already suggested that pair-production at high redshift
between optical and gamma photons would produce a cut-off around 10 GeV.
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Figure 10.6: Energy as a function of the y-ray horizon for two different EBL-
models.

blazars are high because the optical depth for these cases becomes unity at
energies larger than the energies observed by the IAC telescopes. In addition,
at larger distances there are also few sources which can be treated as outlier,
e.g. PKS1424+240, with a recent established redshift of z = 0.6. From this
result it can be seen that the energies at which the optical depth are 0.5, 1.0
(the standard definition of GRH) are in some case under estimated and that
at the current stage the EBL absorption, which stands in connection with the
cosmology is still not fully understood (indications for less absorption than
the guaranteed EBL seems to occur). Such finding was already discussed by
[FWD™13] where an upturn of the absorption-corrected spectra at the 7 = 2
transition energy was found. In conclusion, these results show that a deeper
study and understanding of the intrinsic spectra of blazars is needed if one
wants to use the observed VHE y-ray spectra for a complete and unambigu-
ous empirical picture of the EBL. Furthermore, these final results open also
the question how transparent the Universe for VHE y-ray photons really is and
which consequences new results will have for the estimation of the cosmolog-
ical parameters that can also be derived from the GRH, as already shown in
[DP13].
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CHAPTER 10. BLAZAR POPULATION STUDY

10.3.5 Summary and Conclusions

The here presented study of known VHE y-ray emitting blazars in quiescent
state yield following results which confirm very well the already presented
findings in [SEBM13],[DP13] and [Wag08].

There is a strong correlation found between the photon index and the
redshift. Reasonable explanations could be on the one hand the evi-
dence of VHE y-ray absorption on the EBL and on the other an artifact
due to TeV blazar selection bias.

There is a second strong correlation found of the VHE y-ray luminosity
and the redshift. Thus, it seems that blazars at large distances tend to
be scarce and much more luminous than those with lower redshift. The
explanation for this results lies in the sensitivity of current IACT exper-
iments which are still not sensitive enough to detect the less luminous
blazars.

Furthermore, at higher luminosities a trend becomes visible that mostly
soft spectrum sources are detected. For luminosities up to 4-10*° erg s ™!
the photon index distribution is nearly homogeneous.

In addition, a group of objects at very similar distances is found. Such
clusters offer themselves for a comparison between the respective indi-
vidual sources and further study.

The lack of detection of high redshift sources in the VHE y-ray regime
with energies below 100 GeV allow no conclusions about the UV part of
the MRF.

The here obtained GRH shows that in most cases the IACT observations
are indeed detecting a decreasing flux with larger redshifts given by the
GRH feature. The estimations from different EBL. models show that only
5 sources out of 20 have data points that correspond to an optical depth
7 = 1. For this reason, further investigations of the EBL, in order to un-
derstand the opacity of VHE y-ray photons when traveling throughout
the Universe evolution, are needed. Finally, the here presented results
may indicate something new about the transparency of the Universe for
y-ray photons, the propagation of y-ray photons over long distances or
even new emission mechanisms of TeV blazars.



CHAPTER

CONCLUDING REMARKS AND
DISCUSSION

The questions "How the cosmos developed since the Big Bang?" and in par-
ticular "How much light has been emitted by all galaxies since the Big Bang
began" are one of the main motivating questions of this work. At present time,
almost every photon from UV to far IR wavelengths ever emitted by all galax-
ies including also the prototype one is still moving through the Universe today.
Somewhere along the way we would measure the number and energy (wave-
length) of all those photons not only at the present time, but also throughout
every developing epoch of the Universe, we might learn a lot about the fasci-
nating mystery about the nature and evolution of the Universe. Out of these
results it is assumed that the characteristic properties of differences or simi-
larities of ancient galaxies with the galaxies we see today would be possible to
derive. As of now, the accumulation of ancient and young photons found in
the shelter of the deep Universe is known as the EBL. This background light
and its accurate measurement is as fundamental to cosmology as measuring
the heat radiation remaining from the Big Bang that is known as the CMB at
radio wavelengths.

One of the extreme and well studied category of AGNs, known as blazar, has
been shown during this work to be the best target for extragalactic VHE de-
tections and one of the best candidates in order to study the EBL. The main
interaction which allow to study the EBL and thus the opacity of the Universe
to VHE y-ray blazar emitting photons is the photon-photon pair production
with the EBL.

In this context four different blazars are studied in detail during this work and
connected together in a population study in order to derive cosmological con-
straints. The fascinating but still very complicating and thus challenging mul-
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tiwavelength emission shown in a SED of each blazar is just the beginning to
be understood. This work shows also the important impact of VHE y-ray as-
trophysics and its extragalactic sources like the blazars for our understanding
of the emission processes in this systems.

The first study of one of the closest (z = 0.048) known VHE y-ray emitting
blazars, 1ES 1959+650, demonstrates that a detail long-term study of a single
object with a large survey over seven years of observations can provide very
valuable scientific information about the emission regions and scenarios in
this sources. The total amount of observation time, when starting its regular
observations in 2005, has led in each observation year to a detection of VHE y-
ray emission of this object. In this work, the data collected from 2009 to 2012
is combined with previous observations (from 2005 to 2008). At this point it
should be noted that the 1ES 1959+650 observations with MAGIC were car-
ried out in two different observation conditions. The first observation period
of this source was performed until July 2009 with the stand-alone M1 tele-
scope whereas in the second period (since August 2009) MAGIC was operated
as a system of two telescopes in stereo mode. In addition, due to M1 camera
failure in 2012 the whole observations were performed again in stand-alone
mode only with M II. For this reason different analysis approaches and MC
simulations were used and adapted in this work. However, this very extended
survey makes 1ES 1959+650 one of the longest and unique studied blazar at
energies above 300 GeV. One of the first conclusions of this long-term study
is that the overall flux above 300 GeV from 2005 to 2012 shows only a modest
variability on yearly time-scale, within a factor 3, corresponding to a varia-
tion between 4% to 12% of the Crab Nebula flux. Only one distinct "flare"
(strong flux enhancement) on May 30" 2009 was detected during the long-
term study. The integral flux of this flare corresponds to ~70% of the Crab
Nebula flux. In addition, the spectra show a hardening with increasing flux
level, ranging from a mean low state spectrum described by a photon index
of I' = —2.56 £ 0.05 to flare spectral index of I' = —2.29 + 0.29. Interestingly ev-
idence for a correlation with a delay of 1 — 2 days (where y-radiation appear
to lead radio) between the flux levels in simultaneously taken radio and VHE
y-ray data during the flare has been found. This result strongly indicates that
the nearly coincident flux enhancement in both wavelengths have a common
emission region which is undoubtedly produced in the jet region and not in
the BLR [KAA"09]. Such result was already observed by different authors i.e.
[NTV*11] and supports very well the assumption that both wavelengths have
for this particular flare a co-spacial origin with a radio core and emerging su-
perluminal blobs which were found in the MOJAVE skymaps. Further multi-
epoch VLBI radio study of 1ES 1959+650 which are planned to be carried out
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in the future can provide new important parameter like the jet speed or com-
ponent ejection which can be used at the same time for the modeling of this
blazar. In contrast, for the optical (R-band) and the VHE y-ray wavelengths
only a hint of correlation with a delay of 55 days (y-rays lead optical) is found.
Nevertheless, such delays are expected in case of a moving shock and different
opacities of the medium as reported in [ESR12] or also as an effect of repro-
cessing. Also further time lag studies can provide a powerful tool to resolve the
structure of relativistic jets and their radiative environment. Another interest-
ing issue is found in the concave spectral shape of the Fermi LAT spectrum of
1ES 1959+650. Today, only the HBL 1ES 0502+675 with z = 0.34 shows similar
inverse Compton shape. This feature can be interpreted as an indication of
either two emitting components (e.g. SSC and EC, in the HE y-ray SED), or
it could be a turnover from the synchrotron to the HE component. Further-
more, the low state spectra measured at VHE y-ray range are combined with
simultaneous and archival data available for other wavelengths. In this case a
clear two bump structure arises, in agreement with current models of blazar
emission. Finally, for the case of 1ES 1959+650, the average SED for the low
state in the y-ray range is modeled with a two-zone SSC model, which cur-
rently presents the best fit for the unusual concave shape of the IC peak of
this blazar.

On October 27" 2011, the MAGIC stereoscopic system discovered finally the
long hunted blazar 1ES 0033+595 which was observed for the first time already
in 2006. The final observations which led to the discovery of this object where
performed in stereoscopic system during the commissioning phase of the sec-
ond telescope M II in August 2009. 1ES 0033+595 is classified as extreme HBL
object with synchrotron emission peaking near 10'° Hz (logVpeak = 18.93) with
uncertain redshift. Furthermore, this object was detected at clear significance
level of 5.5 0. The differential energy spectrum during a state of low y-ray ac-
tivity can be described by a power law between (125 — 500) GeV with a photon
index of 3.80+0.70. From the spectral analysis the VHE y-ray spectrum ap-
pears to be extremely soft (photon indexI" ~ 4), as it is expected by the absorp-
tion of VHE photons throughout interaction with the EBL if the source is lo-
cated at relatively large redshift (z = 0.2). With the redshift estimation method
following the empirical approach by [PMT11] a new value of z = 0.34+ 0.5
has been determined. This result is in a good agreement with the lower limit
of z > 0.24 presented in [STF05] and with empirical findings, as described
shortly, where higher redshift sources above 0.2 are characterized by a pho-
ton index of ~ 4. Moreover, the SED is modeled by fitting a single-zone SSC
emission to the data and the model parameters used here for the SED fitting
are compatible with those obtained for other HBL class objects.
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Within the framework of this thesis, a second blazar B3 0133+388 with an un-
known redshift has been discovered on July 10™ 2012 [MM12]. However, due
to its synchrotron emission peaking at 10!6-9 Hz the sub-classification of this
object being an IBL or HBL is still under debate. In the VHE y-ray range this
source was discovered by MAGIC at significance level of 5.6 0. During the ob-
servations, which where performed in November 2009 in stereoscopic mode
no significant variability could be detected and the temporal study yields a
flux level of (3.6+£0.9)% of the Crab Nebula flux above 150 GeV. Further anal-
ysis reveals a VHE y-ray spectrum, which can be fitted by a power law, not
extending the energies of 300 GeV and with spectral index of I' = 3.82 + 0.70.
In similarity with 1ES 0033+595 also this source has an extreme soft spectrum
which indicates again a large distance of this object. The empirical approach
of new redshift estimations was also applied to these spectral findings. In this
case a new redshift of z = 0.46+0.5 has been derived. This makes B3 0133+388
the third most distant VHE emitting source detected with the MAGIC tele-
scopes after PKS 1424+240 (z = 0.61) and 3C279 (z = 0.54). Furthermore, also
in this case a SED modeling was performed on the simultaneous and archival
multiwavelength data using a single-zone SSC emission model, which is in
good agreement when fitting the multiwavelength data of B3 0133+388. Fi-
nally, the model parameters used here for the SED fitting are compatible with
those obtained for other HBL class objects, thus supporting the classification
of B30133+388 as a HBL source.

In the same analysis context a fourth and last blazar, namely the LBL object
PKS 1717+177 is analyzed during this work. This source was detected at a sig-
nificance level of 6 o in the observation period between April to August 2009
in stand-alone mode with M 1. This object is one of only four LBL objects seen
currently in the VHE y-ray range with a well measured redshift of z = 0.137.
A preliminary temporal study (light curve) indicates a flux level of ~4% of the
Crab Nebula flux above 200 GeV. Moreover, the preliminary spectrum (fitted
with a power law) has an spectral index of 2.65+0.39 which is harder due to
its lower redshift in comparison with the other here discovered sources. Simi-
lar to the previous mentioned sources a single-zone SSC emission model was
applied to the SED where no conclusive value for the Doppler factor due to
high systematic uncertainties of the stand-alone observations of M I could be
derived.

As anticipated above, all four sources have been used for a population study
in order to check their properties among other blazars that are detected in
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the VHE regime and the cosmic evolution. Among the 22 blazars under study,
which were selected because of their low state conditions, it becomes evident
that most of these blazars with known redshift are located at z < 0.2. Inter-
estingly, when plotting the photon index against the redshift a correlation has
been found between both parameters. The VHE y-ray spectra become softer
with increasing redshift. At current stage two most reasonable explanations
for this result are: On the one hand a redshift-dependent evolution in the VHE
Y-ray seems to occur when looking at further distances. This would be sup-
ported by the fact that a constant function does not provide a good descrip-
tion for the data and thus this finding could be interpreted as a first model
independent indication for the evidence for absorption of y-ray photons on
the EBL. On the other hand since TeV blazar are chosen to be observed when
passing different selection criteria this result could be also an artifact due
to a TeV selection bias. Nevertheless, similar observations were reported by
[AAAT09b] and [SEBM13], in a study carried out on a sample of TeV-selected
AGNs detected with Fermi LAT confirming this finding but also there it cannot
be claimed with 100% certainty that the observed deficit of sources for large
redshift is a real effect. Another interesting result is found when looking at the
photon index versus luminosity correlation. At higher luminosities a trend
becomes visible that mostly soft spectrum sources are detected. In addition
for luminosities up to 4-10*° erg s™! the photon index distribution is nearly
homogeneous. Finally, when plotting the luminosity versus redshift again a
strong correlation for this sample is visible. In this case, blazars at large dis-
tances tend to be scarce and much more luminous. The explanation for this
result lies in the sensitivity of current IACT experiments which are yet not sen-
sitive enough to detect the less luminous blazars.

Another interesting feature in the observed VHE y-ray spectra of blazars as a
consequence of EBL absorption is given by the cosmic y-ray horizon (GRH).
The GRH is by definition the energy at which the optical depth of the VHE
photon and the EBL photon production becomes unity as a function of red-
shift. Thus, figuratively it gives an estimate of how far VHE y-ray photons
can travel through different epochs of the Universe evolution. Moreover, the
y-ray opacity due to EBL interactions has direct consequence for the deter-
mination of the intrinsic (origin) y-ray spectra of a blazar, with the flux being
suppressed by e?'®? For this reason, this energy- and redshift dependent flux
suppression requires blazars to be exponentially brighter at large redshifts in
order to be discovered in the VHE range. In the final study also such GRH
was obtained for a selected blazar sample, as described above. Interestingly,
it was found that in most cases the IACT observations are indeed detecting
a decreasing flux with larger redshifts given by the GRH feature. The estima-
tions from the EBL models by [KD10] and [DPR"10] shows that only 5 sources
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out of 20 have data points that correspond to an optical depth 7 = 1. The huge
mismatch of the lowest redshift blazars is high because the optical depth for
these cases becomes unity at energies larger than the energies observed by
the IAC telescopes. In addition, at larger distances there are also few sources
which can be treaded as outlier, e.g. PKS 1424+240, with a recent established
redshift of z = 0.6. From this result it can be seen that the energies at which
the optical depth are 0.5, 1.0 (the standard definition of GRH) are in some case
under estimated and that at the current stage the EBL absorption which stand
in connection with the cosmology is still not fully understood. This opens the
question how transparent the Universe for VHE y-ray photons really is and
which consequences new results will have for the cosmology and also for the
estimation of the cosmological parameters that can also be derived from the
GRH, as already shown in [DP13].

The improved sensitivity due to the stereoscopic upgrade of the MAGIC tele-
scopes was crucial in order to discover new blazars in the low energy VHE -
ray range (70 — 250 GeV). Future observations with sensitivity improved IACT
instruments have the potential to probe 7(E,z) in a more quantitative man-
ner. In particular, new experiments are expected to provide VHE spectra with
a better energy resolution, observed up to higher TeV energies (>10 TeV), and
increase substantially the number of sources, which in consequence will im-
prove the GRH and further interesting findings that can be derived from it.
Today, the long-term future in order to study the cosmic evolution through-
out extragalactic sources and especially blazars lies in the planned CTA. This
project will consist of about 150 IAC telescopes which will cover an energy
range between several tens of GeV to about 100 TeV and a sensitivity that will
be ten times better than the one of current IACT instruments.

It is expected that within this project many still open questions, as already
highlighted throughout this thesis, will be answered soon and thus shed more
light on the Big Bang and the evolution epochs of the Universe.



APPENDIX:

CRAB NEBULA

A.1 Referenced Crab Nebula analysis for 1ES 1959+650
in the second observation period in 2009

Date Tee[h]

18/08/09 0.22
20/08/09 0.08
23/08/09 0.49
24/08/09 0.69
28/08/09 0.51

Table A.1: Crab Nebula reference sample for 1ES 1959+650 in the second ob-
servation period in 2009. The data was taken under high zenith conditions
(35°-46°).
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A.1.1 Thesignal of the Crab Nebula in the second observation

period in 2009
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Figure A.1: ©2-Plot of the Crab Nebula signal and background estimation
from 2.0 h of MAGIC stereo observations taken in August 2009. The data was
taken under high zenith conditions (35°-46°).
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A.1.2 Flux stability of the Crab Nebula in the second observa-
tion period in 2009
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Figure A.2: Spectrum and Light curve of the Crab Nebula in the second obser-
vation period in 2009.
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A.2 Referenced Crab Nebula analysis for 1ES 1959+650
in the observation period in 2010

Date Tesslh]

05/09/10 0.60
07/09/10 0.59
08/09/10 0.59

Table A.2: Crab Nebula referenced sample for 1ES 1959+650 in the observation
period in 2010

A.2.1 The signal of the Crab Nebula in 2010
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Figure A.3: ©2-Plot of the Crab Nebula signal and background estimation

from 1.78 h of MAGIC stereo observations taken in September 2010. The data
was taken under high zenith conditions (35°-46°).
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A.2.2 Flux stability of the Crab Nebula in the observation pe-
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Figure A.4: Spectrum and Light curve of the Crab Nebula in 2010.
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A.3 Referenced Crab Nebulasample for the B3 0133+388
analysis in 2009

Date Tet[ 1]

15/11/2009 0.47
16/11/2009 1.26
17/11/2009 0.36
19/11/2009 041

Table A.3: Crab Nebula referenced sample for the B30133+388 analysis in
November 2009. The data was taken low high zenith conditions (10°-35°).

A.3.1 The signal of the Crab Nebula in the November 2009
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Figure A.5: ©2-Plot of the Crab Nebula signal and background estimation
from 4.12 h of MAGIC stereo observations taken in November 2009. The data
was taken low high zenith conditions (10°-35°).
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A.3.2 Flux stability of the Crab Nebula in November 2009
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Figure A.6: Spectrum of the Crab Nebula in November 2009.

A.4 Referenced Crab Nebula sample for the PKS1717+177
analysis in spring 2009

Date Tess[R]
23/01/2009 2.56
24/01/2009 1.49
14/03/2009 0.58
20/03/2009 0.74
22/03/2009 0.53

Table A.4: Crab Nebula referenced sample for the PKS1717+177 analysis in

spring 2009. The data was taken low high zenith conditions (10°-35°).
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A.4.1 The signal of the Crab Nebula in spring 2009
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Figure A.7: ©2-Plot of the Crab Nebula signal and background estimation
from 4.12 h of MAGIC stand-alone observations taken in spring 2009. The
data was taken under low high zenith conditions (10°-35°).
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Figure A.8: Spectrum of the Crab Nebula in spring 2009.
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1ES1959+650 DATA

B.1 Total data set used for the analysis

Table B.1: MAGICI data taken in stand-alone mode in
2009. From left to right: dates in dd / mm/yy, effective
time of observation in hours, Zenith angle distribution.

Date Eff. time [h] Zenith [°]
20/05/2009 0.71 42-47
21/05/2009 1.16 42-47
23/05/2009 0.20 36-38
24 /05/2009 0.23 36-38
25/05/2009 0.25 36-38
26/05/2009 0.23 36-38
27/05/2009 0.20 36-38
28/05/2009 0.17 36-38
29/05/2009 0.21 36-38
30/05/2009 0.18 42-49
31/05/2009 0.24 42-49
01/06/2009 0.22 36-39
02/06/2009 0.19 36-39
03/06/2009 0.24 36-39
04/06/2009 0.21 36-39
05/06/2009 0.48 36-39
15/06/2009 1.38 40-48
19/06 /2009 1.98 35-42
20/06/2009 1.31 40-46
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Date Eff. time [h] Zenith [°]
22/06/2009 0.39 41-46
23/06/2009 0.03 41-46
24/06/2009 0.27 41-46
25/06/2009 0.33 41-46
26/06/2009 0.32 41-46
27/06/2009 0.32 41-46
28/06/2009 0.32 41-46
28/06/2009 0.33 41-46
01/07/2009 0.46 41-46
02/07 /2009 0.33 41-46
03/07 /2009 0.59 41-46
05/07 /2009 0.51 41-46
29/07 /2009 1.75 41-46
30/07 /2009 1.23 41-46
31/07 /2009 0.28 41-46

Table B.2: MAGICI data taken in stereo mode in 2009.
From left to right: dates in dd/ mm /yy, effective time of
observation in hours, zenith angle distribution.

Date Eff. time [h] Zenith [°]
13/08/2009 0.67 42-47
15/08/2009 0.73 42-47
26/08/2009 0.26 36-38
27 /08 /2009 0.14 36-38
28/08/2009 0.58 36-38
29/08/2009 1.21 36-38
30/08/2009 0.38 42-49
24 /09/2009 0.58 36-39
26/09 /2009 1.13 40-48
27/09/2009 1.33 35-42
28/09/2009 0.12 40-46
08/10/2009 0.08 41-46
11/10/2009 0.13 41-46
12/10/2009 0.10 41-46
21/10/2009 0.09 41-46

24/10/2009 0.14 41-46
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Date Eff. time [h] Zenith [°]
25/10/2009 1.59 41-46
26/10/2009 1.89 41-46
27/10/2009 0.64 41-46

Table B.3: MAGICI data taken in stereo mode in 2010.
From left to right: dates in dd / mm /yy, effective time of
observation in hours, zenith angle distribution.

Date Eff. time [h] Zenith [°]
23/05/2010 0.46 42-47
02/06/2010 2.24 36-42
03/06/2010 0.29 37-40
08/06/2010 1.30 36-38
06/08/2010 0.34 42-49
16/08 /2010 0.83 36-39
20/08/2010 1.13 40-48
31/08/2010 1.33 35-42
02/09/2010 0.78 40-46
29/09/2010 0.49 41-46

Table B.4: SED: VHE data from 1ES 1959+650 by MAGIC
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from 2005 to 2012.
v vF, g, gl OLF, ovE,
[Hz] [ergcm™2s7!] [Hz] [Hz] [ergcm 2s™!] [ergcm™2s7}]
4.65E+25 1.09E-11  1.04E+25 1.33E+25 5.92E-12 5.92E-12
7.71E+25 4.70E-12  1.72E+25 2.21E+25 2.15E-12 2.15E-12
1.28E+26 2.59E-12  2.85E+25 3.66E+25 1.27E-12 1.27E-12
2.11E+26 3.26E-12  4.71E+25 6.06E+25 9.61E-13 9.61E-13
3.50E+26 2.48E-12  7.80E+25 1.00E+26 7.02E-13 7.02E-13
5.80E+26 9.92E-13  1.29E+26 1.66E+26 7.56E-13 7.56E-13
4.67E+25 1.40E-11  1.04E+25 1.33E+25 5.48E-12 5.48E-12
7.73E+25 6.13E-12  1.72E+25 2.22E+25 2.06E-12 2.06E-12
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- + - +
v vE, o, (o OF, OVF,

[Hz] [ergcm™2s™!]  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]
1.28E+26 6.43E-12 2.85E+25 3.68E+25 1.26E-12 1.26E-12
2.12E+26  4.78E-12 4.72E+25 6.07E+25 1.20E-12 1.20E-12
3.51E+26 3.86E-12 7.81E+25 1.01E+26 1.03E-12 1.03E-12
5.81E+26 2.19E-12 1.29E+26 1.67E+26 1.02E-12 1.02E-12
5.95E+25 8.89E-12 1.14E+25 2.27E+25 8.89E-12 2.23E-12
8.79E+25 6.23E-12 1.62E+25 3.36E+25 6.23E-12 1.41E-12
1.29E+26 6.03E-12 2.47E+25 4.96E+25 6.03E-12 1.36E-12
1.90E+26  3.97E-12 3.63E+25 7.25E+25 3.97E-12 1.38E-12
2.80E+26 4.44E-12 5.38E+25 1.08E+26 4.44E-12 1.46E-12
4.12E+26  3.01E-12 791E+25 1.58E+26 3.01E-12 1.57E-12
6.07E+26  3.16E-12 1.16E+26 2.33E+26 3.16E-12 1.67E-12
6.00E+25 1.10E-11 1.62E+25 3.24E+25 1.10E-11 3.93E-12
1.05E+26 5.12E-12 2.90E+25 5.80E+25 5.12E-12 2.13E-12
1.85E+26  3.20E-12 5.08E+25 1.02E+26 3.20E-12 2.10E-12
3.24E+26  3.73E-12 8.90E+25 1.78E+26 3.73E-12 2.06E-12
5.69E+26 5.05E-12 1.56E+26 3.12E+26 5.05E-12 2.67E-12
7.74E+25 9.16E-12 1.48E+25 1.96E+25 1.74E-12 1.74E-12
1.20E+26  7.85E-12 2.30E+25 3.05E+25 1.82E-12 1.82E-12
1.86E+26  5.69E-12 3.56E+25 4.72E+25 1.14E-12 1.14E-12
2.89E+26 3.63E-12 5.53E+25 7.32E+25 8.64E-13 8.64E-13
4.48E+26 2.27E-12 8.57E+25 1.14E+26 6.34E-13 6.34E-13
6.94E+26  1.58E-12 1.33E+26 1.76E+26 5.59E-13 5.59E-13
1.08E+27 1.16E-12 2.06E+26 2.73E+26 6.53E-13 6.53E-13
1.67E+27 8.10E-13 3.19E+26 4.23E+26 7.50E-13 7.50E-13
2.59E+27 5.44E-13 4.95E+26 6.56E+26 8.14E-13 8.14E-13
6.03E+25 4.57E-12 1.22E+25 1.59E+25 1.01E-12 1.01E-12
9.56E+25 4.33E-12 1.94E+25 2.53E+25 8.63E-13 8.63E-13
1.52E+26  3.92E-12 3.07E+25 4.00E+25 7.56E-13 7.56E-13
2.40E+26  3.25E-12 4.86E+25 6.34E+25 6.73E-13 6.73E-13
3.81E+26 2.71E-12 7.71E+25 1.01E+26 6.24E-13 6.24E-13
6.03E+26  2.04E-12 1.22E+26 1.59E+26 6.42E-13 6.42E-13
9.56E+26 1.01E-12 1.94E+26 2.53E+26 6.13E-13 6.13E-13

6.99E+25 5.15E-12 1.63E+25 2.23E+25 1.58E-12 1.58E-12
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v vF, o, g} OyF, OyF,
[Hz] [ergcm™2s™']  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7!]

1.20E+26 4.34E-12 2.80E+25 3.83E+25 9.62E-13 9.62E-13
2.07E+26  3.49E-12 4.81E+25 6.59E+25 7.81E-13 7.81E-13
3.55E+26  3.69E-12 8.27E+25 1.13E+26 1.23E-12 1.23E-12
6.11E+26 2.22E-12 1.42E+26 1.95E+26 8.68E-13 8.68E-13
1.05E+27 1.86E-12 2.44E+26 3.35E+26 1.18E-12 1.18E-12
1.80E+27 6.81E-13 4.20E+26 5.75E+26 2.38E-12 2.38E-12
6.96E+25 1.68E-11 1.59E+25 2.26E+25 4.28E-12 4.28E-12
1.20E+26 7.41E-12 2.74E+25 3.89E+25 1.51E-12 1.51E-12
2.06E+26 4.90E-12 4.71E+25 6.69E+25 1.45E-12 1.45E-12
3.53E+26 3.28E-12 8.09E+25 1.15E+26 9.45E-13 9.45E-13
6.08E+26 1.95E-12 1.39E+26 1.98E+26 6.59E-13 6.59E-13
1.04E+27 1.03E-12 2.39E+26 3.40E+26 5.52E-13 5.52E-13
1.80E+27 5.64E-13 4.11E+26 5.84E+26 5.41E-13 5.41E-13

Table B.5: SED: HE data from 1ES 1959+650 by Fermi LAT
from 2008 to 2010. The data was taken from [Panl3].

v vE, g, al OLF, OvE,
[Hz] [ergcm™2s7!] [Hz] [Hz] [ergcm™2s™!] [ergcm 257}

8.69E+22 1.30E-11 3.30E+22 3.30E+22 2.06E-12 2.06E-12
1.94E+23 1.07E-11 7.36E+22 7.36E+22 1.61E-12 1.61E-12
4.31E+23 7.29E-12 1.64E+23 1.64E+23 1.50E-12 1.50E-12
9.60E+23 6.40E-12 3.65E+23 3.65E+23 1.78E-12 1.78E-12
2.14E+24 8.42E-12 8.13E+23 8.13E+23 2.86E-12 2.86E-12
4.76E+24 1.73E-11 1.81E+24 1.81E+24 5.76E-12 5.76E-12
1.06E+25 1.55E-11 4.03E+24 4.03E+24 7.81E-12 7.81E-12
4.19E+22 1.18E-11 1.77E+22 3.07E+22 1.92E-12 1.92E-12
1.32E+23 1.17E-11 5.99E+22 1.09E+23 1.37E-12 1.37E-12
4.19E+23 9.37E-12 1.77E+23 3.07E+23 9.61E-13 9.61E-13
1.32E+24 8.99E-12 5.99E+23 1.09E+24 1.51E-12 1.51E-12
7.65E+24 1.39E-11 5.23E+24 1.65E+25 2.67E-12 2.67E-12
4.19E+22 9.74E-12 1.77E+22 3.07E+22 1.04E-12 1.04E-12
1.32E+23  9.16E-12 5.99E+22 1.09E+23 6.47E-13 6.47E-13
4.19E+23 8.78E-12 1.77E+23 3.07E+23 6.82E-13 6.82E-13
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v vE, o, (o OF, OVF,
[Hz] [ergcm™2s™!]  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]
1.32E+24  9.48E-12 5.99E+23 1.09E+24 9.67E-13 9.67E-13
7.65E+24 1.20E-11 5.23E+24 1.65E+25 1.62E-12 1.62E-12
4.30E+22 1.11E-11 1.88E+22 3.34E+22 9.62E-13 9.62E-13
1.36E+23  8.56E-12 5.95E+22 1.06E+23 5.57E-13 5.57E-13
4.30E+23 6.89E-12 1.88E+23 3.34E+23 5.57E-13 5.57E-13
1.36E+24  6.28E-12 5.95E+23 1.06E+24 7.59E-13 7.59E-13
4.30E+24 9.06E-12 1.88E+24 3.34E+24 1.47E-12 1.47E-12
1.36E+25 8.66E-12 5.95E+24 1.06E+25 2.53E-12 2.53E-12
4.30E+25 7.49E-12 1.88E+25 3.34E+25 4.66E-12 4.66E-12
4.30E+23 8.75E-12 1.88E+23 3.35E+23 8.27E-13 8.27E-13
1.36E+24  7.78E-12 5.95E+23 1.06E+24 1.05E-12 1.05E-12
4.30E+24 1.11E-11 1.88E+24 3.35E+24 1.92E-12 1.92E-12
1.36E+25 9.90E-12 5.95E+24 1.06E+25 2.98E-12 2.98E-12
4.30E+25 6.38E-12 1.88E+25 3.35E+25 4.51E-12 4.51E-12
Table B.6: SED: X-ray data from 1ES 1959+650 Swift-RXT,
Swift-BAT and INTEGRAL. The data was taken from the
NED archival and [Bac11].
v vF, o, o) OLr, OF,
[Hz] [ergem™2s7!]  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7]
6.721E-11 7.254E17 7.254E17 7.647E-12 7.647E-12 4.111E18
5.747E-11 4.836E17 4.836E17 8.213E-12 8.213E-12 5.32E18
5.447E-11 1.33E18 1.33E18 6.687E-12 6.687E-12 7.133E18
3.994E-11 1.813E18 1.813E18  7.6E-12 7.6E-12 1.028E19
3.344E-11 3.022E18 3.022E18 9.327E-12 9.327E-12 1.511E19
2.539E-11 3.022E18 3.022E18 1.526E-11 1.526E-11 2.116E19
6.049E-11 7.254E17 7.254E17 3.504E-12 3.504E-12 3.504E-12
5.272E-11 4.836E17 4.836E17 4.103E-12 4.103E-12 4.103E-12
4.526E-11 1.33E18 1.33E18 4.003E-12 4.003E-12 4.003E-12
3.147E-11 1.813E18 1.813E18 4.219E-12 4.219E-12 4.219E-12
3.347E-11 3.022E18 3.022E18 5.287E-12 5.287E-12 5.287E-12
2.114E-11 3.022E18 3.022E18 8.964E-12 8.964E-12 8.964E-12
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v vE, o, o, OyE, OVE,
[Hz] [ergcm™2s7!]  [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]

Table B.7: SED: X-ray data from 1ES 1959+650 by Beppo-

SAX. The data was taken from the NED archival and

[Bacll1].

v vF, g, g} OLF, OVF,
[Hz] [erg cm_zs_l] [Hz] [Hz] [erg cm_zs_l] lerg cm_zs_l]

9.55E+16 1.09E-10 2.30E+16 2.30E+16 2.10E-12 2.10E-12
1.38E+17 1.30E-10 1.93E+16 1.93E+16 2.55E-12 2.55E-12
1.72E+17 1.27E-10 1.45E+16 1.45E+16 2.52E-12 2.52E-12
2.00E+17 1.23E-10 1.33E+16 1.33E+16 2.45E-12 2.45E-12
2.27E+17 1.21E-10 1.45E+16 1.45E+16 2.31E-12 2.31E-12
2.55E+17 1.22E-10 1.33E+16 1.33E+16 2.43E-12 2.43E-12
2.83E+17 1.22E-10 1.45E+16 1.45E+16 2.38E-12 2.38E-12
3.13E+17 1.18E-10 1.57E+16 1.57E+16 2.35E-12 2.35E-12
3.47E+17 1.18E-10 1.81E+16 1.81E+16 2.31E-12 2.31E-12
3.88E+17 1.12E-10 2.30E+16 2.30E+16 2.24E-12 2.24E-12
4.47E+17 1.07E-10 3.63E+16 3.63E+16 2.14E-12 2.14E-12
5.49E+17 1.06E-10 6.53E+16 6.53E+16 2.11E-12 2.11E-12
7.51E+17 8.91E-11 1.37E+17 1.37E+17 1.77E-12 1.77E-12
1.57E+18 7.59E-11 6.87E+17 6.87E+17 1.64E-12 1.64E-12
1.06E+17 8.64E-11 2.90E+16 2.90E+16 2.86E-12 2.86E-12
1.60E+17 1.02E-10 2.42E+16 2.42E+16 3.33E-12 3.33E-12
2.04E+17 1.00E-10 2.06E+16 2.06E+16 3.30E-12 3.30E-12
2.44E+17 1.09E-10 1.93E+16 1.93E+16 3.53E-12 3.53E-12
2.85E+17 9.99E-11 2.18E+16 2.18E+16 3.29E-12 3.29E-12
3.31E+17 1.03E-10 2.42E+16 2.42E+16 3.39E-12 3.39E-12
3.87E+17 1.01E-10 3.14E+16 3.14E+16 3.35E-12 3.35E-12
4.79E+17 9.54E-11 6.05E+16 6.05E+16 3.16E-12 3.16E-12
6.93E+17 8.77E-11 1.54E+17 1.54E+17 2.90E-12 2.90E-12
1.31E+18 7.19E-11 4.68E+17 4.68E+17 2.89E-12 2.89E-12
9.55E+16 1.06E-10 2.06E+16 2.06E+16 3.43E-12 3.43E-12
1.33E+17 1.38E-10 1.69E+16 1.69E+16 4.50E-12 4.50E-12
1.64E+17 1.16E-10 1.45E+16 1.45E+16 3.76E-12 3.76E-12
1.91E+17 1.27E-10 1.21E+16 1.21E+16 4.09E-12 4.09E-12
2.15E+17 1.24E-10 1.21E+16 1.21E+16 4.02E-12 4.02E-12
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- + - +
v vE, o, (o OF, OVF,

[Hz] [ergcm™2s™!]  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]
2.38E+17 1.29E-10 1.09E+16 1.09E+16 4.24E-12 4.24E-12
2.61E+17 1.27E-10 1.21E+16 1.21E+16 4.07E-12 4.07E-12
2.85E+17 1.29E-10 1.21E+16 1.21E+16 4.18E-12 4.18E-12
3.11E+17 1.25E-10 1.33E+16 1.33E+16 4.05E-12 4.05E-12
3.39E+17 1.25E-10 1.45E+16 1.45E+16 4.09E-12 4.09E-12
3.70E+17 1.22E-10 1.69E+16 1.69E+16 4.00E-12 4.00E-12
4.07E+17 1.23E-10 2.06E+16 2.06E+16 4.07E-12 4.07E-12
4.62E+17 1.15E-10 3.39E+16 3.39E+16 3.78E-12 3.78E-12
5.45E+17 1.20E-10 496E+16 4.96E+16 3.97E-12 3.97E-12
6.80E+17 1.08E-10 8.46E+16 8.46E+16 3.59E-12 3.59E-12
8.97E+17 1.10E-10 1.33E+17 1.33E+17 3.65E-12 3.65E-12
1.68E+18 8.63E-11 6.50E+17 6.50E+17 3.29E-12 3.29E-12
9.31E+16 1.31E-10 2.06E+16 2.06E+16 2.61E-12 2.61E-12
1.29E+17 1.86E-10 1.57E+16 1.57E+16 3.67E-12 3.67E-12
1.58E+17 1.61E-10 1.33E+16 1.33E+16 3.17E-12 3.17E-12
1.84E+17 1.61E-10 1.21E+16 1.21E+16 3.08E-12 3.08E-12
2.07E+17 1.58E-10 1.09E+16 1.09E+16 3.15E-12 3.15E-12
2.29E+17 1.64E-10 1.09E+16 1.09E+16 3.21E-12 3.21E-12
2.50E+17 1.58E-10 1.09E+16 1.09E+16 3.15E-12 3.15E-12
2.72E+17 1.66E-10 1.09E+16 1.09E+16 3.27E-12 3.27E-12
2.95E+17 1.63E-10 1.21E+16 1.21E+16 3.17E-12 3.17E-12
3.19E+17 1.67E-10 1.21E+16 1.21E+16 3.31E-12 3.31E-12
3.46E+17 1.61E-10 1.45E+16 1.45E+16 3.11E-12 3.11E-12
3.77E+17 1.58E-10 1.69E+16 1.69E+16 3.10E-12 3.10E-12
4.15E+17 1.59E-10 2.06E+16 2.06E+16 3.14E-12 3.14E-12
4.66E+17 1.60E-10 3.02E+16 3.02E+16 3.18E-12 3.18E-12
5.42E+17 1.59E-10 459E+16 4.59E+16 3.14E-12 3.14E-12
6.59E+17 1.49E-10 7.13E+16 7.13E+16 2.96E-12 2.96E-12
8.38E+17 1.46E-10 1.08E+17 1.08E+17 2.90E-12 2.90E-12
1.17E+18 1.44E-10 2.25E+17 2.25E+17 2.86E-12 2.86E-12
1.81E+18 1.20E-10 4.18E+17 4.18E+17 4.58E-12 4.58E-12
1.04E+17 1.22E-10 3.14E+16 3.14E+16 2.43E-12 2.43E-12
1.58E+17 1.57E-10 2.30E+16 2.30E+16 3.13E-12 3.13E-12
2.00E+17 1.75E-10 1.81E+16 1.81E+16 3.43E-12 3.43E-12
2.36E+17 1.77E-10 1.81E+16 1.81E+16 3.44E-12 3.44E-12
2.72E+17 1.80E-10 1.81E+16 1.81E+16 3.54E-12 3.54E-12
3.11E+17 1.74E-10 2.06E+16 2.06E+16 3.41E-12 3.41E-12
3.54E+17 1.79E-10 2.30E+16 2.30E+16 3.55E-12 3.55E-12
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v vF, g, oy OLF, OyF,
[Hz] [ergcm™2s™']  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7!]
4.07E+17 1.83E-10 3.02E+16 3.02E+16 3.63E-12 3.63E-12
4.90E+17 1.82E-10 5.20E+16 5.20E+16 3.63E-12 3.63E-12
6.44E+17 1.79E-10 1.03E+17 1.03E+17 3.57E-12 3.57E-12
9.77E+17 1.61E-10 2.30E+17 2.30E+17 3.22E-12 3.22E-12
1.76E+18 1.35E-10 5.49E+17 5.49E+17 4.69E-12 4.69E-12
9.43E+16 1.20E-10 2.18E+16 2.18E+16 2.30E-12 2.30E-12
1.31E+17 1.86E-10 1.45E+16 1.45E+16 3.70E-12 3.70E-12
1.58E+17 1.53E-10 1.33E+16 1.33E+16 3.00E-12 3.00E-12
1.83E+17 1.60E-10 1.09E+16 1.09E+16 3.16E-12 3.16E-12
2.04E+17 1.54E-10 1.09E+16 1.09E+16 3.03E-12 3.03E-12
2.26E+17 1.52E-10 1.09E+16 1.09E+16 3.01E-12 3.01E-12
2.48E+17 1.61E-10 1.09E+16 1.09E+16 3.08E-12 3.08E-12
2.70E+17 1.65E-10 1.09E+16 1.09E+16 3.18E-12 3.18E-12
2.93E+17 1.56E-10 1.21E+16 1.21E+16 3.00E-12 3.00E-12
3.17E+17 1.61E-10 1.21E+16 1.21E+16 3.16E-12 3.16E-12
3.42E+17 1.58E-10 1.33E+16 1.33E+16 3.11E-12 3.11E-12
3.71E+17 1.57E-10 1.57E+16 1.57E+16 3.07E-12 3.07E-12
4.05E+17 1.60E-10 1.81E+16 1.81E+16 3.16E-12 3.16E-12
4.51E+17 1.54E-10 2.78E+16 2.78E+16 3.01E-12 3.01E-12
5.19E+17 1.48E-10 3.99E+16 3.99E+16 2.94E-12 2.94E-12
6.23E+17 1.46E-10 6.41E+16 6.41E+16 2.91E-12 291E-12
7.80E+17 1.39E-10 9.31E+16 9.31E+16 2.77E-12 2.77E-12
1.05E+18 1.32E-10 1.74E+17 1.74E+17 2.64E-12 2.64E-12
1.66E+18 1.12E-10 441E+17 4.41E+17 3.20E-12 3.20E-12
9.31E+16  1.28E-10 2.06E+16 2.06E+16 2.49E-12 2.49E-12
1.28E+17 1.26E-10 1.45E+16 1.45E+16 2.50E-12 2.50E-12
1.56E+17 1.52E-10 1.33E+16 1.33E+16 3.02E-12 3.02E-12
1.80E+17 1.66E-10 1.09E+16 1.09E+16 3.25E-12 3.25E-12
2.02E+17 1.57E-10 1.09E+16 1.09E+16 3.05E-12 3.05E-12
2.24E+17 1.61E-10 1.09E+16 1.09E+16 3.09E-12 3.09E-12
2.45E+17 1.58E-10 1.09E+16 1.09E+16 3.05E-12 3.05E-12
2.67E+17 1.57E-10 1.09E+16 1.09E+16 3.09E-12 3.09E-12
2.90E+17 1.53E-10 1.21E+16 1.21E+16 2.97E-12 2.97E-12
3.14E+17 1.56E-10 1.21E+16 1.21E+16 3.09E-12 3.09E-12
3.40E+17 1.56E-10 1.33E+16 1.33E+16 3.07E-12 3.07E-12
3.69E+17 1.56E-10 1.57E+16 1.57E+16 3.03E-12 3.03E-12
4.04E+17 1.47E-10 1.93E+16 1.93E+16 2.92E-12 2.92E-12
451E+17 1.48E-10 2.78E+16 2.78E+16 2.95E-12 2.95E-12



254 APPENDIX: B. 1ES 1959+650 DATA

- + - +
v vE, o, (o OF, OVF,

[Hz] [ergcm™2s™!]  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]
5.19E+17 1.50E-10 3.99E+16 3.99E+16 2.96E-12 2.96E-12
6.28E+17 1.37E-10 6.89E+16 6.89E+16 2.74E-12 2.74E-12
7.97E+17 1.34E-10 1.00E+17 1.00E+17 2.67E-12 2.67E-12
1.11E+18 1.26E-10 2.08E+17 2.08E+17 2.52E-12 2.52E-12
1.70E+18 1.05E-10 3.88E+17 3.88E+17 3.61E-12 3.61E-12
9.43E+16 1.22E-10 2.18E+16 2.18E+16 2.37E-12 2.37E-12
1.33E+17 1.65E-10 1.69E+16 1.69E+16 3.23E-12 3.23E-12
1.63E+17 1.46E-10 1.33E+16 1.33E+16 2.91E-12 2.91E-12
1.89E+17 1.50E-10 1.21E+16 1.21E+16 2.94E-12 2.94E-12
2.13E+17 1.49E-10 1.21E+16 1.21E+16 2.91E-12 2.91E-12
2.37E+17 1.44E-10 1.21E+16 1.21E+16 2.80E-12 2.80E-12
2.61E+17 1.50E-10 1.21E+16 1.21E+16 2.91E-12 2.91E-12
2.87E+17 1.45E-10 1.33E+16 1.33E+16 2.79E-12 2.79E-12
3.13E+17 1.46E-10 1.33E+16 1.33E+16 2.89E-12 2.89E-12
3.42E+17 1.40E-10 1.57E+16 1.57E+16 2.74E-12 2.74E-12
3.77E+17 1.35E-10 1.93E+16 1.93E+16 2.66E-12 2.66E-12
4.23E+17 1.28E-10 2.66E+16 2.66E+16 2.54E-12 2.54E-12
491E+17 1.28E-10 4.11E+16 4.11E+16 2.54E-12 2.54E-12
6.08E+17 1.21E-10 7.62E+16 7.62E+16 2.42E-12 2.42E-12
8.25E+17 1.05E-10 1.40E+17 1.40E+17 2.10E-12 2.10E-12
1.48E+18 8.36E-11 5.10E+17 5.10E+17 1.94E-12 1.94E-12
9.43E+16 1.26E-10 2.18E+16 2.18E+16 2.46E-12 2.46E-12
1.33E+17 1.68E-10 1.69E+16 1.69E+16 3.35E-12 3.35E-12
1.64E+17 1.42E-10 1.45E+16 1.45E+16 2.80E-12 2.80E-12
1.91E+17 1.50E-10 1.21E+16 1.21E+16 2.99E-12 2.99E-12
2.16E+17 1.46E-10 1.33E+16 1.33E+16 2.80E-12 2.80E-12
2.42E+17 1.47E-10 1.21E+16 1.21E+16 2.91E-12 2.91E-12
2.67E+17 1.47E-10 1.33E+16 1.33E+16 2.81E-12 2.81E-12
2.94E+17 1.48E-10 1.33E+16 1.33E+16 2.91E-12 2.91E-12
3.22E+17 1.43E-10 1.45E+16 1.45E+16 2.85E-12 2.85E-12
3.53E+17 1.42E-10 1.69E+16 1.69E+16 2.77E-12 2.77E-12
3.92E+17 1.32E-10 2.18E+16 2.18E+16 2.62E-12 2.62E-12
4.45E+17 1.34E-10 3.14E+16 3.14E+16 2.67E-12 2.67E-12
5.32E+17 1.24E-10 5.56E+16 5.56E+16 2.48E-12 2.48E-12
7.00E+17 1.07E-10 1.12E+17 1.12E+17 2.13E-12 2.13E-12
1.10E+18 9.68E-11 2.89E+17 2.89E+17 1.93E-12 1.93E-12
1.76E+18 7.18E-11 3.71E+17 3.71E+17 3.54E-12 3.54E-12




B.1. TOTAL DATA SET USED FOR THE ANALYSIS

Table

B.8: SED:

Infrared data from 1ES1959+650 by
Spitzer. The data is taken from [Bac11].

+ —

+

1% vF, ag, ag, OF, OLF,
[Hz] [erg Cm_ZS_l] [Hz] [Hz] [erg cm_zs_l] lerg cm_zs_l]
5.78E+13 6.07E-12 - - 6.72E-16 6.72E-16
5.75E+13 6.75E-12 - - 4.53E-16 4.53E-16
5.71E+13 6.77E-12 - - 4.99E-16 4.99E-16
5.68E+13 6.94E-12 - - 5.92E-16 5.92E-16
5.65E+13 7.20E-12 - - 3.92E-16 3.92E-16
5.62E+13 6.83E-12 - - 3.86E-16 3.86E-16
5.58E+13 7.03E-12 - - 4.08E-16 4.08E-16
5.55E+13 7.32E-12 - - 3.95E-16 3.95E-16
5.52E+13 7.22E-12 - - 4.07E-16 4.07E-16
5.49E+13 6.70E-12 - - 3.81E-16 3.81E-16
5.46E+13 6.14E-12 - - 4.10E-16 4.10E-16
5.43E+13 6.66E-12 - - 3.58E-16 3.58E-16
5.40E+13 7.51E-12 - - 3.67E-16 3.67E-16
5.37E+13  7.35E-12 - - 3.94E-16 3.94E-16
5.34E+13 6.57E-12 - - 4.00E-16 4.00E-16
5.32E+13 6.47E-12 - - 3.86E-16 3.86E-16
5.29E+13 6.35E-12 - - 3.86E-16 3.86E-16
5.26E+13 6.47E-12 - - 4.02E-16 4.02E-16
5.23E+13 5.72E-12 - - 3.92E-16 3.92E-16
5.20E+13 5.94E-12 - - 3.83E-16 3.83E-16
5.18E+13 5.74E-12 - - 3.74E-16 3.74E-16
5.15E+13 6.83E-12 - - 3.78E-16 3.78E-16
5.12E+13 6.76E-12 - - 3.68E-16 3.68E-16
5.10E+13 6.08E-12 - - 4.33E-16 4.33E-16
5.07E+13  6.56E-12 - - 3.75E-16 3.75E-16
5.04E+13 6.68E-12 - - 4.01E-16 4.01E-16
5.02E+13 6.15E-12 - - 3.64E-16 3.64E-16
4.99E+13 5.80E-12 - - 3.54E-16 3.54E-16
4.97E+13 5.90E-12 - - 3.40E-16 3.40E-16
4.94E+13 6.29E-12 - - 3.80E-16 3.80E-16
4.92E+13 6.44E-12 - - 3.51E-16 3.51E-16
4.90E+13 6.52E-12 - - 3.34E-16 3.34E-16
4.87E+13 6.45E-12 - - 3.21E-16 3.21E-16
4.85E+13 6.41E-12 - - 3.04E-16 3.04E-16
4.82E+13 6.08E-12 - - 3.54E-16 3.54E-16

255



256 APPENDIX: B. 1ES 1959+650 DATA

+

v vE, o, 0oy OLF, Or,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]
4.80E+13 5.54E-12 - — 4.01E-16 4.01E-16
4.78E+13 5.54E-12 - - 3.72E-16 3.72E-16
4.75E+13 6.23E-12 - - 3.35E-16 3.35E-16
4.73E+13 6.44E-12 - - 3.32E-16 3.32E-16
4.71E+13 6.40E-12 - - 3.26E-16 3.26E-16
4.69E+13 5.91E-12 - — 3.27E-16 3.27E-16
4.67E+13 6.65E-12 - - 3.21E-16 3.21E-16
4.64E+13 6.52E-12 - - 3.16E-16 3.16E-16
4.62E+13 6.42E-12 - - 3.14E-16 3.14E-16
4.60E+13 6.71E-12 - - 3.33E-16 3.33E-16
4.58E+13 6.56E-12 - - 3.54E-16 3.54E-16
4.56E+13 6.28E-12 - - 3.97E-16 3.97E-16
4.54E+13 5.98E-12 - - 3.91E-16 3.91E-16
4.52E+13 5.94E-12 - - 3.97E-16 3.97E-16
4.50E+13 6.09E-12 - - 3.83E-16 3.83E-16
4.48E+13 6.19E-12 - - 3.84E-16 3.84E-16
4.46E+13 5.50E-12 - - 4.62E-16 4.62E-16
4.44E+13 5.23E-12 - - 4.45E-16 4.45E-16
4.42E+13 5.60E-12 - - 4.54E-16 4.54E-16
4.40E+13 6.44E-12 - - 4.96E-16 4.96E-16
4.38E+13 5.24E-12 - - 9.34E-16 9.34E-16
4.36E+13 5.82E-12 - — 4.88E-16 4.88E-16
4.34E+13 5.26E-12 - - 5.30E-16 5.30E-16
4.32E+13 4.93E-12 - - 5.55E-16 5.55E-16
4.30E+13 5.62E-12 - - 6.57E-16 6.57E-16
4.28E+13 5.94E-12 - - 7.02E-16 7.02E-16
4.26E+13 5.46E-12 - — 6.30E-16 6.30E-16
4.25E+13 5.07E-12 - - 6.36E-16 6.36E-16
4.23E+13 5.64E-12 - - 5.75E-16 5.75E-16
4.21E+13 5.53E-12 - - 5.21E-16 5.21E-16
4.19E+13 6.09E-12 - - 5.07E-16 5.07E-16
4.17E+13  6.02E-12 - - 5.00E-16 5.00E-16
4.16E+13 6.04E-12 - - 5.15E-16 5.15E-16
4.14E+13 6.01E-12 - - 5.30E-16 5.30E-16
4.12E+13 5.78E-12 - - 7.46E-16 7.46E-16
4.11E+13 6.14E-12 - - 5.34E-16 5.34E-16
4.09E+13 5.70E-12 - - 5.20E-16 5.20E-16

4.07E+13 4.79E-12 - - 5.33E-16 5.33E-16



B.1. TOTAL DATA SET USED FOR THE ANALYSIS

+ —

+

v vE, o, (o OF, OuF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s7]
4.05E+13 5.13E-12 - - 4.96E-16 4.96E-16
4.04E+13 5.80E-12 - - 4.88E-16 4.88E-16
4.02E+13 5.45E-12 - - 5.10E-16 5.10E-16
4.01E+13 4.92E-12 - - 5.15E-16 5.15E-16
3.99E+13 6.05E-12 - - 5.86E-16 5.86E-16
3.97E+13 6.54E-12 - - 6.31E-16 6.31E-16
3.96E+13 4.20E-12 - - 4.10E-16 4.10E-16
4.09E+13 2.96E-12 - - 3.14E-16 3.14E-16
4.05E+13 6.06E-12 - - 3.27E-16 3.27E-16
4.02E+13 6.14E-12 - - 3.17E-16 3.17E-16
3.99E+13 5.61E-12 - - 2.93E-16 2.93E-16
3.96E+13 5.01E-12 - - 2.79E-16 2.79E-16
3.93E+13 5.30E-12 - - 2.93E-16 2.93E-16
3.90E+13 5.22E-12 - - 2.83E-16 2.83E-16
3.87E+13 5.56E-12 - - 2.57E-16 2.57E-16
3.84E+13 4.99E-12 - - 2.43E-16 2.43E-16
3.81E+13 6.20E-12 - - 2.42E-16 2.42E-16
3.78E+13 5.51E-12 - - 2.35E-16 2.35E-16
3.75E+13 5.32E-12 - - 2.18E-16 2.18E-16
3.72E+13 5.84E-12 - - 2.14E-16 2.14E-16
3.69E+13 5.89E-12 - - 1.99E-16 1.99E-16
3.67E+13 5.57E-12 - - 2.07E-16 2.07E-16
3.87E+13 5.56E-12 - - 2.57E-16 2.57E-16
3.84E+13 4.99E-12 - - 2.43E-16 2.43E-16
3.81E+13 6.20E-12 - - 2.42E-16 2.42E-16
3.78E+13 5.51E-12 - - 2.35E-16 2.35E-16
3.75E+13 5.32E-12 - - 2.18E-16 2.18E-16
3.72E+13 5.84E-12 - - 2.14E-16 2.14E-16
3.69E+13 5.89E-12 - - 1.99E-16 1.99E-16
3.67E+13 5.57E-12 - - 2.07E-16 2.07E-16
3.64E+13 5.69E-12 - - 2.03E-16 2.03E-16
3.61E+13 5.78E-12 - - 2.05E-16 2.05E-16
3.59E+13 5.42E-12 - - 1.95E-16 1.95E-16
3.56E+13 5.59E-12 - - 1.92E-16 1.92E-16
3.53E+13 6.14E-12 - - 2.28E-16 2.28E-16
3.51E+13 5.82E-12 - - 3.78E-16 3.78E-16
3.99E+13 5.42E-12 - - 3.39E-16 3.39E-16
3.96E+13 5.33E-12 - - 3.58E-16 3.58E-16

257



258 APPENDIX: B. 1ES 1959+650 DATA

+

v vE, o, 0oy OLF, Or,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]
3.93E+13 5.94E-12 - — 3.20E-16 3.20E-16
3.90E+13 5.74E-12 - - 2.76E-16 2.76E-16
3.87E+13 5.79E-12 - - 2.53E-16 2.53E-16
3.84E+13 5.29E-12 - - 2.58E-16 2.58E-16
3.81E+13 5.70E-12 - - 2.39E-16 2.39E-16
3.78E+13 5.96E-12 - — 2.26E-16 2.26E-16
3.75E+13 5.63E-12 - - 2.15E-16 2.15E-16
3.72E+13 5.49E-12 - - 2.00E-16 2.00E-16
3.69E+13 5.93E-12 - - 1.85E-16 1.85E-16
3.67E+13 5.65E-12 - - 1.79E-16 1.79E-16
3.64E+13 5.53E-12 - - 1.73E-16 1.73E-16
3.61E+13 5.73E-12 - - 1.78E-16 1.78E-16
3.59E+13 5.45E-12 - - 1.73E-16 1.73E-16
3.56E+13 5.48E-12 - - 1.64E-16 1.64E-16
3.53E+13 5.44E-12 - - 1.60E-16 1.60E-16
3.51E+13 5.22E-12 - - 1.61E-16 1.61E-16
3.48E+13 5.12E-12 - - 1.64E-16 1.64E-16
3.46E+13 4.85E-12 - - 1.61E-16 1.61E-16
3.44E+13 5.24E-12 - - 1.49E-16 1.49E-16
3.41E+13 5.23E-12 - - 1.57E-16 1.57E-16
3.39E+13 5.16E-12 - - 1.46E-16 1.46E-16
3.37E+13 5.03E-12 - — 1.52E-16 1.52E-16
3.34E+13 4.97E-12 - - 1.57E-16 1.57E-16
3.32E+13 5.03E-12 - - 1.65E-16 1.65E-16
3.30E+13 5.14E-12 - - 1.62E-16 1.62E-16
3.28E+13 5.06E-12 - - 1.72E-16 1.72E-16
3.26E+13 5.00E-12 - — 1.68E-16 1.68E-16
3.23E+13 4.94E-12 - - 1.69E-16 1.69E-16
3.21E+13 4.90E-12 - - 1.72E-16 1.72E-16
3.19E+13 5.11E-12 - - 3.02E-16 3.02E-16
3.17E+13 4.89E-12 - - 3.79E-16 3.79E-16
3.15E+13 5.48E-12 - - 3.67E-16 3.67E-16
3.13E+13 4.69E-12 - - 3.38E-16 3.38E-16
3.11E+13 4.72E-12 - - 3.14E-16 3.14E-16
3.09E+13 4.65E-12 - - 1.80E-16 1.80E-16
3.04E+13 4.59E-12 - - 1.73E-16 1.73E-16
3.02E+13 4.55E-12 - - 1.51E-16 1.51E-16

3.00E+13 4.99E-12 - - 2.43E-16 2.43E-16



B.1. TOTAL DATA SET USED FOR THE ANALYSIS

+ —

+

v vE, o, (o OF, OuF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s7]
2.98E+13 4.68E-12 - - 1.43E-16 1.43E-16
2.96E+13 4.60E-12 - - 1.38E-16 1.38E-16
2.95E+13 4.60E-12 - - 1.26E-16 1.26E-16
2.93E+13 4.68E-12 - - 1.50E-16 1.50E-16
2.91E+13 4.55E-12 - - 1.26E-16 1.26E-16
2.89E+13 4.56E-12 - - 1.22E-16 1.22E-16
2.88E+13 4.53E-12 - - 1.29E-16 1.29E-16
2.86E+13 4.39E-12 - - 1.27E-16 1.27E-16
2.84E+13 4.57E-12 - - 1.22E-16 1.22E-16
2.83E+13 4.70E-12 - - 1.20E-16 1.20E-16
2.81E+13 4.83E-12 - - 1.27E-16 1.27E-16
2.80E+13 4.45E-12 - - 1.30E-16 1.30E-16
2.78E+13 4.59E-12 - - 1.31E-16 1.31E-16
2.77E+13 4.46E-12 - - 1.28E-16 1.28E-16
2.75E+13 4.36E-12 - - 1.31E-16 1.31E-16
2.74E+13 4.69E-12 - - 1.47E-16 1.47E-16
2.72E+13 4.72E-12 - - 1.37E-16 1.37E-16
2.71E+13 4.56E-12 - - 1.42E-16 1.42E-16
2.69E+13 4.39E-12 - - 1.31E-16 1.31E-16
2.68E+13 4.53E-12 - - 1.34E-16 1.34E-16
2.66E+13 4.48E-12 - - 1.41E-16 1.41E-16
2.65E+13 4.13E-12 - - 1.41E-16 1.41E-16
2.63E+13 4.40E-12 - - 1.38E-16 1.38E-16
2.62E+13 4.46E-12 - - 1.46E-16 1.46E-16
2.61E+13 4.39E-12 - - 1.52E-16 1.52E-16
2.59E+13 4.35E-12 - - 1.68E-16 1.68E-16
2.58E+13 4.40E-12 - - 1.96E-16 1.96E-16
2.57E+13 4.74E-12 - - 1.91E-16 1.91E-16
2.55E+13 5.00E-12 - - 1.84E-16 1.84E-16
2.54E+13 4.67E-12 - - 1.73E-16 1.73E-16
2.53E+13 4.65E-12 - - 1.84E-16 1.84E-16
2.51E+13 4.60E-12 - - 1.89E-16 1.89E-16
2.50E+13 4.59E-12 - - 1.74E-16 1.74E-16
2.49E+13 4.55E-12 - - 1.81E-16 1.81E-16
2.48E+13 4.51E-12 - - 1.94E-16 1.94E-16
2.46E+13 4.59E-12 - - 1.80E-16 1.80E-16
2.45E+13 4.24E-12 - - 1.65E-16 1.65E-16
2.44E+13 4.09E-12 - - 2.48E-16 2.48E-16

259



260 APPENDIX: B. 1ES 1959+650 DATA

v vE, o, 0oy o o’
v,

vFE,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]
2.43E+13 4.29E-12 - — 1.71E-16 1.71E-16
2.42E+13 4.18E-12 - - 2.76E-16 2.76E-16
2.40E+13 4.22E-12 - - 1.65E-16 1.65E-16
2.39E+13 4.37E-12 - - 1.54E-16 1.54E-16
2.38E+13 4.34E-12 - - 1.47E-16 1.47E-16
2.37E+13 4.23E-12 - — 1.40E-16 1.40E-16
2.36E+13 4.30E-12 - - 1.44E-16 1.44E-16
2.35E+13 4.32E-12 - - 1.48E-16 1.48E-16
2.34E+13 4.36E-12 - - 1.83E-16 1.83E-16
2.32E+13 4.23E-12 - - 1.92E-16 1.92E-16
2.31E+13 4.34E-12 - - 1.85E-16 1.85E-16
2.30E+13 4.32E-12 - - 1.54E-16 1.54E-16
2.29E+13 4.23E-12 - - 1.45E-16 1.45E-16
2.28E+13 4.32E-12 - - 1.49E-16 1.49E-16
2.27E+13  4.29E-12 - - 1.56E-16 1.56E-16
2.26E+13 4.33E-12 - - 1.52E-16 1.52E-16
2.25E+13 4.25E-12 - - 1.54E-16 1.54E-16
2.24E+13 3.92E-12 - - 1.62E-16 1.62E-16
2.23E+13 4.14E-12 - - 1.65E-16 1.65E-16
2.22E+13  3.92E-12 - - 1.63E-16 1.63E-16
2.21E+13 4.07E-12 - - 1.76E-16 1.76E-16
2.20E+13 3.97E-12 - — 1.81E-16 1.81E-16
2.19E+13 3.97E-12 - - 1.83E-16 1.83E-16
2.18E+13 3.39E-12 - - 1.98E-16 1.98E-16
2.17E+13 3.72E-12 - - 1.97E-16 1.97E-16
2.16E+13 4.02E-12 - - 2.02E-16 2.02E-16
2.15E+13 4.11E-12 - — 2.07E-16 2.07E-16
2.14E+13 4.06E-12 - - 2.24E-16 2.24E-16
2.13E+13 3.97E-12 - - 2.31E-16 2.31E-16
2.13E+13 3.98E-12 - - 2.37E-16 2.37E-16
2.12E+13  4.38E-12 - - 2.35E-16 2.35E-16
2.13E+13 4.25E-12 - - 2.88E-16 2.88E-16
2.12E+13 3.79E-12 - - 2.68E-16 2.68E-16
2.11E+13 4.24E-12 - - 2.07E-16 2.07E-16
2.09E+13 4.14E-12 - - 1.68E-16 1.68E-16
2.08E+13 3.87E-12 - - 1.84E-16 1.84E-16
2.07E+13 4.15E-12 - - 2.31E-16 2.31E-16

2.06E+13 4.34E-12 - - 2.29E-16 2.29E-16



B.1. TOTAL DATA SET USED FOR THE ANALYSIS

+ —

+

v vE, o, (o OF, OuF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s7]
2.05E+13 4.23E-12 - - 2.47E-16 2.47E-16
2.03E+13 4.10E-12 - - 2.38E-16 2.38E-16
2.02E+13 3.89E-12 - - 2.65E-16 2.65E-16
2.01E+13 4.01E-12 - - 2.83E-16 2.83E-16
2.00E+13 4.21E-12 - - 2.08E-16 2.08E-16
1.99E+13 4.16E-12 - - 1.96E-16 1.96E-16
1.98E+13 4.67E-12 - - 1.83E-16 1.83E-16
1.97E+13 4.11E-12 - - 1.81E-16 1.81E-16
1.95E+13 4.04E-12 - - 2.02E-16 2.02E-16
1.94E+13 4.08E-12 - - 1.92E-16 1.92E-16
1.93E+13 3.92E-12 - - 1.86E-16 1.86E-16
1.92E+13 3.97E-12 - - 1.89E-16 1.89E-16
1.91E+13 3.87E-12 - - 1.66E-16 1.66E-16
1.90E+13  3.99E-12 - - 1.79E-16 1.79E-16
1.89E+13 3.89E-12 - - 2.06E-16 2.06E-16
1.88E+13 4.58E-12 - - 2.54E-16 2.54E-16
1.87E+13 3.81E-12 - - 3.21E-16 3.21E-16
1.86E+13 4.17E-12 - - 2.60E-16 2.60E-16
1.85E+13 3.56E-12 - - 2.36E-16 2.36E-16
1.84E+13 3.56E-12 - - 1.97E-16 1.97E-16
1.83E+13 3.75E-12 - - 1.95E-16 1.95E-16
1.82E+13 3.75E-12 - - 2.20E-16 2.20E-16
1.81E+13 3.72E-12 - - 1.95E-16 1.95E-16
1.81E+13 3.65E-12 - - 1.77E-16 1.77E-16
1.80E+13 3.58E-12 - - 1.97E-16 1.97E-16
1.79E+13 3.48E-12 - - 2.00E-16 2.00E-16
1.78E+13 3.17E-12 - - 2.50E-16 2.50E-16
1.77E+13  3.33E-12 - - 3.03E-16 3.03E-16
1.76E+13  3.75E-12 - - 2.38E-16 2.38E-16
1.75E+13 4.21E-12 - - 2.87E-16 2.87E-16
1.74E+13 3.61E-12 - - 3.56E-16 3.56E-16
1.73E+13 3.68E-12 - - 2.36E-16 2.36E-16
1.73E+13 3.78E-12 - - 2.43E-16 2.43E-16
1.72E+13 3.98E-12 - - 1.93E-16 1.93E-16
1.71E+13  3.69E-12 - - 1.93E-16 1.93E-16
1.70E+13 3.80E-12 - - 2.09E-16 2.09E-16
1.69E+13 3.50E-12 - - 2.20E-16 2.20E-16
1.69E+13 3.10E-12 - - 2.28E-16 2.28E-16
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262 APPENDIX: B. 1ES 1959+650 DATA

+

v vE, o, 0oy OLF, Or,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]
1.68E+13 3.21E-12 - — 2.84E-16 2.84E-16
1.67E+13 3.82E-12 - - 2.89E-16 2.89E-16
1.66E+13 3.48E-12 - - 3.01E-16 3.01E-16
1.65E+13 3.41E-12 - - 2.85E-16 2.85E-16
1.65E+13 3.68E-12 - - 3.41E-16 3.41E-16
1.64E+13 3.57E-12 - — 2.88E-16 2.88E-16
1.63E+13 3.71E-12 - - 2.60E-16 2.60E-16
1.62E+13 3.31E-12 - - 2.71E-16 2.71E-16
1.62E+13 3.94E-12 - - 2.86E-16 2.86E-16
1.60E+13 3.38E-12 - - 2.45E-16 2.45E-16
1.59E+13 3.30E-12 - - 2.46E-16 2.46E-16
1.59E+13 3.35E-12 - - 2.64E-16 2.64E-16
1.58E+13 3.63E-12 - - 2.49E-16 2.49E-16
1.57E+13 3.66E-12 - - 2.52E-16 2.52E-16
1.57E+13 4.05E-12 - - 3.37E-16 3.37E-16
1.56E+13 3.05E-12 - - 3.87E-16 3.87E-16
1.55E+13 4.10E-12 - - 3.61E-16 3.61E-16
1.55E+13 4.73E-12 - - 5.01E-16 5.01E-16
1.53E+13 4.02E-12 - - 3.54E-16 3.54E-16
1.53E+13 3.79E-12 - - 3.65E-16 3.65E-16
1.52E+13 3.45E-12 - - 3.17E-16 3.17E-16
1.51E+13 3.59E-12 - — 2.96E-16 2.96E-16
1.51E+13 3.79E-12 - - 3.10E-16 3.10E-16
1.50E+13 4.33E-12 - - 3.72E-16 3.72E-16
1.49E+13 3.68E-12 - - 4.12E-16 4.12E-16
1.49E+13 2.96E-12 - - 3.69E-16 3.69E-16
1.47E+13 2.55E-12 - — 6.59E-16 6.59E-16
1.46E+13 3.73E-12 - - 4.42E-16 4.42E-16
1.46E+13 3.93E-12 - - 4.66E-16 4.66E-16
1.44E+13 4.08E-12 - - 3.94E-16 3.94E-16
1.44E+13 3.80E-12 - - 4.28E-16 4.28E-16
1.56E+13 2.13E-12 - - 1.60E-16 1.60E-16
1.55E+13 3.35E-12 - - 2.51E-16 2.51E-16
1.53E+13 3.62E-12 - - 2.97E-16 2.97E-16
1.52E+13 3.41E-12 - - 1.93E-16 1.93E-16
1.51E+13 3.54E-12 - - 2.21E-16 2.21E-16
1.49E+13 3.91E-12 - - 2.11E-16 2.11E-16

1.48E+13 3.09E-12 - - 2.17E-16 2.17E-16



B.1. TOTAL DATA SET USED FOR THE ANALYSIS

+ —

+

v vE, o, (o OF, OuF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s7]
1.47E+13 3.41E-12 - - 2.06E-16 2.06E-16
1.46E+13 3.81E-12 - - 2.31E-16 2.31E-16
1.44E+13 3.50E-12 - - 2.04E-16 2.04E-16
1.43E+13 3.21E-12 - - 2.14E-16 2.14E-16
1.42E+13 3.05E-12 - - 1.63E-16 1.63E-16
1.41E+13 2.88E-12 - - 1.63E-16 1.63E-16
1.47E+13 3.11E-12 - - 4.38E-16 4.38E-16
1.46E+13 3.48E-12 - - 3.25E-16 3.25E-16
1.44E+13 2.76E-12 - - 5.43E-16 5.43E-16
1.43E+13 3.07E-12 - - 3.35E-16 3.35E-16
1.42E+13 2.81E-12 - - 2.27E-16 2.27E-16
1.41E+13 3.26E-12 - - 2.67E-16 2.67E-16
1.40E+13 3.44E-12 - - 2.49E-16 2.49E-16
1.39E+13 2.67E-12 - - 2.34E-16 2.34E-16
1.38E+13 3.03E-12 - - 1.98E-16 1.98E-16
1.37E+13  3.62E-12 - - 2.25E-16 2.25E-16
1.36E+13 3.36E-12 - - 2.03E-16 2.03E-16
1.35E+13 3.31E-12 - - 1.63E-16 1.63E-16
1.34E+13 2.87E-12 - - 1.72E-16 1.72E-16
1.33E+13 3.29E-12 - - 1.92E-16 1.92E-16
1.32E+13 3.13E-12 - - 2.18E-16 2.18E-16
1.31E+13 2.74E-12 - - 2.08E-16 2.08E-16
1.30E+13 2.96E-12 - - 1.55E-16 1.55E-16
1.29E+13 3.18E-12 - - 1.81E-16 1.81E-16
1.28E+13  3.03E-12 - - 2.26E-16 2.26E-16
1.27E+13  3.13E-12 - - 1.66E-16 1.66E-16
1.26E+13  3.13E-12 - - 1.43E-16 1.43E-16
1.25E+13 3.16E-12 - - 1.58E-16 1.58E-16
1.24E+13 3.15E-12 - - 1.88E-16 1.88E-16
1.23E+13  2.90E-12 - - 1.73E-16 1.73E-16
1.22E+13 2.92E-12 - - 1.60E-16 1.60E-16
1.22E+13  2.92E-12 - - 2.29E-16 2.29E-16
1.21E+13 3.17E-12 - - 1.62E-16 1.62E-16
1.20E+13  2.75E-12 - - 1.83E-16 1.83E-16
1.19E+13 3.01E-12 - - 1.81E-16 1.81E-16
1.18E+13 3.21E-12 - - 1.84E-16 1.84E-16
1.17E+13  3.05E-12 - - 1.62E-16 1.62E-16
1.16E+13  3.14E-12 - - 1.55E-16 1.55E-16
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264 APPENDIX: B. 1ES 1959+650 DATA

+

v vE, o, 0oy OLF, Or,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s71]
1.13E+13 2.75E-12 - — 1.25E-16 1.25E-16
1.12E+13  2.90E-12 - - 1.54E-16 1.54E-16
1.12E+13  3.07E-12 - - 1.67E-16 1.67E-16
1.11E+13 2.87E-12 - - 1.54E-16 1.54E-16
1.10E+13 3.09E-12 - - 1.57E-16 1.57E-16
1.10E+13 2.93E-12 - — 1.56E-16 1.56E-16
1.09E+13 3.41E-12 - - 1.42E-16 1.42E-16
1.08E+13 3.84E-12 - - 1.76E-16 1.76E-16
1.08E+13 2.56E-12 - - 1.99E-16 1.99E-16
1.07E+13  2.40E-12 - - 2.02E-16 2.02E-16
1.06E+13 2.94E-12 - - 2.52E-16 2.52E-16
1.06E+13 2.67E-12 - - 1.83E-16 1.83E-16
1.05E+13 2.65E-12 - - 1.57E-16 1.57E-16
1.04E+13 2.67E-12 - - 1.57E-16 1.57E-16
1.04E+13 2.79E-12 - - 1.77E-16 1.77E-16
1.03E+13 2.17E-12 - - 1.69E-16 1.69E-16
1.03E+13 2.60E-12 - - 1.73E-16 1.73E-16
1.02E+13 3.06E-12 - - 1.80E-16 1.80E-16
1.01E+13 2.77E-12 - - 1.85E-16 1.85E-16
1.01E+13 2.87E-12 - - 1.80E-16 1.80E-16
1.00E+13 2.79E-12 - - 1.71E-16 1.71E-16
997E+12 2.75E-12 - — 1.87E-16 1.87E-16
991E+12 2.99E-12 - - 291E-16 2.91E-16
9.86E+12 3.25E-12 - - 6.71E-16 6.71E-16
9.80E+12 2.69E-12 - - 2.82E-16 2.82E-16
9.75E+12 2.63E-12 - - 2.39E-16 2.39E-16
9.70E+12 2.63E-12 - — 2.60E-16 2.60E-16
9.64E+12 2.49E-12 - - 3.09E-16 3.09E-16
9.59E+12 2.98E-12 - - 2.68E-16 2.68E-16
9.54E+12 2.62E-12 - - 3.14E-16 3.14E-16
9.49E+12 3.17E-12 - - 2.64E-16 2.64E-16
9.44E+12 2.26E-12 - - 2.60E-16 2.60E-16
9.39E+12 2.54E-12 - - 2.88E-16 2.88E-16
9.34E+12 3.24E-12 - - 2.90E-16 2.90E-16
9.29E+12 2.63E-12 - - 2.86E-16 2.86E-16
9.24E+12 2.53E-12 - - 3.00E-16 3.00E-16
9.19E+12 2.91E-12 - - 3.28E-16 3.28E-16

9.15E+12 2.44E-12 - - 3.38E-16 3.38E-16



B.1. TOTAL DATA SET USED FOR THE ANALYSIS

+ —

+

v vE, o, (o OF, OuF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm 2s7!] [ergcm™2s7]
9.10E+12 2.18E-12 - - 3.15E-16 3.15E-16
9.05E+12 2.55E-12 - - 3.53E-16 3.53E-16
9.01E+12 2.80E-12 - - 3.93E-16 3.93E-16
8.96E+12 2.47E-12 - - 3.86E-16 3.86E-16
8.92E+12 1.85E-12 - - 6.49E-16 6.49E-16
8.87E+12 3.63E-12 - - 5.77E-16 5.77E-16
8.83E+12 1.90E-12 - - 6.07E-16 6.07E-16
8.70E+12 3.31E-12 - - 5.53E-16 5.53E-16
8.65E+12 2.68E-12 - - 4.64E-16 4.64E-16
8.57E+12 2.00E-12 - - 5.41E-16 5.41E-16
8.53E+12 3.17E-12 - - 6.17E-16 6.17E-16
8.49E+12 4.44E-12 - - 6.88E-16 6.88E-16
8.45E+12 4.18E-12 - - 1.25E-15 1.25E-15
8.29E+12 5.68E-12 - - 1.66E-15 1.66E-15
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266 APPENDIX: B. 1ES 1959+650 DATA

Table B.9: SED: Optical data from 1ES 1959+650 by KVA, 2MASS, Swift-UVOT.
The data was taken from [Bac11].

v vF, o, oy o, o’

vF, vF,
(Hz] [erg cm_zs_l] [Hz] (Hz] [erg cm_zs_l] [erg cm_zs_l]
4.61E+14 3.11E-11 - - - -
4.61E+14 2.39E-11 - - 5.11E-12 5.11E-12

5.48E+14 2.52E-11 3.86E+13 3.86E+13 2.52E-12 2.52E-12
6.83E+14 2.53E-11 7.58E+13 7.58E+13 2.53E-12 2.53E-12
8.65E+14 3.12E-11 9.80E+13 9.80E+13 3.12E-12 3.12E-12
1.15E+15 3.00E-11 1.54E+14 1.54E+14 3.00E-12 3.00E-12
1.34E+15 3.74E-11 1.48E+14 1.48E+14 3.74E-12 3.74E-12
1.56E+15 5.44E-11 2.65E+14 2.65E+14 5.44E-12 5.44E-12
5.48E+14 2.87E-11 3.86E+13 3.86E+13 1.34E-12 1.34E-12
6.83E+14 3.29E-11 7.58E+13 7.58E+13 1.39E-12 1.39E-12
8.65E+14 3.68E-11 9.80E+13 9.80E+13 1.83E-12 1.83E-12
1.15E+15 3.60E-11 1.54E+14 1.54E+14 1.70E-12 1.70E-12
1.34E+15 4.33E-11 1.48E+14 1.48E+14 2.28E-12 2.28E-12
1.56E+15 6.49E-11 2.65E+14 2.65E+14 3.08E-12 3.08E-12

6.60E+14 3.50E-11 - - 2.07E-13 2.07E-13
8.37E+14 3.87E-11 - - 2.14E-13 2.14E-13
1.12E+15 3.53E-11 - - 3.54E-13 3.54E-13
1.50E+15 4.18E-11 - - 2.54E-12 2.54E-12

1.96E+15 3.38E-11 2.36E+14 3.31E+14 9.05E-13 9.05E-13
1.32E+15 1.57E-11 291E+14 3.26E+14 6.41E-13 6.41E-13
1.96E+15 3.48E-11 2.36E+14 3.31E+14 9.69E-13 9.69E-13
1.32E+15 1.67E-11 291E+14 3.26E+14 4.74E-13 4.74E-13




B.1. TOTAL DATA SET USED FOR THE ANALYSIS 267

Table B.10: SED: Radio data from 1ES 1959+650 by VLBI and VLA. The data
was taken from [Bacl1].

v vF, g, gy o, ol

vE, vF,
[Hz] [erg cm_zs_l] [Hz] (Hz] [erg cm_zs_l] lerg cm_zs_l]
4.61E+14 3.11E-11 - - - -
4.61E+14 2.39E-11 - - 5.11E-12 5.11E-12

5.48E+14 2.52E-11 3.86E+13 3.86E+13 2.52E-12 2.52E-12
6.83E+14 2.53E-11 7.58E+13 7.58E+13 2.53E-12 2.53E-12
8.65E+14 3.12E-11 9.80E+13 9.80E+13 3.12E-12 3.12E-12
1.15E+15 3.00E-11 1.54E+14 1.54E+14 3.00E-12 3.00E-12
1.34E+15 3.74E-11 1.48E+14 1.48E+14 3.74E-12 3.74E-12
1.56E+15 5.44E-11 2.65E+14 2.65E+14 5.44E-12 5.44E-12
5.48E+14 2.87E-11 3.86E+13 3.86E+13 1.34E-12 1.34E-12
6.83E+14 3.29E-11 7.58E+13 7.58E+13 1.39E-12 1.39E-12
8.65E+14 3.68E-11 9.80E+13 9.80E+13 1.83E-12 1.83E-12
1.15E+15 3.60E-11 1.54E+14 1.54E+14 1.70E-12 1.70E-12
1.34E+15 4.33E-11 1.48E+14 1.48E+14 2.28E-12 2.28E-12
1.56E+15 6.49E-11 2.65E+14 2.65E+14 3.08E-12 3.08E-12

6.60E+14 3.50E-11 - - 2.07E-13 2.07E-13
8.37E+14 3.87E-11 - - 2.14E-13 2.14E-13
1.12E+15 3.53E-11 - - 3.54E-13 3.54E-13
1.50E+15 4.18E-11 - - 2.54E-12 2.54E-12

1.96E+15 3.38E-11 2.36E+14 3.31E+14 9.05E-13 9.05E-13
1.32E+15 1.57E-11 291E+14 3.26E+14 6.41E-13 6.41E-13
1.96E+15 3.48E-11 2.36E+14 3.31E+14 9.69E-13 9.69E-13
1.32E+15 1.67E-11 291E+14 3.26E+14 4.74E-13 4.74E-13
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B.2 Flare Spectrum

_| SED (E2*dN/dE) after correlated fit |
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Figure B.1: 1ES 1959+650 flare SED fitted with a pure power law.
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Figure B.2: 1ES 1959+650 flare SED fitted with a curve power law.
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B.3 Corros Correlation
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Figure B.3: 1ES 1959+650 radio-y-ray lag.
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1ES0033+505 DATA

C.1 Total data set used for the analysis

APPENDIX:

Table C.1: 1ES0033+595 total data set. From left to right:
datesin dd / mm / yy, observation time in hours, zenith an-
gle distribution and rate of the event after the image clean-

ing in Hz.
Date Observation time[h] Zenith [°] Mean L1 Rate [Hz]
17 /08 /2009 0.28 33-34 189
18/08 /2009 1.30 31-34 200
19/08/2009 1.88 31-34 225
20/08 /2009 0.70 31-34 200
21/08/2009 0.68 31-34 215
22/08/2009 1.75 31-34 250
23/08/2009 1.90 33-34 250
24 /08 /2009 1.94 31-34 225
25/08/2009 1.64 31-34 190
26/08 /2009 1.19 31-34 250
27/08/2009 1.05 31-34 250
28/08/2009 1.88 31-34 200
29/08/2009 1.16 31-34 250
30/08/2009 1.16 31-34 250
15/09/2009 0.22 31-32 225
17/09/2009 0.05 31-31 300
11/10/2009 0.52 31-34 300
12/10/2009 1.15 31-33 200
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Date Observation time[h] Zenith [°] Mean L1 Rate [Hz]
13/10/2009 1.22 31-34 250
14/10/2009 0.85 31-33 250

Table C.2: SED: VHE data from 1ES 0033+595 by MAGIC

v vF, o, gy oLF, OyF,
[Hz] [ergcm™2s™}] [Hz] [Hz] [ergcm2s™!] [ergcm™2s71]

3.75E+25 5.08E-12 7.18E+24 1.06E+25 8.29E-13 8.29E-13
5.94E+25 1.76E-12 1.14E+25 1.68E+25 3.57E-13 3.57E-13
9.43E+25 7.70E-13 1.80E+25 2.66E+25 3.20E-13 3.20E-13

Table C.3: SED: HE data from 1ES 0033+595 by Fermi LAT

v vF, o, o OLF, OF,
[Hz] [ergcm™2s7!] [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]

1.12E-23 3.23E-12 3.94E-22 1.29E-23 7.92E-13 7.92E-13
3.54E-23 3.33E-12 1.12E-23 3.70E-23 6.11E-13 6.11E-13
1.12E-24 4.02E-12 3.95E-23 1.29E-24 7.73E-13 7.73E-13
3.54E-24 5.12E-12 1.12E-24 3.71E-24 1.27E-12 1.27E-12
1.12E-25 4.55E-12 3.95E-24 1.29E-25 1.98E-12 1.98E-12
3.54E-25 1.08E-11 1.12E-25 3.70E-25 5.77E-12 5.77E-12

Table C.4: SED: X-ray data from 1ES0033+595 by Swift-BAT. The data was
taken from the NED archival.

v vFE, g
[Hz] [ergcm™2s™!] [ergcm 2s7]
5.13E+18 1.37E-11 1.14E-12
6.62E+18 1.16E-11 2.20E-12
9.37E+18 6.81E-12 7.39E-13

1.15E+19 1.07E-11 1.73E-12
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Table C.5: SED: X-ray data from 1ES 0033+595 by INTEGRAL. The data was
taken from the NED archival.

v vFE, g
[Hz] [erg cm_zs_l] lerg cm_zs_l]
1.69E+19 1.04E-11 1.88E-12

1.69E+19 3.00E-12 -
1.45E+19 1.87E-11 -

9.31E+18 1.03E-11 1.50E-12
7.25E+18 8.00E-12 -

6.84E+18 1.42E-11 1.09E-12
1.53E+19 9.24E-12 1.03E-12

Table C.6: SED: X-ray data from 1ES 0033+595 by Beppo-SAX. The data was
taken from the NED archival.

v vF, ol
[Hz] [ergcm™2s™!] [ergcm™2s7!]
9.31E+18 1.03E-11 1.50E-12
7.25E+18 8.33E-12 7.57E-13
1.45E+18 8.20E-11 7.00E-12

Table C.7: SED: Optical data from 1ES0033+595 by KVA, 2MASS, Swift-
UVOT.The data was taken from the NED archival.

v vF, ol
[Hz] [erg cm_zs_l] lerg cm_zs_l]
4.68E+14 1.02E-12 2.81E-14
4.37E+14 6.56E-13 4.83E-14
2.40E+14 4.85E-12 2.14E-13
1.82E+14 4.74E-12 2.36E-13
1.38E+14 4.08E-12 1.73E-13

4.68E+14 8.47E-12 5.00E-13
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Table C.8: SED: Radio data from 1ES 0033+595 by VLBI and VLA. The data was
taken from the NED archival.

v vF, g
(Hz] [erg cm_zs_l] [erg cm_zs_l]
4.85E+09 5.63E-15 8.44E-16
4.85E+09 5.77E-15 5.82E-16
1.40E+09 2.08E-15 8.12E-17
3.65E+08 1.24E-15 2.26E-16

C.2 Deabsorbed spectrum of 1ES 0033+595

1ES0033+595 | X*/ ndf 0.9697 /1 | | X*/ ndf 0.1559 /1
— e Prob 0.3247 || Prob 0.693
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Figure C.1: Deabsorbed 1ES 0033+595 spectrum at z = 0.34
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APPENDIX:

D.1 Total data set used for the analysis

Table D.1: B3 0133+388 full data set. From left to right: dates in dd / mm/ yy,
observation time in hours, zenith angle distribution and rate of the event after
the image cleaning in Hz.

Date

Obs. time[h] Zenith [°]

Mean Rate [Hz]

06/11/2009
07/11/2009
09/11/2009
11/11/2009
15/11/2009
16/11/2009
19/11/2009
20/11/2009
21/11/2009
22/11/2009
23/11/2009
24/11/2009
25/11/2009
26/11/2009

0.10
0.55
0.30
0.58
1.40
0.13
1.10
0.50
1.40
2.00
1.50
4.00
3.00
4.00

33-34
17-30
12-30
22-31
13-31
12-14
17-31
15-27
14-34
15-35
14-35
10-34
10-24
10-35

26
45
85
82
82
76
83
89
77
63
23
45
33
22
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Table D.2: SED: VHE data from B3 0133+388 by MAGIC

v vF, o, oy OyF, OF,
[Hz] [erg cm_zs_l] [Hz] (Hz] [erg cm_zs_l] lerg cm_zs_l]

2.76E+25 1.08E-11 491E+24 6.87E+24 1.91E-12 1.91E-12
4.19E+25 6.00E-12 7.47E+24 1.04E+25 1.71E-12 1.71E-12
6.37E+25 1.84E-12 1.13E+25 1.59E+25 8.35E-13 8.35E-13

Table D.3: SED: HE data from B3 0133+388 by Fermi LAT

v vF, o, oy OyF, OF,
[Hz] [ergcm™2s™']  [Hz] [Hz] [ergcm™2s7!] [ergcm™2s7}]

3.87E+22 4.30E-12 1.45E+22 3.39E+22 8.00E-13 8.00E-13
1.33E+23 3.20E-12 6.05E+22 1.09E+23 7.00E-13 7.00E-13
4.35E+23 5.80E-12 1.93E+23 2.90E+23 6.00E-13 6.00E-13
1.33E+24 1.12E-11 6.04E+23 1.09E+24 1.60E-12 1.60E-12
7.98E+24 1.40E-11 5.56E+24 1.64E+25 2.50E-12 2.50E-12

Table D.4: SED: X-ray data from B3 0133+388 by Swifi-BAT and Beppo-SAX.
The data was taken from the NED archival.

v vFE, g
(Hz] [erg cm_zs_l] [ergcm_zs_l]

1.45E+18 1.04E-11 -
1.45E+18 1.08E-11 -
3.02E+17 2.33E-11 -
3.02E+17 9.60E-12 -

Table D.5: SED: Optical data from B30133+388 by KVA, 2MASS, Swift-
UVOT.The data was taken from the NED archival.

v vF, a¥
[Hz] [ergcm™2s™!] [ergcm 2s7!]
2.40E+14 7.50E-12 2.07E-13
1.82E+14 7.04E-12 2.01E-13
1.38E+14 5.66E-12 1.30E-13
1.14E+15 1.16E-11 1.50E-12

1.34E+15 1.44E-11 3.00E-12
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Table D.6: SED: Radio data from B3 0133+388 by VLBI and VLA. The data was
taken from the NED archival.

v vFE, g’
(Hz] [erg cm_zs_l] lerg cm_zs_l]
4.85E+09 2.52E-15 3.88E-16
4.85E+09 2.57E-15 3.86E-16

2.30E+09 1.15E-15 -
1.40E+09 8.23E-16 -
1.40E+09 8.47E-16 2.66E-17
4.08E+08 4.90E-16 8.22E-17

D.2 Deabsorbed spectrum of B3 0133+38

Deabsorbed spectrum source MAGIC B3 0133+388 (LAT 2nd catalog!) at redshift 0.460 |
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Figure D.1: Deabsorbed B3 0133+388 spectrum at z = 0.46.
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Deabsorbed spectrum source MAGIC B3 0133+388 [LAT 2nd catalog!) at redshift 0.779

Energy [GeV]

Figure D.2: Deabsorbed B3 0133+388 spectrum at z = 0.78.
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PKS1717+177 DATA

E.1 Total data set used for the analysis

Table E.1: PKS1717+177 full data set. From left to right:
datesin dd / mm / yy, observation time in hours, zenith an-
gle distribution and rate of the event after the image clean-

ing in Hz.
Date Eff. time[h] Zenith [°] Mean Rate [Hz]
19/04 /2009 0.48 23-30 250
21/04 /2009 1.55 12-30 200
22104 /2009 0.30 12-30 270
23/04 /2009 1.40 13-31 260
24 /04 /2009 1.88 12-14 240
25/04 /2009 0.33 12-14 250
26/04 /2009 1.90 11-31 250
20/05/2009 0.01 11-27 130
21/05/2009 0.30 15-18 240
23/05/2009 1.51 11-29 100
25/05/2009 0.60 12-19 250
15/06 /2009 0.47 15-23 250
25/06/2009 1.58 15-23 260
26/06/2009 1.57 12-19 165
27/06/2009 2.22 12-19 165
28/06/2009 1.74 11-15 180
30/06/2009 041 11-20 170
01/07/2009 0.57 17-25 160
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Date Eff. time[h] Zenith [°] Mean Rate [Hz]
23/07 /2009 0.86 14-22 145
25/07 /2009 0.67 12-21 240
10/08 /2009 0.45 11-19 260
11/08 /2009 1.05 11-19 270
12 /08 /2009 1.47 11-19 290
13/08 /2009 1.43 15-24 300
15/08 /2009 0.92 15-28 280
16/08 /2009 0.82 18-27 300
17 /08 /2009 0.83 18-27 300
19/08 /2009 1.57 17-27 220
20/08 /2009 0.39 18-27 300
21/08/2009 0.85 18-27 142
22/08/2009 0.86 18-27 300
23/08 /2009 0.70 17-21 180
24 /08 /2009 0.53 20-27 200

Table E.2: SED: VHE data from PKS 1717+177 by MAGIC

+

v vF, o, gy oLF, oyF,
[Hz] [ergcm™2s™!] [Hz] [Hz] [ergcm™2s™!] [ergcm™2s71]

5.06E+25 2.79E-12 1.23E+25 1.74E+25 1.23E-12 1.23E-12
8.99E+25 2.16E-12 2.19E+25 3.10E+25 8.89E-13 8.89E-13
1.60E+26 1.77E-12 3.90E+25 5.51E+25 7.66E-13 7.66E-13
2.84E+26 1.45E-12 6.93E+25 9.81E+25 9.26E-13 9.26E-13

Table E.3: SED: HE data from PKS 1717+177 by Fermi LAT

- + - +
v vFE, ag, o, OyF, OyF,

[Hz] [erg cm_zs_l] [Hz] [Hz] [erg cm_zs_l] [erg cm_zs_l]

1.12E+23 1.46E-12 3.94E+22 1.30E+23 6.10E-13 6.10E-13
3.55E+23 2.47E-12 1.13E+23 3.71E+23 2.30E-13 2.30E-13
1.12E+24 4.31E-12 3.96E+23 1.30E+24 4.80E-13 4.80E-13
3.55E+24 3.68E-12 1.13E+24 3.71E+24 8.30E-13 8.30E-13
1.12E+25 3.61E-12 3.96E+24 1.30E+25 1.37E-12 1.37E-12
3.55E+25 2.94E-12 1.13E+25 3.71E+25 2.04E-12 2.04E-12
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Table E.4: SED: X-ray data from PKS 1717+177 by Swift-BAT. The data was
taken from the NED archival.

v vFE, g’

[Hz] [ergcm_zs_l] lerg cm_zs_l]

1.25E+18 1.60E-12 -
3.02E+17 3.57E-13 -

Table E.5: SED: Optical data from PKS 1717+177 by 2MASS, Swift-UVOT.The
data was taken from the NED archival.

v vF, o

[Hz] [ergcm™2s7!] [ergcm™2s7!]
4.68E+14 1.77E-12 -
2.50E+14 3.60E-12 6.70E-14

Table E.6: SED: Radio data from PKS 1717+177 by VLBI and
VLA. The data was taken from the NED archival.

v vF, g
[Hz] [erg cm_zs_l] [erg cm_zs_l]
9.40E+10 9.40E-13 3.76E-13
6.10E+10 3.66E-13 1.22E-13

3.20E+10 1.65E-13 -
2.40E+10 1.68E-13 -
1.46E+10 8.75E-14 -
1.05E+10 6.29E-14 -
8.40E+09 4.87E-14 -
8.40E+09 4.87E-14 -
8.35E+09 5.23E-14 -
5.00E+09 4.70E-14 -

4.85E+09 2.73E-14 4.10E-15
4.85E+09 3.27E-14 -
4.85E+09 2.75E-14 3.73E-15

4.83E+09 1.49E-14 -
4.83E+09 1.73E-14 -
4.78E+09 3.57E-14 -
2.70E+09 1.86E-14 -
2.64E+09 1.77E-14 -
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v vF, av
[Hz] [ergcm™2s7!] [ergcm 2s7!]
1.40E+09 7.60E-15 2.28E-16

1.40E+09 1.10E-14 -
4.08E+08 1.26E-15 -

3.65E+08 1.26E-15 7.67E-17
£ 900F
q>) - Time =12.42h
Z 800F . Non = 1421; N_ = 1170.7 + 19.7
_'j- Ney = 250.3
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Figure E.1: 02 distributions of the PKS 1717+177 signal and background es-
timation from 12.4 hr of MAGIC observations taken between April 19 th and
August 24 th, 2009, above an energy threshold of 150 GeV
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