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| remember once | was walking on a street
far away from any big cities.
It was dark and many stars were shining.
| was trying to count them.
| was seven years old.
Many years have passed.
| am still looking at the stars
with slightly different eyes
and | am still fascinated.



Abstract

In this thesis, the broad band emission, especially in thenga-ray and radio band, of the active
galaxy IC 310 located in the Perseus cluster of galaxies ma&siigated. The main experimen-
tal methods were Cherenkov astronomy using the MAGIC tefessand high resolution very
long baseline interferometry (VLBI) at radio frequenciesGQBRAVE, EVN). Additionally, data
of the object in different energy bands were studied and ai+walelength campaign has been
organized and conducted. During the campaign, an exceptioight gamma-ray flare at TeV
energies was found with the MAGIC telescopes. The results s@mpared to theoretical accel-
eration and emission models for explaining the high eneagyation of active galactic nuclei.
Many open questions regarding the particle acceleratioeip high energies in the jets of ac-
tive galactic nuclei, the particle content of the jets, owhbe jets are launched, were addressed
in this thesis by investigating the variability of IC 310 metvery high energy band.

It is argued that 1C 310 was originally mis-classified as adhiedl radio galaxy. Instead,
it shows a variability behavior in the radio, X-ray, and gamray band similar to the one
found for blazars. These are active galactic nuclei thatlaeacterized by flux variability in all
observed energy bands and at all observed time scales. Tédheigaed at a small angle between
the jet axis and the line-of-sight. Thus, strong relatizifteaming influences the variability
properties of blazars. Observations of IC 310 with the EeaopVLBI Network helped to find
limits for the angle between the jet axis and the line-ohsiglamely10° — 20°. This places
IC 310 at the borderline between radio galaxies (largerem)@nd blazars (smaller angles).

During the gamma-ray outburst detected at the beginninigeofrtulti-wavelength campaign,
flux variability as short as minutes was measured. The gpactiuring the flare can be de-
scribed by a simple power-law function over two orders of miagle in energy up te-10 TeV.
Compared to previous observations, no significant vartgtli the spectral shape was found.
Together with the constraint on the viewing angle, this lemgles the currently accepted models
for particle acceleration at shock waves in the jets. Al&ue models, such as stars moving
through the jets, mini-jets in the jet caused, e.g., by reeation events, or gap acceleration
in a pulsar-like magnetosphere around the black hole wessiigated. It was found that only
the latter can explain all observational findings, whicheatst suggests that it could even be
worthwhile to reconsider published investigations of AGRhwhis new knowledge in mind.

The first multi-wavelength campaign was successfully besacted in 2012/2013, includ-
ing ground-based as well as space-based telescopes irdtheaptical, ultraviolet, X-ray, and
gamma-ray energy range. No pronounced variability wasdafter the TeV flare in any en-
ergy band. The X-ray data showed a slightly harder spectrbienwthe emission was brighter.
The long-term radio light curve indicated a flickering fluxadbility, but no strong hint for a
new jet component was found from VLBI images of the radio jetahy case, further analysis
of the existing multi-wavelength data as well as complimenmeasurements could provide
further exciting insights, e.g., about the broad band spketergy distribution.

Overall, it can be stated that IC 310 is a key object for redeaf active galactic nuclei in
the high-energy band due to its proximity and its peculiapprties regarding flux variability
and spectral behavior. Such objects are ideally suitedttatysng particle acceleration, jet
formation, and other physical effects and models which aré&dm being fully understood.



Zusammenfassung

Fur diese Arbeit wurde die Breitbandemission des Aktivera&iahkerns IC 130, der sich im
Perseus Galaxienhaufen befindet, speziell im Gammastrabfed Radiobereich untersucht.
Die experiementellen Methoden, die dabei verwendet wyrsiex Tscherenkow Astronomie
mit den MAGIC Teleskopen, und hochauflésende Interferamétnglisch: very long baseline
interferometry, kurz VLBI) bei Frequenzen im RadiobereiclkQBAVE, EVN). Zusatzlich wur-
den Daten des Objektes in verschiedenen Energieb&nderarsund eine Multiwellenl&angen-
Kampagne organisiert und durchgefuhrt. Wahrend der Kangpagmnde ein aul3ergewdhn-
licher, heller Gammastrahlenausbruch bei TeV-Energiendem MAGIC Teleskopen gefun-
den. Die Ergebnisse wurden mit theoretischen Beschleugggumd Emissionsmodellen ver-
glichen, die zur Erklarung von Hochenergiestrahlung inivikt Galaxienkernen herangezogen
werden. Viele offene Fragen bezuglich der Teilchenbesicidging zu sehr hohen Energien in
Jets von Aktiven Galaxienkernen, den Teilcheninhalt des, dmd der Jetentstehung, wurden in
dieser Arbeit anhand der Variabilitatseigenschaften v©B810 im sehr hohen Energiebereich
diskutiert.

Es stellt sich heraus, dass IC 310 bisher falschlicherwagssog. “head-tail” Radiogalaxie
klassifiziert wurde. Stattdessen zeigt sich, dass dasbitdsverhalten im Radio-, Rontgen-,
und Gammastrahlenbereich demjenigen von Blazaren ahrielie @bjekte sind Aktive Galax-
ienkerne, bei denen Variabilitat des Flusses in allen beftleéen Energiebandern und auf allen
beobachteten Zeitskalen gemessen werden kann. Bei Blazateiw kleiner Winkel zwis-
chen Jetachse und Sichtlinie vermutet. Die dadurch enstieimerelativistische Aberration und
Verstarkung nehmen Einflul3 auf die Variabilitatseigenfieha Beobachtungen von IC 310 mit
dem Europaischen VLBI Netzwerk halfen, den Winkel zwischenJtachse und der Sichtline
auf10° — 20° einzuschranken. Damit ist IC 310 ein Objekt, das sich nitdnt&ls Radiogalaxie
(groRRere Winkel) oder Blazar (kleinere Winkel) definieressta

Wahrend des Gammastrahlenausbruchs, der zu Beginn der Milginléngen-Kampagne
detektiert wurde, konnten Flussveranderungen auf Zégskan wenigen Minuten gemessen
werden. Das wahrend diesem Ausbruchs gemessene Spektrumib&schreiben werden mit
einem einfachen Potenzgesetz tUber zwei Dekaden in Enasgl® eV, ohne dabei Hinweise
auf ein Abbrechen zu zeigen. Beim Vergleich mit friheren Bebhangen konnten keine sig-
nifikanten Veranderungen der spektralen Form festgesteliten. Zusammen mit der Ein-
schrankung des Winkels stellt diese Beobachtung die demmsitverbreiteten Modelle der
Teilchenbeschleunigung durch StoRwellen in den Jets tggadd in Frage. Alternative Mod-
elle, die auf Einflissen von Sternen, die sich durch den Jeedpen, oder auf sogenannten
Mini-Jets im Jet, die z.B. durch Rekonnektion entstehen,Hesruwurden diskutiert. Aul3er-
dem wurde die Gap-Beschleunigung in einer pulsarahnlichegnétosphare um ein Schwarzes
Loch herum studiert. Es zeigte sich, dass nur das letztgeadviodell alle beobachteten
Eigenschaften erklaren kann, was mindestens nahelegtedasch lohnen konnte, selbst bere-
its veroffentlichte Untersuchungen von Aktiven Galaxiemien unter diesem Wissen neu zu
beleuchten.

Die erste Multiwellenlangen-Kampagne mit erd- sowie veltngebundenen Teleskopen
im Radio, optischen, Ultraviolett, Rontgen und Gammastrdidecich wurde 2012/2013 er-
folgreich durchgefuhrt. Keine signifikant ausgepragteiliceen Flussveranderungen in den



beobachteten Energiebandern konnten nach dem Gammaeasttabbruch gefunden werden.
Die Rontgendaten zeigten ein geringfugig harteres Spektninzunehmenden Fluss. Die
Langzeitlichtkurve im Radiobereich wies ein Flackern dassbés auf, allerdings wurde kein
starker Hinweis auf eine neue Jetkomponente in dem VLBI-Retdgefunden. In jedem Fall
konnten eine weitere Analyse der vorhandenen Daten genasigserganzende Messungen
weitere, spannende Einblicke zum Beispiel in die spektrakergieverteilung auf breiter Skala
liefern.

Insgesamt lasst sich sagen, dass IC 310 durch sein Nahe woidlmksondere Eigenschaften
bezogen auf Fluss&dnderungen und spektrales VerhalterkliisSelobjekt fur die Erforschung
von Aktiven Galaxienkernen im Hochenergiebereich ist. cBelObjekte sind ideale Kandi-
daten, um Teilchenbeschleunigung, Jetentstehung undeaplagsikalische Prozesse zu studieren,
die noch nicht vollstandig verstanden sind.
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Introduction

The Elegant Universe

According to general relativity, the ultimate fate of matteat collapses under its own gravity
is a black hole. Only from regions outside the event horizdarmation can be measured in
a finite time. The astrophysical evidence for black holesverwhelming even if the physics
behind them is still matter of debate. Black holes with masédise order ofl0°~!° times the
solar mass are commonly found in the center of galaxies. Byeting surrounding matter, the
luminosity of the active galactic nuclei can outshine thassion of their host galaxies. Some
of the active galactic nuclei eject powerful outflows congub®sf plasma, called jets. Those
jets can produce a non-thermal energy distribution actesgntire electromagnetic spectrum,
from radio to gamma-ray energies. The low-energy emissaorbe explained with synchrotron
radiation whereas the emission process at the higher fnetgseis still not understood. Itis be-
lieved that the jets of the active galaxies contribute topteeuction of the cosmic rays at the
highest energies. However, the search for the responsibleration mechanism keeps astro-
physicists busy. Shock acceleration known from shockspeswva remnants is the commonly
accepted process. Those shocks can be observed as movisgvithovery long baseline inter-
ferometry (VLBI), but a closer look to the base of the jet remsadlifficult due to synchrotron
self-absorption. Observations at higher radio frequenaieere the core becomes transparent
could provide information about the jet base. However, thieirysufficient angular resolution
achieved at higher radio frequencies prohibits the imaginthe environment of black holes
due to their cosmological distances.

An alternative way to obtain information about structurethe scale is to observe the highly
variable gamma-ray emission of the accelerated particlé® size of the emitting region is
related to the distance that the light can travel during theracteristic flux variability time
scale. Recently, variability as short as minutes has beasmadxd by Cherenkov telescopes from
active galactic nuclei in which the jet is pointing towards galled blazars. Due to relativistic
motion of the particles in the jet the emission is stronglgsted. Therefore, the observed rapid
variability is related to larger, time-dilated emissiomgians. Unfortunately, the effect of the
boosting is a quantity that is not constrained well. Inst@éadase of radio galaxies which are
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viewed at a larger angle, the flux boosting and time-scaleehing for the approaching jet is
only moderate. Nevertheless, gamma-ray emission of a felo galaxies has been observed in
the very high energy range. A prominent example is M87, tiérakgalaxy in the Virgo cluster
of galaxies. The daily-scale variability found in the gamrag range is marginally consistent
with the scale of the event horizon.

Another active galaxy is IC 310, located in the outskirtste# Perseus cluster of galaxies.
Originally classified as a head-tail radio galaxy, receuatligts show a blazar-like radio struc-
ture and a peculiar variability behavior. Thus, in this theke object IC 310 is investigated in
the gamma-ray band with the Cherenkov telescopes MAGIC. Tinessurements are comple-
mented by VLBI radio observations as well as measurementseimemaining energy bands.
It turns out that IC 310 shows unique and fascinating progesvhich question the standard
scenario for explaining the high-energy emission in sughaib, as well as pose critical tests to
new, state-of-the-art models for rapid variability. Thecbmes particularly evident for an un-
precedented, exceptionally bright TeV outburst occurimiyovember 2012. During this flare,
ultra-rapid changes of the flux corresponding~t@0 % of the scale of the event horizon were
found. This provides, for the first time, a glimpse at the @nifation process in the plasma
surrounding a supermassive black hole.

Outline of the Thesis

The thesis is structured as followed: Chapter 2 gives andottion to the topic of active
galactic nuclei and in particular to broad-band emissi@perties of their radio-loud subclass.
In Chapter 3, an overview of the multi-wavelength instruraéioh used in this thesis can be
found, whereas in Chapter 4 the basics of Cherenkov telesabyedd AGIC telescopes, and the
analysis methods are introduced in detail. The emissioheéttive galactic nucleus of IC 310
Is investigated in Chapter 5 using data from different enéayyds, and the AGN classification
Is being discussed. In Chapter 6, the observations of the ¥ #nd the first deep high-
resolution high-sensitivity VLBI images are presented, andriety of theoretical models are
discussed. Chapter 7 gives a summary of the results from gherfulti-wavelength campaign,
and the monitoring in the gamma-ray and radio band orgarbyetlie author. The thesis ends
with a short summary and outlook in Chapter 8.
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The Grand Design

2.1 Overview

Active Galactic Nuclei (AGN) are among the most luminousragalactic objects in the uni-
verse. The broad-band emission indicates thermal andhemal processes associated with
particle acceleration and accretion. The first hint fortreistic particle acceleration in extrater-
restrial objects was provided by the discovery of cosmicriay1912 by Victor Hess (Hess
1912). However, it took about fifty years until the develominef new astronomical tech-
nigues, the radio telescopes, to address the astrophysiealf highly energetic particles and
cosmic magnetic fields.

Nowadays, it is believed that AGN are powered by supermadsack holes in the center
of the host galaxy. These black holes accrete the surrogndatter, the vicinity becomes
very bright ¢~ 10*-%’ erg s!), and may outshine the normal stellar emission of theindesa
(~ 10* ergs). Galaxies that host AGN are also callective galaxiesnd they make up 3%
of all known galaxies. For a more complete review of thosectsj, see Robson (1999) and
Longair (2011). The basic components of an AGN are showngnZL, and will be introduced
and motivated in the following.

The supermassive black hole and the surrounded accretikiai enclosed by a dusty torus.
This system comprises regions, the so-called broad- andwdine regions, BLR and NLR,
respectively, which contain fast and slow moving gas clouderpendicular to the accretion
disk and torus, sometimes plasma outflows extend from the#atergion of the AGN, called
jets. Typical dimensions of the individual components are sunwed in Table 2.1.

e Black holes in AGN: A black hole accretes surrounding matter, also includigitli It
is believed to be rotating. This has been confirmed directtyohe AGN in a recent
publication of Reis et al. (2014). The mass of black holes ifNA&n be inferred from
the motion of nearby stars and gas clouds by measuring theityetlispersion of the host
galaxy (Gultekin et al. 2009) or the kinematics of masers\&oUrry 2002). Masses
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Figure 2.1: lllustration of a radio loud active galactic nucleus. The center of an AGNligved
to be a supermassive black hole. It is surrounded by an accretionrdbkand torus
(pink). The black and blue circles indicate the gas clouds of the broablnamow-
line region. The jets extent perpendicular to the system. The figure alsoatksthe
unification scheme of radio-loud active galactic nuclei. See text for mooenvation.
Image adapted from Urry & Padovani (1995).
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Table 2.1:Dimensions of individual components of an AGN. Table adapted from Rugs&
Briiggen (2007).

Component Typical size

[pc] [ly] [cm]
Black hol¢ 107 33 x107* 3.1 x 10"
Accretion disk 1072 3.3x1072 3.1x10%
Broad-line region 10 3.3x10° 3.1 x 10
Torus 10! 3.3 x 100 3.1 x 10"
Narrow-line region 103 3.3 x10® 3.1 x 10%
Host galaxy 100 3.3 x10* 3.1 x 10%
Jet <109 3.3 x10% 3.1 x 10*

Notes. (@) The dimension of the black hole is given by the Schwarzschild radius ftack bole with a
mass ofl0° M,

in a range ofMpy ~ 105719 M., were found for AGN. Due to the nature of black holes,
their size and their volume can not be measured. Therefevent horizon of the black
hole is commonly estimated from the Schwarzschild radiua fion-rotating, or from the
gravitational radius?s = 2R = 2G Mgy /c?, for a maximally rotating black hote

e Accretion disk: The hot accretion disk is located around the black hole andeaob-
served, e.g., in the optical band. The formation of the dislaused by conservation of the
angular momentum. The emitted energy spectrum is therraalitican be described by a
superposition of Planck distributions of different tengdares. Temperatures of 10° K
give rise to spectra peaking in the ultraviolet (UV) rangehd electromagnetic spec-
trum. Hotter temperatures can be found closer to the bladshwhereas cooler regions
are farther away. The mass-dependent temperature of imccoesks has been investi-
gated, e.g., by Bonning et al. (2007). Additional radiatisrcaused by Bremsstrahlung
of free electrons. In case of an advection-dominated doordéiow the accretion disk
is assumed to present a rather low accretion rate (Abramzostial. 1996). This rate is
assumed to be as small as a few percent of the Eddington eatsing a low luminosity
of the disk. Such a low accretion rate might be present in bjead IC 310 discussed in
this thesis.

e Broad- and Narrow-line region: The BLR as well as the NLR include fast and slow
moving clouds. Lines in spectra of the AGN are due to atonanditions broadened by
the Doppler effect. The broadening is related to the spedldeoéloud. The speed of the
clouds in the BLR is typically of the order ef 10°~*km s, and~ 10*~3kms in the
NLR. Forbidden transitions can be used to measure the desighy clouds.

e Torus: The torus around the disk is mainly formed by dust. The ramhais mostly
emitted in the infrared regime. The torus may hide the emmsiiom the vicinity of the
black hole.

e Jets: Jets are collimated relativistic plasma outflows. The esitenof the jets can be
very different. Sometimes no or only weakly extended je¢sfaund. The jets can emit

1G is the Gravitational constant, ards the speed of light.
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their radiation in all energy bands, showing a non-thermpalyer-law energy spectrum.
They can be directly viewed in the radio, optical, X-ray, @ainma-ray band, see, e.g.,
the jet of M87 (Acciari et al. 2009) and Centaurus A (Abdo eall0c). For the latter,
one of the highest spatial-resolution radio images of a gt leen obtained using the
Very Long Baseline Interferometry technique by Miuller et (@011) showing several
smaller structures, callddhots In addition, radio and optical observations show a highly
polarized emission from the jet. The radio images of neaaloyorloud AGN often show
lobes generated by the ram pressure equilibrium betwegettpéasma and the ambient
thermal plasma.

Jets can be found in many astronomical objects, e.g., indlae system (e.g. Enceladus)
or on galactic scales (e.g. microquasar). There are stiffratopen questions regarding
how jets extract energy from the black holes and why they danwerge in all objects.
It is also not understood how they form. In Blandford & Znajdl®17), it has been
proposed that the jets of rotating black holes carryingdampnounts of magnetic energy
and angular momentum are created by a gravito-magneticanexh. On the other hand,
Blandford & Payne (1982) discuss the possibility that theudsagmomentum is extracted
magnetically via field lines from the surface of the disk. Do@bsorption processes, the
region where the jet is formed is opaque. The best resolvegéntliose to this region
could be obtained by Doeleman et al. (2012) with VLBI at a femgry of 230 GHz,
revealing a structure with a size of.0 + 0.8 R¢. Furthermore, the composition of the
plasma and the origin and location of the high-energy enss& a matter of debate,
compare Mannheim (1993b) versus Maraschi et al. (1992)ulsameously, the physical
mechanism for the acceleration of the particles in the jek the jet collimation in a
turbulent vicinity is still not fully understood.

2.2 The Unified Model

AGN show a zoo of morphological types and behavior regarding., the variability or their
broad band emission. Originally, properties like strer@ftemission lines in spectra (Baldwin
et al. 1981; Veilleux & Osterbrock 1987) led to differentss#ications of various AGN. Gen-
erally, AGN are divided into radio-loud and radio-quiet @tts according to the ratio of the
radio to optical flux (Kellermann et al. 1989). Interestingibjects that fall into the radio-loud
category typically exhibit jets that are not observed inaagliet sources. Radio-quiet AGN
are typically found in spiral galaxies with no or only maraiiy extended jets. They are further
divided into different classes of Seyfert galaxies. Radi@fAGN will not be further discussed
in this thesis (see Longair (2011) for an overview). The &ootithis thesis will be on radio-loud
AGN which are mainly located in elliptical galaxies. In theified model introduced by Urry
& Padovani (1995), the various diagnostics of radio-loudNAGan be interpreted mainly as a
product of different viewing angles of intrinsically thensa type of object. This viewing an-
gle is characterized by the angle between the jet-axis antin@-of-sight. The diverse classes
of radio-loud AGN illustrated in Fig. 2.1 will be reviewedlfowing the arguments of Punsly
(2001).

e Radio galaxies: Two types of radio galaxies are found, which are called Faffi&kiley
(FR) type I, and Il, after Fanaroff & Riley (1974). The formerkantrinsic extended
radio luminosities of< 10% ergs™! in a frequency range of 10 MHz to 250 GHz. The
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radio jets end with diffuse, “edge darkened” plume-likaistures (calledobeg after a
few hundred kiloparsec. Figure 2.2, left, shows an overfayptical and radio images of
Hercules A, a FR | proxy.

Instead, FR Il are more powerful with an intrinsical radiminosity of~ 10**~4"ergs..
Additionally, they differ from the FR | by showing “edge bhitened” lobes, and often
“hot spots”. Those are strong and bright regions in the jBtlIfets are more collimated,
and may extend up to a few megaparsecs, see, e.g., the raafje iaf Cygnus A in
Fig. 2.2, right. In the unified model it is believed that radmaxies are AGN in which
the jet-axis has a large angle to the line-of-sight.

e Quasars: Quasars are divided into subclasses according to whetbgratie dominated
by their lobe or core. Lobe-dominated quasars have similamphology and features
as FR Il radio galaxies regarding the luminosity of the lobd ¢e jet. However, the
luminosity ratio of the jet to its counter-jet is sometimasgler, causing the detection
of only one jet. According to the unified model, this can belax@d in terms of the
viewing angle which is smaller for quasars compared to tlufsadio galaxies. The
viewing direction with a smaller angle between the jet-adisl the line-of-sight leads
also to a different optical/UV emission and broad emissioed.

In core-dominated quasars, as the name implies, the emjssspecially at high radio
frequencies, is dominated by the core instead of the lobé® cbre is an unresolved,
often flux-variable structure in the radio jet from which d flawer-law spectrumc v~
with o < 0.5 in the frequency range of 1-5 GHz is measured. Instead, tesishow a
steeper power-law index of ~ 0.5.

e Blazars: These objects are characterized mostly by non-thermakemnisoften over 19
decades of the electromagnetic spectrum, and flux vatigloifi time scales from years
down to minutes. There are two special types of blazars: $pactrum Radio Quasars
(FSRQ) and BL Lac objects. They are distinguished based omthestent width & 5[&)
of the emission lines. In case of BL Lacs, the accretion phemanand emission lines are
sometimes outshined which complicates the determinafitimer redshift. It is believed
that blazars are viewed at a very small angle to the jet-akiee small viewing angle
leads to a strong beaming of the radiation, making them th& scwmmon population of
extragalactic gamma-ray objects (Weekes 2003).

2.3 Particle Acceleration mechanisms

The observation of non-thermal radiation from AGN up to tiighlkst energies indicates effi-
cient acceleration processes of the particles in the jetoiiétical models for acceleration need
to explain the typically observed power-law spectra up tergies of~ 102° eV, similar to what
has been observed from the spectrum of the cosmic rays.
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Figure 2.2: Radio galaxies.Left: Image of a typical FR | radio galaxy, Hercules A, obtained by
a combination of an optical observation by the Hubble Space Telescope rauioa
measurement of the Very Large Array (VLA). Image credit: NASA, ESABaum and
C. O'Dea (RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Helberitage
Team (STScl/AURARIght: Radio image of the prototypical FR Il radio galaxy Cygnus
A. Image credit: NRAO/AUL.

2.3.1 Fermi Acceleration

In the original work of E. Fermi (Fermi 1949), charged pdetscare accelerated stochastically in
order to explain how cosmic rays are accelerated in intéastdouds. A simplified, qualitative
derivation of this process will be described following Staii2004).

A relativistic particle with an energy, encounters a turbulent magnetized plasma cloud,
which moves in the opposite direction in the lab frame withegain velocityv,. Inside the
cloud, the particle suffers several elastic (energy and emom conserved) scattering pro-
cesses. If the particle leaves the cloud in the oppositedmatlpl direction as it entered, it gains
energy. Its energy can be calculated to be proportionalawéfocity of the cloud in the frame
of the cloud. For the particle, the energy at exitis It can be shown that the particle gained
an energy of:

AE  Ey—E
E K

with 8 = va/c andvyy = (1 — 8%)~/2. Hence, the energy gain is dependent on the square of
the velocity of the cloud.

However, with a different angle of entry and exit relativettie cloud, this may result in no
energy gain or even an energy loss. Therefore, any angleebatthe particle and the cloud
needs to be taken into account. Furthermore, the direcfidheoparticle inside the cloud is
expected to be isotropized. When averaging over all andieswill lead to an average energy
gain which is proportional to the square of the velocity & garticle.

After n such encounters, the energy will Bg = Ey(1 +n)™. Then, it can be shown that the
number of particlesV in the region of acceleration is given by:

=731+ pa)? —1=n, (2.1)

N<> En) = NO io:(l - Pesc)m X *’4(E171/E10)7 (22)

n

whereP,. is the probability of the particle to escape the accelenatgion and the power-law
index~ ~ P.,./n. Hence, the produced particle energy spectrum follows aepdaw. Since;
depends on the square of the velocity of the particle, thosgss is called second-order Fermi
acceleration. This acceleration process in its originahilas some difficulties in explaining
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the processes in an AGN jet. It takes a long time to reach mghgtes because

dE  nE
_ 2.
dt Tenc ( 3)

whereT,,. is the characteristic time per encounter.

A more efficient energy gain is explained with the so-callestforder Fermi acceleration.
Here,n is proportional to the velocity of a shogk . This process refers to the particle accel-
eration in strong non-relativistic shocks created by dgmsmps in the plasma. Therefore, it is
also called diffuse shock acceleration. It will be desatibethe following only quantitatively
according to Longair (2011). Here, high energy particleth\aivelocity ofv,, ~ c with a ran-
domized velocity vector are assumed to be present in froandfbehind the shock. The shock
itself moves with the velocitys which is smaller than the velocity of the partialg. Further,
the velocity of the shock wave is much higher than the sourgdpn the ambient medium.
Thus, the Mach number s> 1. The advantage of shock acceleration is that every timeta par
cle crosses the shock, from upstream to downstream the stmackice versa, it gains a small
amount of energy. This energy gain is proportional to thecig} of the shock. This is more
efficient, as no energy loss occurs. Furthermore, assuniffggesht angles at which the parti-
cles arrive at the shocks it can be shown that the averaggyegam when crossing from the
upstream to the downstream side of the shock is proportiorthle particle velocity upstream
and proportional to the velocity of the shock. After anotbrrssing downstream to upstream,
the average energy gain is now doubled. After a few more stegs2.2 can be written in a
modified way:

N(E)dE o« E~1WnPeac/mf)q B (2.4)

with Ing proportional to the velocity of the particle or the shockndlly, it is found that the
index—1 + (InP../Inf) equals—2. Thus, shock acceleration of high-energy particles leads t
a power-law spectrum with an index ef2. This is valid for non-relativistic shocks where the
magnetic field is parallel to the shock normal, and the Machlmer> 1. Those conditions are
not found in AGN. According to Longair (2011), the maximaleegy that can be achieved is
given by:

Eax < BugL (2.5)

thus, proportional to the magnetic field flux denditythe velocity of the shocks, and its scale
L.

The implications for particle acceleration processes iratrelativistic shocks are discussed
in Kirk et al. (2000) or Reville & Bell (2014).

2.3.2 Acceleration by Magnetic Reconnection

Magnetic reconnection is usually used to explain powerfginés such as solar flares (Gor-
dovskyy et al. 2010). But it may also be considered for acagtar phenomena within mag-
netic reconnection sites of AGN (de Gouveia Dal Pino et aL12@enitani & Hoshino 2001).
For the latter, large amounts of energy are present in magingds, e.g., in regions close to
a black hole. A finite electrical conductivity of the plasmaables the field lines to diffuse
relative to it. This results in a dissipation of energy of thagnetic field line by heating the
plasma. Thus, energy can be released. In particular, tlefastive in current sheets as there
the magnetic field lines are orientated in the opposite tdoec Then, the lines can reconnect
under resistive dissipation of the energy. The microplsysicsuch an effect is not yet fully
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understood. Further, the large values of the electric ccindty in the plasma and the large
scales where dissipation takes place cause problems. Teé&gtion is explained similarly
to the first-order Fermi acceleration by frequent bouncihgharged particles back and forth
across the reconnection site see de Gouveia dal Pino & lzazé2005). This results in an
energy gain ofAE/E o v../c, Wherev,. is the reconnection velocity carrying flow of the
magnetic flux with opposite polarity. In case of fast recarios, i.e.,v,.. IS of the order ot
the resulting particle spectrum i(E) o E~°/2, see de Gouveia Dal Pino et al. (2011). The
physical conditions of the plasma, e.g., on charge carnecgssary to achieve this result are
described in de Gouveia dal Pino & Lazarian (2005).

2.3.3 Acceleration by Electric Fields

Acceleration of particles up to the highest energies migbtioin a magnetosphere around the
black hole similar to acceleration and emission models tdsqrs. A comprehensive introduc-
tion to the physics behind these processes can be found slyP@001). For pulsars, mainly
two scenarios have been proposed: the “polar cap” and thter‘cap model”. In the former,
particles are accelerated in gaps near the magnetic potae obtating neutron star. The latter
places the acceleration region between open field linestendull charge surface (occurring
between positively and negatively charged regions) of tagmetosphere (Weekes 2003).

In case of an AGN, it is assumed that the rotating black hokursounded by an external
poloidal magnetic field3. The black hole itself is characterized by its angular viyoQ =
a(c/2Ry), which depends on the radius of the event horizgn= Rs/2(1 + V1 + a?) and
the Kerr parameter for which < a < 1 applies. Rs is the Schwarzschild radius. The rotation
induces an electric field ofE| ~ (Q2Ry)B/c that yields a voltage drop 0 ~ RyE =
(a/2) Ry B. The resulting potential drop is of the order of:

® ~2x 10%% (1+m) (10%4@) (1(§G>M' (2.6)

In principle, a charged patrticle, e.g., electrons can teppbtential entirely in such a way that
energies off = e® ~ 3 x 10" (M/10¥M,,)(B/10*G) eV are reached. For a full review of the
underlying physical processes and necessary conditieasesy., Rieger (2011).

2.4 Non-thermal Emission and Absorption Processes

There are many radiation and absorption processes relevastronomical (and atmospheric)
phenomenons, but only those that are of particular intéoeshis thesis will be covered in the
following section. Comprehensive descriptions of all pgsss can be found in Weekes (2003),
Longair (2011), and Stanev (2004).

Here, the following parameters are uset: the Thompson cross section, the vacuum
permeability,» the Planck constant, the frequencym,. the mass of an electron, and thus.c?
the rest mass of the electron, anthe Lorentz factor.
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Compton Scattering

Compton scattering occurs if a photon with enetgyapproaches an unbound electron. The
photon will change its energy and the direction of movemegna lsertain angle. The electron
gains energy by this process. However, the more importartegss appearing in relativistic
jets of AGN is the inverse Compton effect that produces rahaip to the very high energy
(VHE, 100 GeV-100TeV) regime. Here, a high-energy electrolides with a low-energy
photon. Two regimes are distinguished: the Thompson regimalid if the photon energy is
small compared to the rest mass of the electron; In the ofgpcase, the Klein-Nishina regime
is valid (Klein & Nishina 1929). For relativistic electrongith Lorentz factory, following

a power-law spectrumx{ E~'¢), inverse Compton scattered on low-energy photemsthe
produced gamma rays have energie&ef*hv in the Thompson regime angdhv in the Klein-
Nishina range. In the first case, the emitted photons follesvdpectrum similar to the one of
the seed photons; in the later, the spectrum is proport'lsmnﬁ[n“/2 up to the energy of the
incident electron. Above this, energy the spectrum is dut of

Pair Production

Pair production plays an important role in the atmospherié @suses the production of elec-
tromagnetic air showers. It may also cause the absorptigawima rays in compact dense
emission regions. Basically, this process describes therpibsn of radiation taking place in
the field of, e.g., a nucleus with atomic numidr The process leads to the complete transfer
of energy of gamma rays to electron-positron pairs/ie;—+ e™ + e~. This occurs at a certain
threshold of> 1.022 MeV that corresponds to the sum of the rest masses of twa@hesct

The quantity\p,;, characterizes the mean distance that a photon can travehumaer of
target nuclei per unit volum#&’, before the initiation of the absorption:

)\Pair = 1/<NVUPair) = 9/7X0 (27)

whereop,;, is the pair production cross section (Weekes 2003),.8n the radiation length
corresponding also to an energy loss by a faetor

In case of high-energy photoris, and a high density of lower energetic photans this
process is responsible for the absorption of the high-gnphgptons. In this case, the pair
production cross section has a maximum at:

Ehv(1 — cos @) ~ 2(mec®)? = 0.52 (MeV)? (2.8)

where® is the angle between the trajectories of the colliding phetd-or example, for gamma-
ray photons of an energy 1 TeV the cross section peaks fasiools with photons in the near
infrared regime at wavelengthsef2 ym. Such a photon field is provided, e.g, by dust and stars
distributed in the Universe, and is called the extragatdatickground light (EBL). For more
distant objects, the density of the low-energy photon fialtteases. Hence, pair-production
becomes more relevant. The probability for detecting dbjet high redshifts in the VHE
range is limited.

Over a distancd the optical depth can be expressed hy

7(E) = d/Apair(E) (2.9)

2The attenuation for IC 310 is shown in Appendix B Fig. 5 fofeliént EBL models.
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Pion Production

If protons of energy>290 MeV interact, e.g., in the jets of AGN by collision withdrpgen
gas, excited states lead to the emission of pions:

p+p—=>N+N+n (77 +77) + ng(7%) (2.10)

where N could either be a proton or a neutron apnd are integers. Due to a very short lifetime
of ~ 107165, the neutral pions almost immediately decay into two gamaya. The charged
pions in contrast decay under the production of muons anttines as follows:

at — ot + vy
T R 7 (2.11)

and those muons decay as follows:
p = et + 1,
poo e Vgt vy, (2.12)

Hence, the detection of the neutrinos by telescopes is acaitadl for the presence of protons
in AGN jets. The two gamma rays resulting from the decay of atna¢ pion have an energy
of 70 MeV in the pion rest frame. With a power-law distributiwvith indexI",, of the original
protons the gamma-ray spectrum will follow a power-law véthindex ofl"., = 4/3(I', —1/2)
(see Weekes (2003)).

Electron Bremsstrahlung

This process describes the radiation of electromagnetiesvdue to acceleration/deflection of
electrons in the electric field of a nucleus, e.g., in an ed&cagnetic air shower. Typically, for
this radiation, the amplitude is proportional to the acclen.

Synchrotron Radiation

Under the influence of a homogeneous magnetic field= A non-relativistic charged par-
ticles, e.g. electrons, will be accelerated in the direcod the field lines, causing a helical
movement with an angular frequency of= 27 = eH/m.. An ultra-relativistic electron
(with a Lorentz factory) losses energy through the emission of radiation that iedayn-
chrotron radiation. The radiation is beamed into a cone ehop anglep ~ m.c*/E ~ 1/7.
This radiation will only be observable in the direction oéttone and hence, the motion of the
electron. The power distribution of the synchrotron radiat” shows a continuum spectrum
with a characterizing critical frequency:

we = 27 = (3/2)(eH /meqc)y? sin Op. (2.13)

The power peaks at this frequendy is the angle between the velocity vector of the electron
and the local magnetic field also known as the so-called pitdie. Atw < w. the power is
distributed withoc (w/w.)'/? and atw > w, With oc (w/w.)?exp|—2w/3w,].

Let us assume now an initial power-law distribution of electenergiesN (F) dE = kE~PdE
where the electrons with number densiyF) d £ in an energy rangé€ to £+ d E radiate away
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the energy at.. The energy radiated in the frequency rande v+ dv can be written according
to the electrons’ energy as:

J(w)dv = — ((11_?) N(E)dE (2.14)
with the energy loss rate:
dE 4 B?
— (=) N(E) = zorey* —. 2.15
() ¥ = gorery (2.15)

The final emissivity/(v) is therefore a power-law «B®+1)/2,~(r=1)/2 This can be simplified
to J(v) < v~ %, wherea = (p — 1)/2 is the spectral index depending on the slgpef the
electron spectrum.

At low frequencies this dependence vanishes due to symohrself-absorption. This hap-
pens in the case of a very compact object which absorbs itseowtted synchrotron radiation.
Therefore, at a certain frequendyinoverfrequency) the spectrum breaks, following a power-
law of index5/2. This effect is more accurately described in Longair (2011)

One important property of the synchrotron radiation is tb&apzation behavior. For non-
relativistic electrons, the radiation is circularly potad in the direction parallel to the magnetic
field lines. In any direction, an elliptical polarizationrche observed. It can be shown that for
an index ofp = 2.5 of the electron energy spectrum, the polarization is exquettt be 72%,
i.e., highly polarized.

Curvature Radiation

Curvature radiation occurs if relativistic electrons moes., in a black hole or pulsar magne-
tosphere where the magnetic field is strongly curved (Rie@&LR The electron moves along
an arc of radiusk, ~ ym.c?/(eBsin 0p), for which actual acceleration equals the centripetal
one. The critical frequency is given by:

3¢ 4
47ngy '

Ve (2.16)
Forv < v., analogous to synchrotron radiation, the curvature epmnsspectrum of a single
particle follows a power-law ok '/, and forv > v,, it decreases exponentially. The energy
loss rate or radiation powek,. for a single particle is given by:

2
_ 2e7c y

p=2%n
3Rz

(2.17)
It can be shown that under certain conditions prevalentemiagnetosphere close to supermas-

sive black holes, acceleration by electric fields may acttmriorentz factors of the electrons
UP t0Y, max ~ 10'° (Rieger 2011).
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Figure 2.3: Spectral energy distribution of blazars averaged for many sourak®ianed in five
classes according to different radio fluxes. The data points weresctethwith phe-
nomenological curves. Image adapted from Fossati et al. (1998).

2.5 Spectral Energy Distribution of Radio-Loud AGN

Radio-Loud AGN can emit radiation over the entire electronsdig spectrum, from the radio

band up to the VHE regime. The spectral energy distribut®L¥) of this radiation is typically

shown as the energy flukV/d E per interval of the logarithmic energy:
dN £ dN

ol
dE d(log E)’

(2.18)

comparable to an application of,. The integral of the SED represents the total energy output
in each energy band.

2.5.1 Emission Models

The SED of radio-loud AGN shows two main broad humps, seeZg). The first maximum
is usually observed in the infrared, optical/UV or X-ray dawhereas the second can be found
in the MeV/GeV/TeV range. This low-energy hump can be ex@diby synchrotron radiation
of electrons and positrons assuming that the jet of an AGMistsof a plasma of electrons
and positrons (Hartman et al. 1992; Sikora 1994). The ac@a of the particles is usually
explained by shocks. Those shocks propagate down the jdiff@tent velocities), and orig-
inate from colliding inhomogeneities in the jet plasma. sTban be observed as blobs in the
VLBI images. Due to the magnetic field in the jet, the electremst synchrotron radiation, as
confirmed by the measurement of highly polarized radio artdt@jpemission from these ob-
jects. Linear polarization also results from Compton scafeor plasma emission processes.
The position of the first hump is determined by the efficientthe acceleration process and
the cooling via synchrotron and Compton scattering.

The origin of the second, high-energy hump is still a subgéadebate. Two basic mecha-
nisms are discussed: leptonic and hadronic models. Leptoadels are based on the inverse
Compton scattering of low-energy photons which could be tiegns of the synchrotron radi-
ation. This Synchrotron-Self-Compton (SSC) process has pemosed by Marscher & Gear
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(1985), Maraschi et al. (1992), and Bloom & Marscher (1996)e photons in this process will
be boosted to energies~2hv in the Thomson regime ane ym.c? in the Klein-Nishina range.
The simplest version of such a model assumes a single comp@uae) in which synchrotron
and inverse Compton radiation is produced. The seed photapslso originate from external
radiation. Possible sources could be the optical to X-raggion from the accretion disk (Der-
mer & Schlickeiser 1994), the line emission from the BLR or N{Ghisellini & Madau 1996),
infrared emission from the dust (Arbeiter et al. 2002), @& tdosmic microwave background
(Harris & Krawczynski 2002). Additionally, models with affirent geometry are considered,
e.g., multi-component jet scenarios such as the model bygaropoulos & Kazanas (2004).
In Weidinger (2011), a spherical acceleration zone sudedrby a larger but also spherical
emission zone is assumed. In contrast, Tavecchio & Ghis¢#D08) suggested a cylindrical
geometry, with a fasépineand a slowesheath This model has been used to explain the broad
band SED of the radio galaxies M87 (Tavecchio & Ghisellind@pand NGC 1275 (Tavecchio
& Ghisellini 2014). The fitting of the SEDs of those objectdtwemission models originally
build for blazars is complicated. The reason is that theor&mliX-ray band is often dominated
by additional sources of radiation external to the jet sushha host galaxy. Further contri-
butions may originate from the surrounding galaxy clusterstar forming regions, see, e.g.,
NGC 1275 (Alekst et al. 2014a)

Leptonic models typically require low values for the magméeld (Tavecchio et al. 2010),
or a magnetic collimation of the jet. Such magnetic fieldrggtas are insufficient for the ac-
celeration of protons to high energies. However, if larggnadic field strengths are present,
the high energy emission, i.e., the second hump, may otggiineam, e.g., proton synchrotron
radiation (Mucke et al. 2003; Mannheim 1993b), or photaagamoduction initiating electro-
magnetic cascades (Mannheim 1993a,b). Those models araaigad as hadronic models.
They are motivated by the observed cosmic-ray spectrum apeaaies ofl0*° eV. To confirm
the acceleration of hadrons in AGN jets, neutrinos need tddtected from these objects. In
Mannheim (1995), the neutrino flux from AGN jets was predicte exceed the atmospheric
flux at energies of 100 TeV, in agreement with recent measurements (IceCube Co#iibor
2013; Aartsen et al. 2014). Due to the interaction of thegmewvith soft photons in the jet, pion
production cascades with neutrinos as decay productsitiedad. The significant detection of
individual neutrino sources is still pending (IceCube Cablation 2013; Aartsen et al. 2014).

2.5.2 Classification of Blazars

As explained in the previous section, blazars show two braadps in their SED. According
to the frequency of the peaks and additionally to their luwsity (among other properties), the
blazars are divided into subclasses. More luminous blaeais to be “redder”, having their
synchrotron peak at lower frequencies. This statementuseher strongly biased by the vari-
able behavior of these objects. The most luminous and mesatihal objects found are usually
associated with quasars which show emission lines grdﬂerﬁt& (Urry & Padovani 1995).
This criteria may lead to misclassification, as an intensgicoum (during flaring activities)
can hide broad emission lines, see, e.g., the case of BL Lam@¢den et al. 1995). The syn-
chrotron peak of red blazars is typically located in the sub-band (Ghisellini 2013). FSRQs
also often show a so-called big blue bump located in the ab#ind UV range (Shang et al.
2005). It is believed that this emission originates from #loeretion disk. Hence, for those
objects the black hole mass and its accretion rate can beatstl, see Ghisellini (2013) for a
review.
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“Bluer” objects are associated with the BL Lac objects whiabvgho emission or less strong
(<5 A) broad emission lines in their optical spectra (Urry & Paatu\vi 995). Those objects are
further distinguished into classes characterized by thation of the synchrotron peak in the
SED: low-frequency peaked BL Lacs (LBLS), intermediate-freacy peaked BL Lacs (IBLS)
and high-frequency peaked BL Lacs (HBLs). Those objects sedma kess powerful compared
to FSRQs and, hence, have lower luminosities. For LBLs thelsption emission peaks at
infrared frequencies and the high-energy peak is found af btesrgies. For HBLs, the former
lies in the UV to X-ray band and the latter at Ge¥ {00 GeV) energies. Since the gamma-ray
flux (> 100 GeV up to~ 10 TeV) of HBLs is rather high, those objects are preferably et
by ground-based gamma-ray telescopes. For some HBLs, tlcArsyron emission even ex-
tends to> 1keV and the second peak is found at TeV energies. This isdifpiobserved
during flaring activities of the object. Those objects aléedsextreme HBLs (EHBLS) (Costa-
mante et al. 2001a,b). Ghisellini (1999) suggested thaetlobjects dissipate the jet power in a
most efficient way, associated with very efficient acceleratlose to the limit.

2.5.3 The Blazar Sequence

The general trend, from red to blue blazars, is illustratedrig. 2.3 by averaged SEDs for
many objects. The objects were divided into five categowestaing to their radio fluxes (Fos-
sati et al. 1998). Generally, three characteristics coeléthterred: the bolometric luminosity
follows the radio luminosity; with decreasing radio lumsity (and the bolometric one) the
synchrotron and high energy peaks shift to higher freqesn@nd simultaneously the domi-
nance of the second hump becomes less important. Blamar sequenceas first reported by
Fossati et al. (1998) and Ghisellini et al. (1998) and uptiéte Donato et al. (2001). Ghis-
ellini et al. (1998) interpreted the blazar sequence asfantadf different amounts of radiative
cooling in the different objects. Less powerful BL Lacs cooéry a weaker magnetic field.
Assuming a SSC mechanism, the cooling will be limited, etett can be accelerated to higher
energies, producing preferably radiation at higher fregies. With overall higher luminosity
the magnetic field in the jets gets stronger. Then, the codletomes more important, so that
the electrons attain lower energies. In parallel, the pooityafor electron scattering on external
photon fields (disk, torus, BLR) increases, leading to a dotimgdnigh energy bump.

Cavaliere & D’Elia (2002) and Ghisellini & Tavecchio (2008)ggested that the blazar se-
guence is an implication for cosmic evolution of blazarse Thassification into different sub-
classes of blazar populations might be due to the same @tjdifterent stages of development.
Red blazars (FSRQ), believed to be at the beginning of an A@NH#ve a low black hole mass
of Mgy ~ 10°M,, and they are still equipped with a high amount of material taa be ac-
creted, thus the accretion rate is high. With accretion afenamd more material (e.g. from the
disk) the amount of available photons decreases. Thistsasua lower luminosity and at the
same time, an increase of the black hole mass to higher valtigs < 10°~1°M,). This is in
agreement with measurements of the black hole masses fronaBahd FSRQs (Ghisellini &
Tavecchio 2008).

According to the blazar sequence, no low-peaked low-lusitpaas well as high-peaked
high-luminosity objects exist. But those were claimed to bedted (Padovani et al. 2002,
2003; Giommi et al. 2007; Bassani et al. 2007; Padovani et0dl2R Recent studies by, e.g.,
Giommi et al. (2012a,b) using Monte Carlo simulations angdasamples of blazars, respec-
tively, suggest that the blazar sequence might be affectexjen triggered, by selection effects
mostly due to shallow radio and X-ray surveys and non-medeiredshifts of high-peaked
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Figure 2.4: Effect of the Doppler boostind.eft panel:Dependence on the Doppler boosting factor
on the angle between the jet-axis and the line-of-sigight panel:Ratio between the
observed (boosted) fluk' to the unbeamed flukj as a function of the Doppler factor.
Image adapted from Urry & Padovani (1995).

high-luminosity objects.

2.6 Relativistic Beaming

The relativistic motion of particles in jets is charactedzy the bulk Lorentz factor:
r=(1-p"2 (2.19)

where( is defined as the velocity/c. Assuming that an object, e.g., an AGN is observed under
a viewing angle), the Doppler factod is given by:

1
- I'(1 — Beosh)

Generally, forl' >> 1 the Doppler factor depends only on the combination’@ndd. As-
sumingd = 0, the maximal Doppler factor is determined By. Figure 2.4 (left) shows the
dependence of the Doppler factor on the angle between tleigtand the line-of-sight for
different values of the Lorentz factor.

Doppler boosting has several effects on the physical pasamef the emitted emission. In
the co-moving frame of an AGN jet, the frequency of the phstisn’. In the observers frame,
the frequency then equals tov/. Therefore, the energy of the observed photon is larger than
the emitted photon in the co-moving frame by a factop ofThe observed luminosity. at a
given frequency amplifies t6° L/, compared to the luminosity in the co-moving framie The
index p depends on the index of a power-law spectrumf’ () « v~%, whether a moving
sphere f = 2 — «) or a continuous jety( = 3 — «) is assumed (Urry & Padovani 1995). The
flux amplification, dependent on the viewing angle for difer Lorentz factors, is shown in
Fig. 2.4, right panel.

The importance of the Doppler boosting is evident for thelaxation of various observa-
tional properties. One particular effect is fast varidpilof the radio flux. Kellermann &

5 (2.20)
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Pauliny-Toth (1969) found that there must be a limit for thmparent variability brightness
temperatures df ~ 10'2 K. If this limit is exceeded, catastrophic energy lossestdiiaverse
Compton scattering occur that lead to a decrease of the beghtemperature back to the value
of the limit. At this limit, the amount of inverse Compton lessequals the synchrotron losses.
However, higher values for the brightness temperature wieserved. ThiCompton limitor
Compton catastrophean be explained by taking into account the beaming effeichil&ly,
it can be explained why the observed luminosities in the X&and are found to be lower
and not consistent with the theoretical predictions from @mm scattering in isotropic sources
(Marscher et al. 1979; Ghisellini et al. 1993).

In addition, without assuming the beaming, the fast valitgivould be in conflict with
the Eddington limit which limits the luminosity of an acareg object. This limit is achieved
if the radiative force due to Thomson-scattering of the atdn at free electrons equals the
gravitational force. Analogously, in Fabian (1979) a lifieit the change of the luminositx L
in a certain timer,,, was estimated to bAL < 2 x 10*er,,, ergs ' assuming an efficiency
for conversion of matter to energy of 10%.

One-sided jets

The effect of the Doppler boosting on the emission become®ob in high spatial-resolution
images of either radio, optical or X-ray emission of jetg(&187 (Acciari et al. 2009)). The ra-
dio morphology of one-sided jets (especially on the parsales) typically shows a bright com-
pact component at the beginning of the jet, cattede, where the optical depth to synchrotron
emission is of the order of unity, or a standing shock furtti@wnstream the jet (Marscher
2008). Starting from the core the brightness along the @t tisually decreases, but sometimes
shows stronger components further away from the core.

Due to the beaming the intensity of the jet pointing into tirection towards the observer
gets amplified, whereas the counter-jet in the oppositetine gets diluted. Hence, for some
of the radio-loud AGN only one of the jets is visible and theicter-jet remains undetected.
This can be described by the ratio of the flux density of theupet its counter-jet according to
Urry & Padovani (1995):

(2.21)

R Siet (14 Bcosd 2o
N ~ \1— fBcosb '

Scounterfjet

By measurings and«, the angle between the jet-axis and the line-of-sight canltained.
In case of a non-detection of the counter-jet, a limit can $tevated. Note, however, that a
non-detection of the counter-jet or an observation of oh/ ¢ore component in 1-3% of the
objects, e.g., in the MOJAVE survey could also be a resuihfem insufficient dynamic range
or disturbances in the jet flow (Boettcher et al. 2012).
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Figure 2.5: Superluminal motion. Dependence of the apparent speed on the angkehdtve jet-
axis and the line-of-sight shown for different Lorentz factors (blke&s) and for the
casev = c (gray line). Image adapted from Urry & Padovani (1995).

Superluminal motion

Superluminal motion was predicted by Rees (1966) and firssored with kinematic analysis
of radio knots in jets in VLBI radio maps of objects with smaléwing angles. Due to a
geometrical effect the emitting material in the jet appearnse mowing with a velocity larger
than the speed of light. This is characterized by the appapgeds,,,:

[sin 0

Pavp = 1 — Bcosf

< I'p. (2.22)
Thus, by measuring the apparent superluminal motion a ltvéron the bulk Lorentz factor
can be obtained. Figure 2.5 shows the apparent speed agtiafunicthe viewing angle.
The apparent speed can be also connected to the jet-toecgantatio (Eg. 2.21) with:
R= (82, +0)"". (2.23)

app

Statistical studies on the superluminal motion can be foengl., in Vermeulen & Cohen
(1994), or Lister et al. (2013). In the latter survey, the MX@H blazar monitoring program at
15 GHz, the fastest apparent motion was found to be 41.8 cwdas&om the FSRQ PKS 0805—
07. Jorstad et al. (2005) reported an even higher value 4if ¢ for the FSRQ PKS 1510089.
The authors also estimated the Lorentz factors for a nuntddapars. They found values in a
range ofl' ~ 5 — 40. For quasars a typical value bf~ 16 — 18 has been inferred, while for
BL Lacs objects the values are more widely spread.

For most TeV bright BL Lacs (mainly HBLs), however, no pronoatisuperluminal motion
was reported, see, e.g., Piner & Edwards (2004); Giroletl.e(2004a); Piner et al. (2010);
Lico et al. (2012); Blasi et al. (2013). Typically, the kineticaanalysis of the radio components
in those jets show an apparent speeds.of c. This observation, along with other properties
such as brightness temperatures and core dominance geépgrGiroletti et al. (2004b); Lister
et al. (2011), suggest rather small Lorentz factors foragh@gects. In contrast to this, high
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bulk Lorentz factors are necessary to explain the stronighgity observed in the TeV band for
these objects (e.g. Begelman et al. (2008); Nalewajko e2@1X); Narayan & Piran (2012)) as
well as in the modeling of the overall broad band emissiog. (Eavecchio et al. (2010)). This
discrepancy is calleBoppler Factor Crisis One plausible explanation could be that the radio
and gamma-ray emission originate from different locatiosith different bulk Lorentz factors

in the jet. Possible alternative scenarios to explain thisnemenon could be spine-sheath
structures (Ghisellini et al. 2005), decelerating jetsd@anopoulos & Kazanas 2003), the
'jets-in-the-jet’ model (Giannios et al. 2009), or fast nmayleading edges of radio components
which are highly magnetized and non-stationary (Lyutikolzi&er 2010).

Size of the emission region

Generally, variability allows to infer the size of the regiahere the radiation is emitted by
using causality arguments. As long as the source of the amigstransparent, any fast vari-
able emission is diluted due to the finite time in which ligahhdravel (Boettcher et al. 2012).
AssumingR (radius of a sphere) characterizes the size of the emissginm, this time can
be given byAt’ ~ R/c in the co-moving frame of the j&t If the emitting source moves rela-
tivistically, the observed time scal®t,, is a result of contractiol\t,,; = At’'/é. Therefore,
the smallest observed variability time scalerjs ..i, > 6 'R/c. The size of the emission at a
redshiftz is constrained by the variability time scale s = T,

R< T (142)7". (2.24)

The measurement of this size obviously requires the knaydeaf the Doppler factor. For

z = 0, an observed variability time scale of,, = 1 day gives a constrain aR < 2.6 x
10'6(7yar /1 day)(6/10) cm. This value is consistent with the sizes of componentsdan high
spatial-resolution radio maps of pc-scale jets, and thosed by modeling of the broad-band
spectral energy distribution (Tavecchio et al. 2010). &xte cases are the observation of minute
variability whereR is smaller than the event horizon of the black hole. To aehiew R for

M ~ 10°M,, a large Doppler factor of ~ 80 has to be considered.

Opacity problem

One particular effect is the absorption of high-energy gamays in a compact dense emission
region via pair-production effects. Originally, in CavaBoRees (1978) the authors proofed
that a compact source which can emit non-thermal radiafiaio the highest energies becomes
opaque at those energies when a certain limit of compacimesseeded. Then, more frequent
photon-photon collisions lead to electron-positron paing hence, absorb the gamma rays. This
problem has been further discussed in Begelman et al. (2008)d minute-scale variability of
TeV gamma rays observed from the objects Mrk 501 and PKS-2383, where the variability
time scale is shorter than the time scale correspondinget@tknt horizon of the black hole.
Consequently, due to the enhanced emission in such a smalhrigg gamma rays would be
absorbed if no Doppler boosting of the emission would begresThe dependency of the
Doppler factor on this effect will be derived similarly to Bdi & Ghisellini (1995).

Assume that the gamma rays and the target photons origiuaed single, spherical region
of radius R’ moving with a velocitySc and Lorentz factof” with an angle to the line-of-sight

3All values marked with a prime indicate quantities in thensoving frame of the jet.
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of 4. The absorption takes place if the gamma rays of enéfgyollide with the target photons
of energye; under an angl@. This is given by:

(1 —cos ®)E'e] ~ 8(mec?)? (2.25)

For simplicity, the factof1—cos ®) shall equall for the most frequent scattering whered =
0 applies. The cross-section, ~ o1 /5 for this process is maximized under this condition and
hence the optical depth can be calculated, see Heitler {1860 Zacharias (2014):

or

T (E') = ?n'(eg)eéR', (2.26)

wheren/(¢}) is the density of the target photons, given by

L/
(¢)) = —22 — 2.27
n (Et) 47T(R/>2C€;7 ( )
with the luminosityZ¢ , of the synchrotron target photons. The radius of the enmggion is
constrained by the variability time scatg, by causality arguments:

~ CTyarO. (2.28)

R, — Clvyar
CTx 1 T
The second equality is valid for objects at low redshiftsréwrite Eq.2.26 in terms of observed
guantities, the luminosity of the target synchrotron phests transformed from the co-moving
frame into the observer frame with:
Lgyn = L,,6". (2.29)
Generally, the observed photons of enefggre emitted with energy’ = E/§ and, the target
photons have an energy ¢f= §/E in the co-moving frame. The latter are observed at energies
€& =€ =0/E.
To avoid thevy~ pair production and hence allowing for an escape of the ganays the
optical depth is required to be, < 1, so

ar L syn

gy=20__Zam
il E) 5 §*4m R cepy,

<1 (2.30)

With Eq. 2.25 and Eqg. 2.28 this leads to:

orT Lsyn El ar Lsyn E
= — = — < 1. 2.31
7 5 04T Tyar8(mec?)? 5 09412 Tyar8(mec?)? ( )

Finally, a lower limit for the Doppler factor can be obtained

5= LenorE 1/6

2.32
= 16072 Tyar (Mec?)? (2:32)
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2.7 Variability of Radio-Loud AGN

2.7.1 Observations

The topic of variability observed from AGN is being investigd basically since the discovery
of the first quasars by Matthews & Sandage (1963). The auttiaimsied that the observed
variability constrained the size of the emission region aysality arguments (described in
Section 2.6) to be of the order of lightweeks. This impligghhenergy densities which rule out
stellar emission processes like fusion. Since then, vititiabas been found in all observed
frequency bands and on all observed times scales from yearsnutes (Wagner & Witzel
1995).

The first optical observations of fast, intra-day variapibf AGN has been claimed by, e.g.,
Racine (1970); Bertaud et al. (1973); Grauer (1984). In thayand radio band variability as
fast as 100 s anth? s (de Bruyn 1988), respectively, were found.

The detectability of fast variability is naturally limitdoy the sampling time scale as well
as the amplitudes reaching the noise level, plus insuffigénton statistics and the accuracy
of the measurement as stressed by Wagner & Witzel (1995)t lithiéed statistics affect the
minimal variability time scale measured in the high eneigi (100 MeV-100 GeV) range by
FermiLAT has also be mentioned by Vovk & Neronov (2013). Hencstdavariability is
expected in this energy range, but not resolvable byFRdmeni-LAT instrument. Therefore,
the authors have found only variability times scales whi@hraot shorter than the black hole
horizon light-crossing timé& = Rg/c.

As mentioned in Section 2.1, there are several open qusseog, regarding the connection
between the jet and the black hole, the jet base, the actieleeand radiation physics in the jet,
its matter content, and the origin and location of the gamayaemission. Studying some of
these topics requires a high angular resolution. The higdpgial resolution can be obtained
with the VLBI technique in the radio band, see Muller et al. {20 Those observations allow
for a direct imaging of the region close to the black hole (Bowan et al. 2012). However,
due to the synchrotron self-absorption, the region of thbgse is usually opaque. Fortunately,
rapid variability indirectly provides information abotiis region. To illustrate this, the spatial
scales inferred from fast variability will be compared te ¥LBI angular resolution. Muller
etal. (2011) achieved a resolution®4 mas x 0.7 mas at 8.4 GHz, corresponding 1§ 0.013 pc
atz = 0.0018 which equals to- 4 x 10 cm. The same scale is already achieved by observing
a variability time of 15 days at = 0.0018.

To investigate variability, especially fast variability,general several questions can be stud-
led as indicated by Wagner & Witzel (1995).

e Is the appearance of fast variability connected to an ovkrad)-term variation of the
flux? This could indicate a similar physical mechanism resgae of both types of
variability.

e Can periodicity be inferred? This can be studied, e.g., bythecture function (Hughes
etal. 1992), the power spectrum (Vaughan et al. 2003), dranab-Scargle periodogram
(Lomb 1976; Scargle 1982).

The “power” of variability as a function of temporal frequsncan be calculated by
the power spectral density, see Vaughan et al. (2003). Applthis method to X-
ray light curves of Seyfert galaxies, it was found that theljofv a simple power-law
(P(f) oc f*) with a typical slopek betweenl and2 (see e.g. Lawrence et al. (1987);
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McHardy & Czerny (1987)). Such slopes characterize the #eecaed noise”. A “flick-
ering” light curve has more power in short-term variabjligading to a flatter slope of
1. A steeper slope indicates variability on longer time sséléaughan et al. 2003). Fur-
ther features that can be discovered in power spectra aye,péece-wise power-laws
behavior with breaks (e.g. Uttley et al. (2002); Markowitak (2003)), or peaks denot-
ing periodicity (e.g., Belloni & Altamirano (2013)). The samed-noise property of the
power-spectra seen in AGNs and X-ray binaries may refer tmées underlying physi-
cal process of the X-ray variability (e.g., Edelson & Nan@rf99); Uttley et al. (2002);
Markowitz et al. (2003)). In contrast, the so-called “whiteise” shows a flat spectrum
with a slope of 0 resulting from, e.g., a Gaussian or Poissoprocess (Bernardini &
Cackett 2014). Those processes contribute roughly withahreesamount of power to all
time scales and frequencies.

However, the results of these analysis methods often suffer an insufficient observa-
tional sampling and duration causing unresolved indiviflages and poor coverage over
several periods.

Is the shape of flares, either symmetric (same timescaleséand decay) or asymmetric
(different timescales for rise and decay) following an engnttial or Gaussian course?
This may give hints of the physics behind the flare.

Are objects for which fast variability has been observedcdmeones in terms of their
classification? For example, in the TeV gamma-ray regimertbst rapid flux variations
(on time scales of minutes) have been measured from the HBk&Mr and PKS 2155-
304 (Albert et al. 2007c; Aharonian et al. 2007). Howevegsthobjects are assumed to be
viewed under a small angle between the jet-axis and theolirségght, hence the beaming
effect is strong (see Fig. 2.4). In case of radio galaxiésg, M87, the viewing angle is
larger and in general, no strong beaming should be presdmgrefore, the variability
time scale as long as a day as reported in Acciari et al. (2689)oe considered to be
fast.

What is the flux amplitude of a flare compared to the quiescetteé®3t Assuming an
isotropic emission of 10 ergs ! and a change of the luminosity by a factor of 2 for 24 h
requires a total energy of the order-of10?° erg.

Is the flux variability connected to a spectral variabilitifere, flux as well as spectral
variability during flares needs to be compared to the lowdgtstates of the objects over
the entire electromagnetic spectrum. Often, correlatchmgng outbursts are found be-
tween different energy bands, e.g., for HBLs in the X-ray amtE\Vband (Fossati et al.
2008; Acciari et al. 2011a,b). This follows the expectasidrom the SSC mechanism,
where the particle population that produces the X-ray eomndgs the same as the one that
produces the VHE emission. At the same time, a change of gtrspn these bands has
been observed. During flaring periods the spectra beconteharhis is visible in the
SED by a movement of the synchrotron as well as the inverse G@unpeak to higher fre-
guencies. Further correlations between the optical and Mies, X-ray and HE regime
have been reported by Wehrle et al. (1998) and Reinthal e2@1.2), respectively. In
contrast, in very rare cases no correlation between TeVsfland the low energy band,
e.g., in X-rays has been observed, see Krawczynski et &4{20 hese are callearphan
flares. In the case of S5074814 an orphan flare has been observed in the X-ray band
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(Rani et al. 2013). Generally, orphan flares may also be mmsice due to an insuf-
ficient multi-wavelength (MWL) coverage. Therefore, a deasd simultaneous MWL
coverage is crucial for the understanding of variabilityaghler (1997) mentioned that
fast variability has been observed in combination of fasinges of the polarization. The
similar time scales indicate small turbulences of the magfeld on scales comparable
to the one of the emitting region. A particular case of catieh, the study of gamma-ray
activity and the connection with newly outcoming radio tdob the VLBI jets, has been
presented by Jorstad et al. (2001); Marscher et al. (2008)al€v et al. (2009); Arlen
et al. (2013). Typically, a time lag between gamma-ray flaek gection of one month to
several months could be measured. Such an ejection mayealddd an increase of the
overall radio flux density, see, e.g., the case of NGC 1278K¢#it et al. 2014a).

e Are different flux states consistent with arrival times otitrenos? In terms of the multi-
messenger approach, it might also be considered to searcbrfelations between flares
and arrival times of neutrinos (Adrian-Martinez et al. 20%anchez Losa & ANTARES
Collaboration 2013) according to models of Mannheim (19@8&8ednarek & Protheroe
(1999).

It should be mentioned that several authors use a diffe@nenclature to characterize rapid
variability. Some authors quote the doubling time (Gaidoal €1996; Aharonian et al. 2007;
Rani et al. 2013). This time scale, however, does not fullyst@in the size of the emission
region as this size is defined by the complete time span intwihie flux changes from a low
state to a high state or vice versa. This requires a full @ageof the flare from the rise to the
decaying phase, which is often not achieved. In this casejdiubling time can be considered.
Other authors may call the entire time span (rise and deteyyariability time scale. For
example, this might be used because of a flickering behavi@revseveral short-term flares
are observed, and individual rise and decay periods catyldaalistinguished. Those various
notations makes it difficult to compare different obsermasi.

2.7.2 Physical mechanisms

To explain variability, it is commonly assumed that pagglare accelerated on shock fronts
in the jet. For a review on thishock-in-jet modeit is referred to Wagner & Witzel (1995).
This model was originally suggested by Blandford & Koénigl 789 and in-depth studies can
be found in works of Marscher (1980); Marscher & Gear (1986jies (1988); Melia & Konigl
(1989); Marscher (1992). It has been suggested by analogylgar winds and supernova
remnants that shocks located in turbulent jets cause chamdfee local emissivity and activate
flaring periods. As mentioned by Hughes et al. (1985), andnipe& Choudhuri (1985),
those changes connected with compression of the magnédicdiefiguration lead to variability
of the polarization degree and angle. Blandford & Eichler8@%has shown that shocks in
jets might accelerate particles to ultrarelativistic gnes by thein situ Fermi mechanism of
diffusive shock acceleration.

The shock-in-jet models may have difficulties in explainihg rapid variability as those ob-
served by Albert et al. (2007c); Aharonian et al. (2007); iadcet al. (2009). The variability
time scales in those cases were found to be smaller than ém legrizon light crossing time
T¢. In terms of the shock-in-jet model, however, the shortessible time scale for incoherent
radiation is the one that corresponds to the light travegtanross the shock which is the size
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of the diameter of the jet. The lowest limit of the jet diamiatethe black hole event hori-
zon, in contrast to the observed minute variability if no Plgp boosting is assumed. Rather
large Lorentz factors df; ~ 50 are suggested by Begelman et al. (2008) to explain the minute
variability, e.g., observed from PKS 215304 in order to avoid the opacity problem (see Sec-
tion 2.6). Alternative models are based, e.g., on the intena of the jets with clouds or stars
(Bednarek & Protheroe 1997a; Barkov et al. 2010, 2012b; Araaical. 2013) as originally
proposed by Blandford & Konigl (1979). Other authors sugeggts-in-jetmodels assuming
that large Lorentz factors are produced by several submegiaini-jets moving relative to the
main jet (Giannios et al. 2009, 2010; Narayan & Piran 2012).

The observation of rapid variability in the gamma-ray baraymrovide information about
where the high-energy emission is located (Vovk & Nerono¥30As explained by Liu & Bai
(2006), gamma-rays can be absorbed by production of efegisitron pairs within the dense
BLR. Hence, the gamma-ray emission may originate from a regutside the BLR which lies
parsecs away from the black hole. Instead, Celotti et al.§1L88lculated the distance of the
gamma-ray emission from the black hdle~ 'R with T" ~ 3 — 30 and R being of the order
of the size corresponding to the black hole horizon ligltssing timeT ~ 10° [R/2 AU]. It
has been suggested that a correlation/non-correlatiovele@tthe minimal variability time scale
and the mass of the black hole can be used to distinguish ath#tl location is close to the
black hole or not (Vovk & Neronov 2013). If the minimal timeade is determined by the mass,
the location is expected to be close to the central engineot|fthe minimal time scale might
be related to a compact region at large distances from tlo& biale. The rapid time scale may
then possibly be caused by intrinsic instabilities of the je

2.8 The Active Galaxy IC 310

IC 310 is a nearby lenticular galakyHubble scheme: S0) and one of the brigthest objects at
radio and X-ray frequencies in the Perseus cluster of gadaxihe galaxy was first discovered
by Edward Swift on November 3, 1888 The redshift was measured to be= 0.019, e.g.

by Shaw et al. (2013) and hence a luminosity distanc® pf= 81 Mpc to the object can be
estimatefl

Originally, IC 310 has been classified as a head-tail radiaxygg HTRG) (Ryle & Windram
1968), more specifically as narrow-angle tail radio gale&ybfing & de Bruyn 1998; Feretti
et al. 1998; Miley 1980). Those radio galaxies can be ndyufalind in clusters of galaxies.
Their characteristic radio structure arises from the nmotitthe galaxy through the intra-cluster
medium (ICM) resulting in a bending of the jets on a bow shockctvlare then pointing away
from the center of the cluster. The classification of IC31&d38TRG followed due to the
direction of the extended radio jet of IC 310 which pointsykeer, only marginally in the
direction to the center.

The object became of interest with its discovery in the gamayaegime in 2010 at energies
above 30 GeV in the data of theermiLAT instrument (Neronov et al. 2010) as well as above
260 GeV by the MAGIC telescopes (Alekset al. 2010b), see Fig. 2.6. The authors found first
hints for variability of the gamma-ray flux, arguing agaitis classification as HTRG. A bow
shock in a HTRG is large and therefore, variability shortes asman-life time is not expected
(Neronov et al. 2010).

41C 310 is located at right ascension R.A.: 3n16m42.978s awctirchtion Dec: +41d19'29.616", epoch J2000.
Shttp://cseligman. com
6A cosmology model of2,, = 0.27, 2y = 0.73 andH, = 71kms~! Mpc~! has been adapted.
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Figure 2.6: Detection of IC 310 with the MAGIC telescopes. The significance map of theeBge
cluster of galaxies above 400 GeV measured by MAGIC in 2009/2010 isrsh®he
insets show the kpc scale jet measured at 1.4 GHz with the Very Large @ft#) as
part of the NVSS (NRAO VLA Sky Survey) (Condon & Broderick 1988nhage taken
from Aleksi¢ et al. (2010b).

A transitional behavior of IC 310 between a radio galaxy ardeaar has been found in
various energy bands, e.g., Rector et al. (1999). Owen &t396() found weak optical emission
lines similar to those usually observed in FR | radio galsxia the X-ray band, IC 310 shows
a blazar-like non-thermal point-like emission (Schwaralef992; Rhee et al. 1994; Sato et al.
2005). Observations with higher angular resolution by @andrasatellite yielded a faint
X-ray halo which points in the same direction as the kpc rggtigDunn et al. 2010).
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... in a Nutshell

Radio-loud AGN emit over the entire regime of the electronedignspectrum. Due to their
often different variable behavior in various energy rangdsservations with telescopes in all
bands are crucial and should be carried out simultaneousasi-gimultaneous. In this chapter,
the different multi-wavelength instrumentation is intuoed from which observational data will
be presented in this thesis. Further information and detailthe performance of the telescopes
can be found in the corresponding references.

3.1 Radio observations

Besides the permeable transmission window at optical frecjas there exists a broad window
in the radio band, making direct ground-based observatiadhis regime possible. The con-
tinuous improvements of the radio telescopes technigque® $is birth in 1933 (Jansky 1933)
established the radio astronomy as the domain in which thieelst angular resolution can be
achieved. One of the currently best resolution providesrmétion of structures of a size of
~ 0.018 pc in the closest AGN Centaurus A achieved by Muller et al. 20A comprehensive
description on radio astronomy and its various technigsi@savided, e.g., by Thompson et al.
(2001), Burke & Graham-Smith (2002), and Rohlfs & Wilson (2004

Radio telescopes can work as single antennas or as combio&several telescopes spread
all over the world (or space-based instruments) in an ieterhetric array, using the so-called
Very Long Baseline Interferometry (VLBI) method. The achigwangular resolutiod,,, de-
pends on the wavelengthy as well as the diameter of the telescope dish in case of #sing
telescope, or the maximal distance between the telescoasarray both denoted &% The
Rayleigh criterion implies:

SIS 1.22%. (3.1)

By combining the telescopes a resolution<of mas can be obtained.
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INTEGRAL ... XMM-Newton

-

Figure 3.1: Multi-wavelength instruments.  Shown are the space-based instrunBiis-
GRAL XMM-Newton Swift Chandrg Fermi, and ground-based telescopes VLBA,
OVRO, EVN, KVA, Magic, Effelsberg 100m. Image credits: NASAt t p://
heasarc. gsfc. nasa. gov, ESA http://ww. esa.int, NASA http://
swi ft. gsfc. nasa. gov/, Chandra X-ray Observatory, NASt t p: // ferm .
gsfc. nasa. gov, NRAOhtt p://ww. cv. nrao. edu,http://ww. astro.
cal t ech. edu/ , EVN, Operations manual for the KVA-telescope (L.O. Takalo and E.
Lindfors), Max Planck Institute for Physics/R. Wagner, MPIfR (N.Kes)
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Even if the performance of single-dish telescope in termangjular resolution is less ade-
guate, long-term monitoring data and spectral propertiégrger scales in this regime can be
provided for astronomical objects, e.g., AGN and therefprevided crucial scientific informa-
tion. Detailed structural studies of these objects can bpeed with the VLBI arrays.

3.1.1 Single-Dish

Effelsberg 100-m

The Effelsberg telescopdocated next to Bad Miinstereifel in the Eifel in Germany,psi@ted
by the Max Planck Institute for Radio Astronomy in Bonn. Witk #00 m in diameter, it is
one of the largest single-dish radio telescopes in the walidh several receivers of different
wavelength, the Effelsberg telescope can provide spetiaksurements in the range from 0.3
to 86 GHz on a monitoring basis, e.g., in the framework of th@AMMA program (Fuhrmann
et al. 2014). Basic information on the telescope system cdourel in Beuchert (2013).

OVRO

The Owens Valley Radio Observatory (OVRO, near Bishop, CaliflgrUSA) 40 m telescope
provides radio data since 2008 for a list of AGN at 15 GHz netavice per week The targets
were selected from the Candidate Gamma Ray Blazar Survey, CGRaBke{t€t al. 2008), as
well as from thed=ermi-LAT AGN catalogs (Abdo et al. 2010a; Ackermann et al. 201ithwhe
restriction to the declination a¢ —20°. Details on the observing strategy and the calibration
procedures are summarized in Richards et al. (2011).

3.1.2 Very Long Baseline Interferometric arrays

VLBA/MOJAVE

The Very Long Baseline Arr&(VLBA) of the National Radio Astronomy Observatory (NRAO)
is an array of 10 identical 25 m (in diameter) antennas withsebne up to 8000 km. It is con-
trolled by the Science Operations Center in Socorra, New étexihere the correlation of the
data from the individual telescopes is performed. VLBI oliagons at eight frequency bands
between 1.2 GHz to 96 GHz as well as two narrow sub-GHz rangesaessible with this
array.

The “Monitoring Of Jets in Active galactic nuclei with VLBA »periment” (MOJAVE)
project is a long-term VLBI monitoring program at 15 GHz cootdhd with the VLBA'. All
known northern hemisphere AGNs with a galactic latitude-af.5°, a declination of> —30°
(now > —20°) have been included in the program. The first target list leenbrestricted to
a total flux density of at least 1.5Jy during the epochs 19920tt0 at the observation fre-
qguency (Lister & Homan 2005). Later, all objects from fermiLAT catalog (Nolan et al.
2012) with a gamma-ray spectral index of harder than 2.1yatida flux limitation at 15 GHz
of > 100 mJy were selected, see, e.g., Arshakian et al. (2012). 2&raGN from the first

Ihttp: // www. npi fr- bonn. npg. de/ ef f el sber g
2htt p: // www. ast ro. cal t ech. edu/ ovr obl azar s/
Shtt ps://science.nrao.edu/facilities/vlba
“htt p: // ww. physi cs. pur due. edu/ MOJAVE/
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list were added due to large, significant changes in the g#dior its direction. Furthermore,
gravitational lensed objects were excluded in both samples

Due to the detection in the gamma-ray range Withmi-LAT and MAGIC, and the modified
radio flux limit, IC 310 has been included in the monitoringyet list of MOJAVE.

The TANAMI projecf presents a complementary AGN VLBI program on the southerri-hem
sphere.

EVN

The European VLBI Network (EVN) is a consortium of severalioagstronomical institutes
and telescopes from Europe, Asia, and South AfriCurrently, the network consist of 21 indi-
vidual telescopes which are combined to an array three tpaegear for 3-4 weeks operating
at different frequencies. Due to the large collection afetsdelescopes the EVN provides one
of the best sensitivities so far. The number of antennas asddherefore its final resolution
during a specific observation, depends, however, on théahidy of the telescopes and on the
existing receiver frequency. Typically, an observationasried out by~10 telescopes.

3.2 Optical telescopes

In the optical regime ground-based as well as space-bale=tapes are possible, depending
on the frequency window.

KVA

The Kungliga Vetenskaps Akademien (KVA) telescopes aratixt at the Observatorio del
Roque de los Muchachos on the island of La Palma, Spain, andearg led by the Tuorla
observatory. They consist of two optical telescopes of different sizes with a mirror diameter
of 60cm and one with 35cm. Filters in the R-band (640 nm), B-b@&@a® nm), and V-band
(440 nm) are available.

Observations mentioned in this thesis were conducted Wwéhtter in the R-band (640 nm)
in photometry mode in close collaboration with the MAGIGetopes (Takalo et al. 2008).

Swift-UVOT

The UltraViolet/Optical Telescope (UVOT) on board theiftsatellite performs measurements
in the ultraviolet (UV) range (Gehrels et al. 2004; Kraul3 201 Therefore, the telescope
is equipped with the filters: V (547 nm), B (439nm), U (347 nidyyW1 (260 nm), UVM2
(225 nm), and UVW2 (193 nm).

Shttp://pul sar.sternwarte. uni - erl angen. de/ t anani /
http:// www. evl bi . or g/
"http://ww. astro.utu.fi/
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3.3 X-ray regime

In the X-ray range, the atmosphere is opaque. Thus, satblised observations are necessary.

Chandra

The Chandra X-ray Observatory was launched in summer 1999 and is eqdippth the
High Resolution Camera (HRC), the Advanced CCD Imaging SpectenfaCIS, 0.2 keV-
10.0keV), and further high-resolution spectrometers Gaenire et al. (2003); Weisskopf et al.
(2002).

XMM-Newton

In 1999, the X-ray Multi-Mirror Mission (XMM-Newton) staed its operation in the energy
range of 0.3—-10.0 keV (Jansen et al. 2001). The Europeam®hoaging Camera-PN (EPIC-
PN), and the two EPIC-MOS and the Reflection Grating SpectremméRGS) are the main
instruments on-board the satellite. Additionally, theicgdtmonitor (OM) allows for observa-
tion at optical wavelengths.

Swift-XRT/BAT

The Swift satellite has been launched in late 2004. Besides UVOT, hidnarseveral other
telescopes covering the soft as well as the hard X-ray ra@g&tinuous observations in the
hard X-ray range (15-150 keV), mainly for detecting gammga-oursts, are provided by the
Burst Alert Telescope (BAT). The X-Ray Telescope (XRT) opesah the soft X-ray regime
from 0.2 t0 10.0 keV (Burrows et al. 2005; Kraul3 2013). Togettith the UVOT instrument, it
provides pointed follow-up observations of the gamma-tagts. Observations of other objects
can be organized, e.g., via Target of Opportunity (ToO) psas besides normal proposals.
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INTEGRAL

The International Gamma-Ray Astrophysics LaboratdTEGRAL satellite operates since
late 2002 (Winkler et al. 2003; Grinberg 2013). It is equiphpeith several instruments in
the hard X-ray to soft gamma-ray range: the high resolutpgtsometer SPI (20 keV-8 MeV,
Vedrenne et al. (2003)), and two high angular resolutionrgarmay imagers, called IBIS (15-
1000 keV, 0.175-10.0 MeV, Ubertini et al. (2003)). In adutitj the JEM-X monitor (Lund et al.
2003), and the Optical Monitoring Camera (OMC) (Mas-Hessd.2003) provide spectral
and imaging observation in the optical and X-ray regime.

3.4 Gamma-ray energies

The gamma-ray range relevant for this thesis is divided ineoHigh Energy (HE~ 0.1 —
100 GeV), and the Very High Energy (VHE, 0.1 — 100 TeV) range. The former is accessible
by space-based instruments by direct measurements arattéravia ground-based telescopes
using an indirect detection method described in Chapter 4.

3.4.1 Fermi-LAT

Fermi has been launched in June 2008 and since August 5, 2008 itpleaated primarily in
the sky survey mode, scanning the entire sky every threeshi@iwood et al. 2009; Kraul
2013). TheFermiLarge Area Telescope (LAT) is a pair-conversion telesaopstly sensitive
to photons between 20 MeV and several hundred GeV (Ackerreaah 2012). Furthermore,
the Gamma-ray Burst Monitor (GBM) exists on-board, desigrmedbservations of transient
objects such as gamma-ray burst.

For this thesis, two catalogs have been used: the “FermieLamga Telescope Second
Source Catalog”, designated 2FGL (Nolan et al. 2012), andThe First Fermi-LAT Cata-
log of Sources Above 10 GeV”, 1FHL (Ackermann et al. 2013)e Tdrmer covers the first two
years of observation (August 4, 2008 - August 1, 2010) at angyrrange above 100 MeV. The
latter is dedicated to a higher energy range above 10 GeVamsthe first three years.

3.4.2 MAGIC telescopes

The MAGIC telescopes are two telescopes based on the Im#gingherenkov Technique
assigned to measure gamma-rays in the energy range from\bQit® 50 TeV (Alekst et al.
2012b). Itis located at the Observatorio del Roque del loshdabos on the Canary island of
La Palma. Further information of the working principle oflamaging Air Cherenkov telescope
as well as on MAGIC can be found in Chapter 4.



Gamma-Ray Astronomy at Very High
Energies

A Brief History of MAGIC

4.1 Introduction to Gamma-Ray Astronomy

Ground-based instruments used in astronomy are natuesiiated by the transparency of the
atmosphere. Apart from windows in the optical as well as srddio band, the atmosphere
IS opaque to radiation in the other parts of the electromiagspectrum. Hence until the mid
of the 20th century, only these band were accessible torestrers. With the development of
the first rockets and balloons, the situation changed gtgdosaking, e.g., the X-ray and other
frequency bands available.

The study of the highest energy radiation became importaeady in 1912 with the dis-
covery of the cosmic rays by Victor Hess. He measured an asang ionization of the at-
mosphere with increasing height (Hess 1912). This “ramiéitremarkably follows an almost
stable power-law distribution with an index ef 2.7 over about 10 decades in energy. Pro-
nounced features in the spectrum like the “knee3 at10'° eV and the “ankle” ag x 10'® eV
allow to draw conclusions on the origin of these ionizedipkes. However, the measurement
of the “sources” is difficult. Apart from the cosmic rays ag¢thighest energies, the information
of the arrival direction gets lost on the way to the Earth dutitbulent magnetic fields, e.g., in
the interstellar medium. Since gamma rays, which are rathaffected by those, are produced
during various radiation processes of cosmic rays, one sarthe gamma-ray astronomy to
identify the sources.

The direct measurement of gamma rays in the high energy (&ttf)erat 20 MeV-100 GeV
Is covered by space-based instruments likeRreni-LAT. At higher energies in the very high
energy (VHE) band between 50 GeV and 50 TeV, the atmospherbeased as a part of the
detector. The underlying physical processes and the $eddataging Air Cherenkov technique
(IACT) will be introduced below, following the descriptiory Weekes (2003).
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Primary cosmic ray

Figure 4.1: Schematic development of air showekreft panel:Electromagnetic cascade introduced
by a gamma rayRight panel:Hadronic cascade induced by a cosmic ray, e.g, a proton.
Image adapted from Weekes (2003).

4.2 Observational Techniques at TeV Photon Energies

4.2.1 Extensive Air Showers

The absorption of gamma-ray photons in the atmosphere ipased of different processes,
e.g., Compton scattering, the photoelectric effect, and gaduction. Which of those pro-
cesses dominates the absorption, depends on the energy iottming photon. If a gamma
ray with more than 10 MeV enters the atmosphere the produdti@n electron-positron pair
dominates (see Fig. 4.1 left and Section 2.4). The firstacteyn takes place at an altitude of
about 20 km above sea level. For energig® GeV, primary gamma rays split into one elec-
tron and one positron. Those then travel in approximatedysdime direction as the primary.
Generally, after the pair has roughly traveled a length efguthe radiation lengthX, (more
accurate 7/9¢, with a radiation length in air oK, = 37.2 g cn1?), secondary gamma rays are
produced by Bremsstrahlung due to an interaction with mddscin the air. The secondaries
again may produce’e~ pairs after moving another radiation length towards theigdo The
resulting electromagnetic cascade continues until theageeenergy reaches the value at which
ionization losses of the™e~ pairs and the losses due to Bremsstrahlung are equal. At this
height (~10 km, depending on the initial gamma-ray energy), the marinof the produced
electrons is reached, indicating also the maximum of thevehoThe secondary electrons in
those showers, if energetic enough, i.e. above the thr@sbolCherenkov radiation (see be-
low), can activate the atmosphere for emission of Cherenkotgnms in a cone of with a small
opening angle.

Besides showers introduced by gamma rays, showers indudeatiogns (e.g., protons) exist
(see Fig. 4.1 right). Those showers form the dominating ¢pammknd and hence are the limiting
factor for ground-based gamma-ray astronomy. They can bsidered as a combined collec-
tion of electromagnetic showers and pion decays. The riqaitas can produce gamma rays
which may release additional electromagnetic showers. chiaeged pions on the other hand
decay into muons under the production of neutrinos. The muay decay into neutrinos,
electrons and positrons. The exact shape of the shower depenthe nature of the primary
particle. For more details on the modeling of hadronic sheywsee Sokolsky (1989).
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Figure 4.2: lllustration of the Cherenkov angtk:. Image adapted from Weekes (2003).

The different properties of the showers (lateral elonggtinaximal height etc.) can later be
used for the background suppression by separating the gamdnaadron introduced showers.
Generally, the latter are broader and more scattered.

4.2.2 The Cherenkov Effect and its Radiation Properties

If a charged particle as produced in an electromagnetic shewxceeds a certain threshold
speed, the so-called Cherenkov radiation can be observelhadjppens when the velocityof
the particle is larger than the speed of lightin a dielectric medium (here: atmosphere) with
refraction index:. The so-called Cherenkov andle at which the radiation will be emitted can

be calculated from: .

n
g
wheres = v/c (see Fig. 4.2). The radiation is then emitted at a certairleaag individual
wavefronts will interfere constructively.

Figure 4.3 shows how charged patrticles interact with madéecin a dielectric medium by
inducing polarization depending on their velocity. Thikeses the molecules to radiate in the
case ofv > ¢,. Then, the disturbance is asymmetric which causes a ndtielgeld (Fig. 4.3,
right). This field is not created if the disturbance is symmeds in Fig. 4.3 on the left, where
v < Cp.

A maximal Cherenkov angle is reached wheapproaches,, and the energy of the particle
is at leastm,.c?/v/1 — n=2, with m, the rest mass of an electron. This forms a cone with a
typical opening angle of 1° in the atmosphere. At a height 6f 2000 m above sea level, this
“light pool” will have a radius of~ 120 m (see also Fig. 4.4).

Since the lifetime of the Cherenkov light from an electrometgnshower is very short{
3—5ns) fast sampling electronics are necessary for deteatidficat limiting the contamination
by the night sky background. The photon density on the greumdh depends roughly linearly
on the energy of the progenitor photon is marginally affédbg scattering processes (e.g.,
Rayleigh or Mie scattering) and amounts~ol00 ph n2 in the light pool for a 1 TeV photon.
The spectrum of the Cherenkov light covers the UV to opticatjea hence it is mostly located

cosbc =

(4.1)
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Figure 4.3: Influence of a charged particle in a dielectric medium such as an atmosphkénganel:
Particle with velocityv < ¢,. The disturbance is symmetric. No net electric field is
created. Right panel: lllustration forv > ¢,,. The disturbance is asymmetric which
causes a net electric field. Image adapted from Weekes (2003).

in the visible area of the electromagnetic spectrum. Howelige to the faintness, sensitive
detectors are needed for its observation.

4.2.3 Imaging Air Cherenkov Technique

The imaging air Cherenkov technique uses the production oféDkev light in extensive air
showers, thus the atmosphere is an essential componenisdednnique. An Imaging Air
Cherenkov Telescope (IACT) consists of a light collector amel detector, i.e., the camera
which is connected to a fast readout system, see Fig. 4.4 theoenergy calibration of the
entire instrument, Monte Carlo simulations of the atmosighe&rowers and their effect on the
telescope are important because man made or natural safitbésenergy are missing.

Maximizing the incoming Cherenkov light and hence lowerihg energy threshold can be
facilitated by large mirrors. One possibility for a cheapeegement of the reflection area is to
use a parabolic tessellated array of mirrors in a structutie tve same radius of curvature as
the focal length, known as Davis-Cotton design (Davies & Goit857). As such large mir-
ror structures are usually made out of glass, no protectomnedor cover is used for financial
reasons. This, however, may cause degradation of the meflectivity. Possible counterac-
tions are, e.g., applying anodized aluminum surfaces aiaegleaning. Additionally, the large
Cherenkov light pool of- 120 m allows a huge shower collection area~of5 x 10* m? and
a good photon statistic. This makes the technique supesimpared to instruments in other
frequency bands as the collection area is limited by the dsieas of the telescope. This fact
is important for observations of fast variability of AGNSs.

The cameras used in IACTs must be sensitive to detect theGaerienkov light and sensitive
to its wavelengths. This can be achieved, e.g., by photaphials (PMTSs) used by the MAGIC
telescopes, or Geiger-mode avalanche photodiodes (G-ARDsduced by the FACT project
(Anderhub et al. 2013).

Turbulence in the atmosphere, changes in temperaturesysegshumidity, and clouds can
distort the measurements, limiting the angular resolutiod the reliability of the data. Hence,
monitoring the atmospheric parameters during data adounss necessary. In addition, back-
ground light of either natural (moon, stars, ...) or art#i@rigin (cities, cars, ...) can influence
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Atmosphere Primary particle

Camera

Light pool

Figure 4.4: Principle of the IACT technique. An incoming gamma photon causes the dewvetdp
of an electromagnetic air shower with a shower maximum at about 10 km amquidhe
duction of faint Cherenkov light flashes. This Cherenkov light dew&iof a cone with
a radius of~ 120 m at an altitude of- 2000 m above sea level. Those photons will be
reflected by a mirror onto a camera. In the camera plane, the “image” of a gamnma
duced shower appears as an ellipse. Different colors indicate diffeignal amplitudes
in the pixels of the camera.
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Table 4.1:Imaging Air Cherenkov Telescopes.

IACT Nr. of Fov* Energy Reference

telescopes °| range [TeV]
FACT 1 5 >0.4 Anderhub et al. (2013)
H.E.S.S. 4(+1H 5 0.1-100 Aharonian et al. (2006)
MAGIC 2 3.5 0.05-50  Aleksit et al. (2012b)
VERITAS 4 3.5 0.1-30 Holder et al. (2011)

Notes. (*) Field-of-view. (¥) Recently, a fifth telescope with a mirror diameter of 28 m has been com-
missioned, allowing for measurement downtd0 GeV. () This is the energy range that is accessible
with the current standard trigger chain. Using the newly developed Siggelr the threshold will be
significantly lower at around 0.03 GeV.

the data and detection efficiency. The optimal site for an 1ACtherefore a dark site far away
from man-made lights. Fortunately, the minimum of the ngltyt background (NSB) is located
close to the optimal Cherenkov band at 300-450 nm. This is thlssensitive region of the
PMTs whereas G-APDs are also sensitive at longer wavelsngth

Even under the best observational conditions (dark nightmoon, no clouds, etc.) the
hadronic showers which produce Cherenkov light as well infteehe sensitivity of the obser-
vation of the gamma rays. This background is a factox©000 times larger and hence must
be discriminated. The properties of the different kindslufvgers are reflected in the images
in the camera plane. Therefore, the discrimination can beenfised on the geometry and
the temporal properties of showers. Images from gammahawers comprise single ellip-
tical shapes in the camera plane. The orientation of thdgeses reflects the position of the
discrete source. Hadronic showers, however, form morgutag, randomly orientated images
with several islands.

Particular shower images from the background mainly beld@/@GeV form rings in the cam-
era plane. Those are generated by muons. Their time duraititre Cherenkov pulse is dif-
ferent, and they are produced close to the ground. To caledbackground from the muons,
usually arrays of at least two IACTs are used because suchsmaay only trigger one tele-
scope. Stereoscopic observations with a telescope agayisantly improve the performance
of the observation. Furthermore, a stereoscopic systawslor a three-dimensional recon-
struction of showers. Some muons produce very compact isnaghe camera plane, similar
to those produced by gamma-ray photons. These muons canepedibut due to a different
maximal height of the showers. The advantages are a larfpatieé area, a better flux sensi-
tivity since a better background suppression is possibiedaced energy threshold due to the
muon separation, and an improved energy and angular resuolut

A collection of currently operating IACTs and their charaidtcs is given in Table 4.1. The
MAGIC telescopes will be described in greater detail in tegtrsection.
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4.3 The MAGIC Telescopes

The MAGIC telescope system is an array of two 17 m diameter I&\8ifuated on the Canary
Island of La Palma at an altitude of 2200 m above sea leveheatQbservatorio del Roque
de los Muchachos28°N, 18°W). MAGIC-I and MAGIC-II are located 80 m apart from each
other. The construction of MAGIC-I was completed in 2004 awd fiears later MAGIC-1l was
commissioned. Since then, they mainly have been operatgereoscopic mode in an energy
range from 50 GeV to 50 TeV (Aleksiet al. 2012b).

Due to a parabolic shape of the mirrors, the information efdirival time of the showers
Is conserved, hence making it possible to use this infoonati the data analysis. Additional
advantages of MAGIC in comparison to other IACTs are the fasedsystem (Bretz et al.
2009) and the light structure out of carbon fiber epoxy tuBgiaiid et al. 2008), enabling the
observation of transient objects like gamma-ray burstb€Alet al. 2007b).

The system underwent a major upgrade in 2011/2012. Thigded the replacement of the
already matured MAGIC-I camera as well as the exchange ofgheaut electronics, and the
digital trigger in both telescopes (Mazin et al. 2013; Alelest al. 2014a).

Until 2012, the MAGIC-I camera consisted of 577 PhotoMuiépTubes (PMTs) each with
a quantum efficiendyof ~30% (Paneque et al. 2004). 397 pixels were located in the jvare
of the camera, with a diameter of 1 inch each. The remainifigal8ls formed the outer part,
with a diameter of 2 inch each. The total trigger area was0°. With the upgrade, MAGIC-|
received a new camera similar to the one used in MAGIC-II. Tumalper of pixels was increased
to 1039, with a diameter of 1 inch each (Aleksic et al. 2014d)erefore, also the number of
the readout channels had to be increased. The resultimgetragea in both telescopeslig®.
The telescopes have a field of view3$°.

Signals registered in the PMTs are converted into optictdgsuby vertical-cavity surface-
emitting lasers (VCSELS) and then passed to the countingehloyisptical fibers for digitiza-
tion. There, the receiver boards convert the optical puideslectric ones via photodiodes, the
signal is split into the branch of the readout and the trigged a first-order trigger condition is
applied. This trigger is the so-called Level-0 trigger anased on the amplitude of the signal
in a trigger channel (“discriminator threshold”). The rizee boards in MAGIC-I were changed
to be equal to the one used in MAGIC-II.

Before the upgrade, the readout system in MAGIC-I consistedulfiplexed FADCs, MUX-
FADCs (Flash Analog to Digital Converters). The readout in MBGIl was based on the
Domino Ring Sampler 2 (DRS2) chip. The MUX-FADCs were robust allowed a great
performance, but their costs were high and the system wgdwudty. In contrast, DRS2 chips
were cheap but showed a large dead time, non-linearitieshigh intrinsic noise. Hence, both
readout systems were replaced by a new generation of theridoRing Samplers chip, the
DRS4. These chips allow the same sampling frequency of 2 Gsamp Furthermore, they
are cheaper and show better performance in terms of deaglitmaar behavior, and cross talk
between channels.

With the upgrade of the MAGIC-I camera, a trigger system ajéararea in MAGIC-I was
installed. Such a system is responsible for a fass (is) discrimination of Cherenkov showers
from the NSB. They involve several neighboring pixels in arstime interval surviving the
Level-0 trigger criteria. Therefore, the Level-1 triggeibased on the X-next neighbor (XNN)
topology. In case of mono/stereo observations, a 4NN/3NMigoration is used in each tele-

1The quantum efficiency reflects the percentage of detectetpsin a device.
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scope, respectively. The Level-3 trigger, also calledesterigger, finally rejects those events
which were only triggered by one telescope in a certain ¢derce window. Furthermore, a
specific trigger chain of MAGIC, the so-called Sum-Triggdipwas for observations down to

energies ofv 30 GeV (Garcia et al. 2013).

4.4 Observation Procedure and Quality

The data obtained from an IACT are strongly dominated by baxekgd. Typically, only one out
of one thousand shower events is generated by a gamma phMeasuring events is influenced
by many aspects, e.g., the ambient light (zodiacal lighpmar stars) or the weather, as well
as the telescope performance (e.g., noise of electronics).

4.4.1 Data Acquisition

During each observation, different kinds of data acqusitare performed. This includes
pedestal, pedestal subtraction, calibration, and theahdata runs. The first measures the
amount of the ambient light, i.e., the NSB in the field-ofwi@~oV) during observation, as
well as the noise of the detector and electronics. Additlgnsince the upgrade of the tele-
scopes with a new readout system, the base line of the reekipgtneeds to be calibrated with
a pedestal subtraction run, usually done once per nightcaligration run, performed with the
artificial light pulses from the calibration box in each s#lepe, is responsible for the calibration
of the detector and the electronics. The data runs (typiedth a duration of~ 20 min) are
divided into sub runs of 1 min. In addition to the pedestal and calibration run befaehedata
run of an observation of an object, interleaved pedestaktatldration events are recorded at a
rate of 25 Hz each during the data acquisition, to accourtdtfanges of the detector/electronics
on a short time scale.

4.4.2 Observation Modes

The standard observation mode of the MAGIC telescopes isdfmlled wobble mode (Fomin
et al. 1994). The advantage of this mode is the simultanebsereation of the object (ON)
and the background (OFF). During data acquisition, thestelpes do not point directly to
the celestial coordinates of the object that should be @bdebut track positions which are
usually 0.4 away from it. There are typically two or four wobble positsocentered around
the object of interest. These positions are sometimes ohaserder not to have bright stars
in the FoV that might influence the trigger rate. Usually /20 min, the wobble position is
changed to eliminate possible inhomogeneities of the casndris also allows for an uniform
observation of events from the ON and OFF regions in term$i@foiackground (NSB and
weather condition) and the zenith distance.

For the results presented in this thesis, different wobbeovations have been performed in
which sometimes the object of interest, IC 310, appeareldari-bV of a different observation
target. Hence, the wobble offsets varied in different obsgon cycles from 0.25and 1.0 to
0.4 and 0.938. The individual wobble positions are shown in the respeativapters.
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Figure 4.5: Quality check of data. Rate trend (black) during two observations togetitlertie
number of identified stars (blue) measured by the starguider, and therdsadred)
measured by the pyrometdreft panel: Observation of the Perseus cluster on October
09, 2013 (Zd:18°-35°). The drops of the rate are artifacts of the script caused by the start
and stop of the data acquisition at different wobble positidtight panel:Observation
of the Perseus cluster on December 08, 2013 (&6:19°).

4.4.3 Quality of the Data

To verify the reliability of the data and their results, thieservational conditions (e.g., the
weather) and the hardware functionality need to be chedketie following, some aspects and
their influence on the quality of the data will be addressed.

Several auxiliary instruments for monitoring the atmosphsere installed at the MAGIC
site. Non-optimal weather conditions, result, e.g., irsb&in the energy and flux reconstruction
of the gamma-ray emission. The MAGIC weather station istedtan the roof of the counting
house and continuously measures typical atmospherichlasiae.g, temperature, wind speed
and direction, humidity, and pressure. The dish of MAGIC-fugher equipped with a py-
rometer measuring the “cloudiness” of the sky (Fuchs 2008)s parameter is calculated by
measuring temperatures and the humidity and taking intoladdhe zenith distance. Further
weather stations are placed close to the other telescopetetbon the Roque de los Muchachos.

For visual inspection of the sky during data acquisition .eowamera and an AllISky camera
were mounted on-site. The latter takes long-exposurengistof the sky every two minutes so
that clouds passing the sky can be identified. Such infoomati addition to technical problems
can be written down by the shifters in the electronic runbook

Additionally, from the starguider which works as an onlinenttor for the tracking system
information on clouds or the sky brightness can be extraeted, from the number of stars that
have been identified by comparison with a star catalog. Tl function of the starguider,
however, is to monitor the pointing of the telescopes. A miisping can distort the final physical
result.

During the observation, a so-called LIDAR, Light Detectiond®Ranging, is operating every
five minutes. This device consists of a laser mounted on aimloptical telescope, and a Hy-
brid Photo Detector (HPD) as detector. It records the tintdilps of back-scattered photons.
Hence, it provides the transparency (ratio between cl@udsml scattering and molecular scat-



42 Gamma-Ray Astronomy at Very High Energies

— —om

Figure 4.6: Sketch of the dead zone problem. In some cases depending on the zeéthianth,
the telescopes point almost parallel into on direction. Then, a showerrsigge tele-
scope. The second telescope must receive the trigger within a certain tiges adher-
wise the event is lost due to the stereo coincidence condition.

tering which is close to unity in a typical case). This infaton can be used to correct for an
energy bias and the effective area due to atmospheric égtires shown in Fruck et al. (2014).

An example of a correlation of weather indicators on thegeigrate for an observation af-
fected by good and bad weather is shown in Fig. 4.5. The oasernvshown in the left panel
reflects a stable weather condition with a low cloudinessgh humber of identified stars and
a high rate. The right panel shows an unstable weather ¢ongibssibly due to clouds, as
the number of identified stars as well as the cloudiness isgihg in time. This effect is also
visible in the variable, lowered rate distribution. A lowgger rate might also be due to an
observation at high zenith distances or result from ambigint (moon, twilight) that increases
the trigger threshold.

In addition to measures to cope with weather conditions,cd@rdware functionality dur-
ing the observation must be ensured. Especially before pigeade, the MAGIC-I camera
suffered from many dead and unreliable pixels. Those habe toeated in the analysis by in-
terpolating the signal from neighboring pixels. A clusteriof those pixels may bias the result
as showers might be wrongly reconstructed. Furthermoraegguart of the readout electronics
may fail which could produce holes in the camera, e.g., tiffgdts homogeneity. This could
result in a wrong flux estimation, as the treatment of the gemknd could be biased.

In stereoscopic mode, the observation of objects in a cem@nith and azimuth region in
the sky is limited by the so-called “dead zone” due to limaas of the trigger hardware. A
sketch of such a situation is illustrated in Fig. 4.6. If teéescopes are pointing in almost
parallel direction, one Cherenkov event may trigger the fggiscope but may not be stored in
the readout of the second telescope. This is on the one hanid doi physical separation of the
two telescopes~ 80 m), and on the other hand due to a limited size of the readdtdrb&ince
the trigger system in stereoscopic mode is based on commid¢hose events are not recorded
at the end, affecting the physical result of the observatidata affected by this problem need
to be rejected in the analysis.
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Figure 4.7: Analysis chain of the MARS software. Details can be found in the corretipg sec-
tions.

4.5 Analysis and Reconstruction Software

The MAGIC Analysis and Reconstruction Software (MARS) pregdools based on the soft-
ware framework ROOA for the analysis of MAGIC data (Zanin et al. 2013). It is assid to
select the gamma from the hadron-initiated showers, taxstoact the arrival direction, and the
energy. This information is needed for the signal dete¢tioa calculation of the energy spectra
of the gamma-ray emission, and to produce light curves.

In the following, the individual steps in the analysis chaie described based on an example
analysis of~ 7h data taken in standard wobble mode in October 2013 to Deze?dii4 from
the Crab Nebula at a zenith distance (Zd) rangé°db 41°. The Crab Nebula is the brightest
steady source of VHE gamma-ray emission in the Northern sklytherefore, is referred as
“standard candle” for VHE gamma-ray astronomy. Althougbkhibuld be noted that frequent

2http://root.cern.ch/drupal/
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activity in the gamma-ray regime (albeit at lower energlesy been observed BermiLAT
andAGILE (Tavani et al. 2011; Abdo et al. 2011). In the VHE range noisicant enhancement
during such a period could be measured yet (Aliu et al. 2014).

4.5.1 Calibration

At the very first stage of the analysis, the raw data are coedento a ROOT readable format
and combined with the information from the different sulteyss (e.g., weather station, read-
out, camera, etc.) by the programerppor sorcerer Then, the calibration of the raw data is
done with the prograrsorcererin order to extract the information of the charge measured in
photoelectrons (phe) from individual pixels in the camerd the arrival time of the signal. For
older data, e.g. MAGIC-I data from the MUX-FADC based readth# prograncallisto was
used. The exact methods and algorithms for the calibratpedd on the particular camera-
readout configuration, see Albert et al. (2008a) for MAGIQitl&Aleksit et al. (2012b) for
MAGIC-II data (before the upgrade 2011/2012). The basicsgaren here for the currently
working system as most of the data presented in this thesestaken under this configuration.

In the raw format, a single event in each pixel consists of gefaam, i.e., a signal in a
number of time samples with a sampling frequency of 2 Gsasfpkend a time span of 30 ns.
From each pixel and each event, the charge and the arrivaldnm extracted. The extraction
of the signal is based on the algorithm described in Albeal.g2008a). Currently, a maximal
integral of six time slices (3 ns) are searched in a readaudew of 30 ns. Before the upgrade,
the MAGIC-II data had to be linearized first (Tescaro et al.200rhe conversion into phe is
then based on the so-called “F-Factor” method (Mirzoyan &lna 1997). For example; 100
readout counts corresponds to 1 phe on average. The DRS4 osetereds some additional
steps to eliminate inhomogeneities of the domino ring adagxg@d in Sitarek et al. (2013b).
Furthermore, at this stage a correction for malfunctiomixgls or pixels illuminated by bright
stars is applied by interpolation from neighboring pixels.

4.5.2 Image Cleaning and Parameter Calculation

The next step in the analysis is carried out with the progstan It provides a “cleaning” of
the image of the air shower (event). Examples of such a alggmiocess on different events
(gamma, hadron, muon) are shown in Fig. 4.8. A shower is teagid by all pixels in the
camera as shown in the left panel of the figure. Most of thelpizelored in blue and violet
measure a signal introduced from the NSB and the noise frereldttronics rather than from
the Cherenkov light of showers. Usually, only a few tens okfsixmarked in green, yellow,
and red, contain the signal that is of interest. To cut awayN8B and noise introduced signals
that do not belong to the shower images, different cleaniggrithm can be used.

The standard algorithm before the upgrade (applied to theemtasented in Chapter 5) was
based on the charge and timing information of individuakfs»as criteria for rejection. Here,
two charge threshold levels for the pixels are definedctire, containing at least 6/9 phe (for
MAGIC-I/-11) and the boundarywith at least 3.5/4.5 phe. For this, all pixels with highemu
bers of phe than theore are selected first. Those are markeccase pixels if a neighboring
pixel satisfied the same condition as well. Directly neigivimp pixels that fulfill theboundary
condition are then marked d®undarypixels. The charge of the remaining pixels is set to
zero. To further improve the sensitivity to the lowest eies@n additional constraint is applied
using the arrival time, see Fig. 4.8 center panel. As showhigfigure, different showers have
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Figure 4.8: From top to bottom: example for a gamma, hadron and muon event in MAGIGH ca
era. Calibrated signal before image cleanitejt(pane), arrival time information of
individual pixels (middle pané), and after image cleaningight pane).
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different arrival times on the pixels. Therefore, in additito the charge criterion, the signal
in the core pixels needs to arrive within 4.5 ns with respect to the meewad time of all core
pixels. For theboundarypixels, a maximum time spread of 1.5 ns with respect to naighl
core pixels is set. The remaining events after cleaninglaves in right panel of Fig. 4.8.

Another cleaning approach currently used is the so-calath“image cleaning” explained in
Aleksic et al. (2014b). Here, the signals are clipped in d@onghé. Thecore pixels are selected
from a search for groups of 2, 3, or 4 neighboring (2NN, 3NNN3Nixels whose charge
summed up exceeds a certain threshold, and in additioredrriva time interval ot 1 ns (0.5,
0.7, and 1.1 ns for 2NN, 3NN, and 4NN). The charge threshad#e individual groups are
2-10.8 phe (2NN),3 - 7.8 phe (3NN), and! - 6 phe (4NN). Those thresholds were optimized as
described in Aleksic et al. (2014b). For theundarypixels, the same conditions are used as
those in the standard cleaning, i.e., 3.5 phe for charge &ksXor arrival time.

The data of the flare of IC 310 presented in Chapter 6 were dieaitt a modified ver-
sion, the so-called “dynamical sum-image cleaning”. Initold to the sum image cleaning,
the cleaning thresholds are dynamically increased for sh®with total charge above 750 phe
(Sitarek et al. 2013a). This ensures that image parameateseribed below) calculated from
only well reconstructed shower cores are used in the |laagestof the analysis chain.

After the cleaning process, characteristic parametetssafhages are calculated. Originally,
those parameters consisted of the so-called “Hillas paesig€Hillas 1985). Those and further
defined image parameters are listed below; some of themuastdted in Fig. 4.9.

e SIZE: total number of phe in a shower image, containing mfation of the primary
particle energy.

e LENGTH: half length of the major axis of the ellipse, chasaing the longitudinal
development of the shower.

e WIDTH: half width of the minor axis of the ellipse, characizng the transverse devel-
opment of the shower.

e CoG position: Center of Gravity of the image.
e DIST: angular distance between the CoG and the expectedespasdion.

e DISP: angular distance between the CoG and the reconstrsictede position used for
the reconstruction of the arrival direction.

e o angle between major axis of the ellipse and DIST direction.

e : angular distance between the reconstructed and the edpgatirce position. It can be
calculated when the arrival direction of the shower is ratarcted.

e CONC-N: fraction of SIZE in the N brightest pixels describitge tcompactness of the
shower core.

e TimeGradient: amplitude of the time profile of an event aldmgmain axis of the image.

e TimeRMS: spread of the arrival time of Cherenkov photons kglanto the cleaned
image.
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Figure 4.9: Definition of some important image parameters shown on a gamma-like, ellipticl eve

e M3LONG: third longitudinal momentum along the major axipdading on whether the
head (part of the image with higher charge concentratiooloser to/further away from
the camera center than the tail (part of the image with lowarge concentration).

e ASYMMETRY: distance, positive or negative, (analog to M3NQ) between CoG and
the pixel with highest phe.

e LEAKAGE: estimated fraction of signal in the outer rings afqds of the camera.

e Number-of-Islands: number of separated islands (groupsxefs) in the shower image.

These parameters give either geometrical, source-deperatdime-related information of
the cleaned events. Those can be used for the backgrouncessjgm and/or the energy and
arrival direction reconstruction.

4 5.3 Stereo Reconstruction

Up to this point, the data are treated individually for eagllescope. Now, the data from both
telescopes are combined with the progranperstar Events that are recorded only by one
telescope are rejected. Typically, abeuB0% of the cleaned events survive.

By comparing the single events seen by MAGIC-I and the sametgegeen by MAGIC-II,
a first tentative direction of the shower can be calculatgalyapg the “crossing-point” method
described in Aharonian et al. (1997); Hofmann et al. (1998 axis of the air shower follows
the direction of the gamma source in the sky, and the majar @xihe image follows that as
well. But two telescopes see a different position of the sliamthe sky, hence their major axes
cross at the point towards the incoming direction. This métihduces problems as soon as the
axes become more and more parallel to each other in the cqtaee, or the ellipses are very
small (small LENGTH and WIDTH) which is especially relevaat fow energy events.

The stereo observation also allows for a 3D reconstructidineoshower so that the so-called
“stereo parameters” can be calculated (Kohnle et al. 1996).
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e IMPACT: corresponds to the distance of the shower axis antetescope pointing posi-
tion, see also Fig. 4.4.

e MaxHeight: defines the height of the shower maximum. It candteulated by knowing
the shower direction using the angle at which the CoG is viefn@a individual tele-
scopes. This parameter depends strongly on the energy ofdident particle. Showers
from higher-energy particles penetrate deeper into thespimere and reach their maxi-
mum closer to the telescopes, see also Akeksal. (2012b).

e Cherenkov radius: radius of the Cherenkov light pool, see£&4.
e Cherenkov density: photon density on the ground.

Knowing MaxHeight, one can calculate further propertiestenCherenkov light depending
on the zenith distance, e.g., the light pool on the ground {5g. 4.4) characterized by the
Cherenkov radius, and the Cherenkov density, i.e., the geothe Cherenkov light on the
ground. Those calculations are based on a normalizatidarCiarenkov light is produced by
a single electron of the shower at MaxHeight and the critcedrgy of 86 MeV, at which the
lonization energy losses of electrons equals the radibisses.

4.5.4 Monte Carlo Simulations

Since artificial sources of gamma rays are missing, the greaighration must be introduced in
the analysis based on Monte Carlo simulations (MCs, see algez (2013)). They are needed
for simulating the development of showers in the atmosppeyduced by a particle of certain
energy, and their production of Cherenkov light includingpadlifferent attenuation processes,
that influence the travel of the photons in the atmosphereos@lsimulations are provided
for different incident particles (gammas, protons, etcy) abmodified version of CORSIKA
(Heck et al. 1998). As explained at the beginning of this tdaprotons or other hadrons
produce showers with irregular structures and sub-showerse the computing time of such
showers is long compared to the one for gammas. As reportedpez (2013) in more detail,
an important step in the generation of MC data is the implaatem of the entire detector
response (reflectivity of the mirrors, camera layout, resaddbectronics etc.). In the end, such
simulations contain information how an image of a certaiovgdr with particular energy and
direction of the incident particle is recorded by the cam@itze same calibration and cleaning
analysis is applied to the MCs.

In particular, the simulations are needed for the calooedif the effective area and hence for
the determination of the energy spectrum. The effectiva depends on the observation mode,
either the ON-OFF mode or the wobble mode. For the lattemvititgble offset is essential. The
standard offset during wobble observations for MAGIQ.i&'. Due to the rotation of the Earth,
the expected source position in the camera plane followsgawith a radius of).4°. Therefore,
the standard gamma MCs used in MAGIC contain only those eegtsire called ring-wobble
MCs. In this thesis, however, data where the source did no¢appithin this ring will be
presented (e.g., in the case of IC 310 appearing in the FoYieobbservation of NGC 1275).
One possibility is to generate MCs with a different wobbleseff Due to the importance of the
flare observed from IC 310, this has been done. Another pbigsib to use so-called “diffuse
MCs” which are generated for gammas arriving from all dir@tsi in the camera plane (see
Chapter 5). To select only MCs events with a certain offset betwthe camera center and the
source position, an auxiliary program of MARS can be usedgdaklectmc
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Figure 4.10: Example for HADRONNESS distribution of gamma Monte Carlo events simulated for
a spectrum with a photon index of 2 (blue) and hadron events from a¢@lced).

4.5.5 Background suppression, Direction and Energy Reconstruction

For a gamma-ray source like the Crab Nebula, the fraction winga compared to background
events in the stage of the raw data is ohly 3. Therefore, the background suppression requires
powerful algorithms. Such an algorithm is provided by the dan Forest (RF) approach,
a multi-dimensional classification algorithm of constrontof decisional trees (Albert et al.
2008b). It can be based on any set of parameters, e.g., tige shape of an event, the time, and
the reconstruction direction, to determine the probabitit gamma and hadron initiated show-
ers. In the analysis presented here, those are SIZE, WIDTNGHH, IMPACT, MaxHeight,
TimeGradient, and Zd. In case of the flare analysis, the patenrs\WIDTH and LENGTH were
substituted with the parameters calculated from the dyoalrsum-image cleaning. Further im-
provements are allowed by applying the parameter TimeRM& (nean square of the arrival
time) in the RF approach.

Out of these parameters a combined parameter is calculeaddd “HADRONNESS”. It
ranges from O to 1 for each event and indicates how likely theat the event is a hadron-
like event. If the HADRONNESS i§/1 the event is gamma/hadron-like, respectively (see
Fig. 4.10).

The production of the RFs is done with a set of gamma MC sinariatand a hadron sample.
The latter is a set of observational data in which no gammizseanm is detected. Both, MCs and
the hadron sample, need to be selected properly (dependifd,dight condition and telescope
configuration) according to data that should be analyzede@dy, proton/hadron MCs can be
used as a hadron sample as well. However, those are timewoargin their production.

The training of the background suppression of certain patars is quantified by th&ini
index(Gini 1921) which is defined as:

N, N,

Lio=4.2 . 4.2

QG N N’ ( )
wherelNV, andV,,, are the number of gamma and background events)\aisdhe a total number

of events after a cut in a parameter. This index has to be n#roin the RF. The parameter
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Figure 4.11: Gini index for a set of parameters used in the background suppre3$iermost impor-
tant parameter in this analysis is MaxHeight as it provides the highest decrease.
However, this is an energy-dependent effect. At the lowest enefgi@sHeight has
a very strong contribution, whereas at higher energies, the WIDTHnpeter has a
higher contribution.

with the highest);,; decrease indicates the parameter with the highest sepapiwer, see
Fig. 4.11.

An additional separation of gamma and background eventeided by the direction of the
shower since hadron-like showers (as well as gamma showewmsiginating from the source)
arrive from different directions in the sky. In principldyet direction of a shower can be ob-
tained from the crossing-point method mentioned above. ARS8, another improved method
is used for the direction reconstruction as well. This mdtisdased on RF including the image
shape and the timing information parameters (SIZE, IMPAGT, MaxHeight, TimeGradient,
WIDTH, LENGTH, DIST), see Alekdi et al. (2010a). Originally, the distance between the
CoG and the source position DISP was calculated for eaclctgdesaccording to:

WIDTH
LENGTH + 1(SIZE) * LEAKAGE'

The coefficients4, B, andn are optimized on MC events. The leakage term in the equation
accounts for large truncated images at the edge of the cafieaequation has two solutions
on either side of the CoG, both lying on the major axis of thgsd indicated by A and B in
Fig. 4.12. In principle, the correct solution can be foundulsing the ASYMMETRY param-
eter along the major axis (Domingo-Santamaria et al. 200B)ydhe crossing-point method.
At low energies, the determination of ASYMMETRY may fail dteethe small images. The
crossing-point method may also fail in case of (almost) lpglramages. Therefore, all four
distances (two solutions A and B of each telescope | and &)cafculated (Fig. 4.12). Then,
the pair of solutions is selected with the smallest distakBeand II-B. Nowadays, the DISP is
calculated from RF which are trained on gamma MCs. Thus, haglrents give incompatible

DISP = A(SIZE) + B(SIZE) - (4.3)
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MAGIC-I

; MAGIC-II

-A

Figure 4.12: Reconstruction of the arrival direction of an event using the informatfawo tele-
scopes. A and B indicate the two solutions of the DISP calculation. Thestocted

and expected source position is marked as black circle and red sqespectively.
Image adapted from Aleksic et al. (2014b).

results, providing an additional gamma/hadron separatfidre final source position is found
by averaging the position from both telescopes (black d&ign 4.12) taking into account the
number of pixels involved in each image.

The energy estimation of the events is provided by look-inteta(LUTS) generated from
gamma MCs (Alekd et al. 2012b) using the information of the IMPACT, the Chemank
density, and SIZE parameter as the energy of the primarycfgars related to the amount
of Cherenkov photons produced in an air shower. The amount efébkov light also de-
pends on the azimuth, zenith, MaxHeight, and the positidghercamera. The LUTs are multi-
dimensional tables of every energy bin considering thesanpaters. For gamma events in the
data, the energy can then be estimated by comparing it wethdhtents in the LUTSs.

First, the LUTs are filled with values of energy/SIZEherenkov density. The number of
electrons in a shower and hence the energy is roughly ptiopattto the ratio between SIZE
and Cherenkov density. Next, IMPACT and the Cherenkov radeisadeen into account, as the
Cherenkov density depends with the IMPACT parameter. Fyrtheenergy dependence of the
SIZE isincluded. Some corrections are applied, e.g., ®ggomagnetic field (as electrons and
positrons are affected by this and hence the Cherenkov glenigjht be lowered), for the Zd (as
the amount of Cherenkov light depends on’d@sl) as Cherenkov light from larger Zd travels
through a larger atmospheric depth) and for LEAKAGE (pradg@n underestimation of the
energy due to truncated images if not taken into accoun#.fifal reconstructed energy is the
average of the estimated energy from both telescopes veeidytthe inverse of the errors.

In the analysis chain of MARS, the RF for the background sugpragdirection reconstruc-
tion, and the energy LUTs are calculated watbach The generated RF and LUTs are then
applied to the data and a test sample of MCs (statisticallgpeddent from the MCs sample
used for the training) imelibea
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Figure 4.13:6? distribution of the Crab data calculated above 220 GeV. The black pointsilye g
area show the number of ON/OFF events, respectively. The exceds ave calculated
from the region left from the dashed liné?(cut). Applied cuts: HADRONNESS
< 0.16, SIZE > 300phe, energy> 220GeV, #? = 0.0093, and using three OFF
regions. At around? ~ 0.3 a bump is visible influenced by the strong signal.

4.5.6 Signal Detection

With the programdie (simple signal determination) arahspar (production of sky maps),
the signal in the data can be evaluated on the basis of cutffenetit parameters calculated
before. Usually, those are HADRONNESS, SIZE, and recoosduenergy. They select the
gamma-like events of certain energy from a certain diraciiothe sky where the source of
interest is located (ON position). Further cuts in othergemparameters can be applied as well,
e.g., the NumberOflsland, or LEAKAGE. However, those haveaneffects on the result, as
the HADRONNESS parameters has a strong impact already.

#? Distribution

In odie, a simple distribution of the events versus tHeparameter is generated that is deter-
mined by the reconstructed DISP. Figure 4.13 shows an exaofiglich a distribution obtained
from data taken from the Crab nebula. If the event arrived ftbendirection of the analyzed
source position, thé? equals to zero and results in a peak at this position. FueWay, the
distribution is mostly determined by background, if no dideial gamma-ray source appeared
in the FoV. In case of a strong signal, a fraction of the signay appear as a bump in thé
distribution when the signal region is too close to an OFRoreg The distance between the
ON and OFF region depends on the number of OFF regions usdtidaralculation of the
background as well as on the wobble offset used during thereaon.

After applying cuts to discriminate the gamma from the hadike events, the number of
events (Von) are counted in the ON region, defined by the signal cut’in The remaining
events consist of gamma and hadrons. To evaluate thisdractibackground after cuts in the
ON region, the amount of background eventg)fr) has to be measured from a region where
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Figure 4.14: Methods for background determination: (a) the simultaneous ON-minusa@&Kb)
the OFWP method. The red and blue markers correspond to the sourtafdDFF
positions in the camera plane, respectively. In case of the ON-minus-ORtodne
the background is determined from the same wobble data W1 (here froen@HE
regions). In case of the OFWP method, the background at the positiore ddkh
region in W1 is determined from OFF region in W2.

no signal is expected. The number of excess events can héatalt according to:
Nex = Non — a - Norr, (4.4)

wherea is a normalization factor given by the fraction of ON eventesrdOFF events in a region
far away from the signal. The significance of a sighiathat this signal is not comparable with
the background is calculated by Eq. 7 in Li & Ma (1983):

1 + « NON NOFF 1/2
SU:\/§<N -ln[ ( >]+N -ln{l—i—a (—)D .
ON « Nonx — Norr OFF ( ) Nonx — Norr (4 5)

In Fig. 4.13, Non Were measured to ber40 and Norr = 38.0 in the regiond? < 0.0093,
corresponding t&, ~ 63 0.

In case of wobble observations, there are currently twoipitises in determining the back-
ground from the OFF region. As shown Fig. 4.14 a one can alethe OFF (blue markers)
from positions far away from the ON simultaneous from the eatata (simultaneous ON-
minus-OFF method). Using only one OFF, this means the baakgk will be calculated from
the opposite position with respect to the camera centerdigtance of the OFF region from the
camera center is determined by the distance between theesand the camera center, hence
the ON and the OFF lie on a circle centered around the cametarceith a radiug).4° in
case of a standard wobble observation. Generally, a nunibe(l 2, 3, or 5) OFFs are used,
thena = 1/n. More OFF regions are favored especially for higher eneigiyads due to their
lower statistical error. However, ON and OFF should not lzediose to each other to avoid a
contamination by the source.

Another possibility is to calculate the OFF from the “wobpkatner” (OFWP). This method
is illustrated in Fig. 4.14 b. If the signal is calculatedrfrdhe red position in W1, then the
background is determined at the same position in the caména data from the second, counter
wobble position W2. This enables to overcome possible inlgmmeities in the camera which
Is particularly important for retrieving low-energy eventFor sources appearing in the FoV
during a wobble observation, the asymmetry in the cameralmeayore serious resulting in
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Figure 4.15: TS value map of the Crab data in the medium energy rapgsh() GeV). The following
cuts have been applied: HADRONNESS 0.16, SIZE > 300 phe. Left: TS value
distribution in coordinates of the skyight: Distribution of TS value measured from
the data and the null hypothesis.

a significant mismatch between the ON and the OFF in the baakgrregion. Hence, the
OFWP approach can handle this special situation better. i#wie number of the available
OFF regions depends on the number of wobble pairs used dobservation. If only one

wobble pair was observed, only one OFF can be used for thalaatm of the background.

Sky Maps

A signal can be also detected by producing a sky map. Thisistagnam of the arrival direc-
tions calculated from the DISP in coordinates of the sky (RA BEC) after applying cuts for
the background suppression and energy. In Fig. 4.15 (ledt)S (test statistics) value as sky
map from Crab Nebula data is shown. The TS value is a similasttal way to determine
the significance of a detection based on Eg. 4.5, taking intownt a smoothing process and a
model for an estimated background. The null hypothesisibligion of TS can be described by
a Gaussian function in most of the cases. Sky maps are ircplartimportant to find objects
appearing in the FoV. In this way, also IC 310 has been detedtke calculation of sky maps
is described in Lombardi (2010).

4.5.7 Spectrum and Light Curve

The last step in the analysis is the calculation of the spkdistribution of the events and the
light curve done witHluteor fluxic.
The differential energy spectrum is calculated with:

AN dN.(E)

— =—" 2 [TeV 'cm *s™" 4.6
dE teﬁAeﬂc(E)dE[ eV em™ 57 (4.6)

where N, t.s, and A.g are the number of excess events, the effective time, andféwetiee
area. The first is obtained from creating individa&tistributions for a certain number of small
energy intervals (bins). Generally, this number of binsustimot be smaller than the energy
resolution of the system, and depends on the strength ofaitmengi-ray signal. The calculation
of the background can be performed with the simultaneousNis-OFF or OFWP method.
The background suppression is mainly applied by energy ke HADRONNESS and?
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Figure 4.16: Spectral distribution of estimated energy from Crab nebula data. Red/alagdints
show the SED from the simultaneous ON-minus-OFF/OFWP method, respgctive
The gray line represents the Crab nebula spectrum extracted from@&étls. (2012b).
For the calculation, the spectral shape found in Aleksial. (2012b) for the Crab neb-
ula data was assumed.

cuts for the individual energy bins. Those cuts are detezthie.g., by the efficiency of the
cuts. Since only significant bins are used for the final spectreach of the? distributions
should contain at least ten ON. Otherwise, the evaluatetdfgignce might be biased, see Li &
Ma (1983).

The effective time takes into account the dead time of theegysnd hence can differ from
the elapsed observation time. It can be calculated.py= N/\, whereN is the total num-
ber of measured events, following a Poissonian distrilbytmd\ gives an average event rate
obtained from a fit to the exponential distribution of timéeliences of sequentially recorded
events. The calculation is simplified by subtracting a fixedditime (0.5 ms/2f6s for the sys-
tem before/after the upgrade) from the elapsed time. Befwaipgrade, a fraction of 10 %
of the time was lost due to the DRS 2 readout. After the upgrdiewas only 1 % thanks to
the DRS 4.

The calculation of the effective area requires MCs with eveftknown energy Ki.,.) to
simulate a given area in which a fraction of showers trighertelescopes. This calculation
also takes into account the efficiency of the analysis foeaetg events, mostly depending on
Zd and their energy. At low energies, not all events trighertelescopes due to a small amount
of lightin the light pool, hencel.g is small. With increasing energy, the probability for a gyég
increases and thereforgd,; becomes larger until saturation.

Typically, the spectrum is presented as the spectral erBsgrybution (SED):

dN

[ dN
dE

" d(InE)’

E? TeVem ?s7 ! = E (4.7)

which is comparable to theF'v representation shown in Section 2.5.1.

First, the SED is calculated with respect to the estimatedg..; obtained from data taken
from the Crab nebula as shown in Fig. 4.16, using the simutta&vand the OFWP method for
the background estimation.

The final spectrum calculated with respect to the true enékgy is obtained by an unfold-
ing. Here, the distribution of anbservablehereF., is transformed into the physical quantity
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Figure 4.17: Discretized migration matrix from estimated and true energy.

E.w.. The former is affected by the resolution of the instrumerd therefore biased, as the
collection area strongly depends on energy especiallyaeleergies.
The relation between the estimated specti) and the true spectrurf(z) is given by:

o(y) = / M(z, y) f(x)dz + b(y), 4.8)

wherex andy correspond to thév,,. and E., respectively. M (z,y) is a two-dimensional
matrix of F,,. and F called “migration matrix” (see Fig. 4.17). The matrix detémes the
response of the instrument. The equation is not analyyi¢edisily) solvable for large matrices.
Therefore, in order to obtaifi(z) the equation must be discretized:

In this way, the migration indicates that the event of truergyj is measured in the finite
resolved energy bin

There are several unfolding algorithms for the matrix isu@n available in MARS (see Al-
bert et al. (2007a) and references therein). The spectnaditierent algorithms differ due to,
e.g., different approximations and number of parametessiiee the problem numerically. Due
to the discretization a smoothing is applied by regulalmrabased on methods described in
Tikonov & Arsenin (1979); Schmelling (1998); Bertero (1989)

In Fig. 4.18, the resulting spectrum in true energy is shawvrdifferent unfolding methods.
The red shaded area shows the “forward-folded” spectrumriehed without the need of a
regularization. It is calculated by assuming a certain spkshape by parametrization of the
true energy with an analytical function. This function igdied by the response matrix yielding
a predicted distribution in estimated energy. The forwiatded spectrum is then the result
from a minimization of they? depending on the parameters comparing the distributioheof t
predicted and observed ones.

The unfolding program in MARS allows to combine spectra freng., data with different
offsets from the source to the camera center, as it is redjtoreoff-axis objects.

Notice, the binning center in the final spectrum in MARS is & bogarithmic center but
follows an approach described in Lafferty & Wyatt (1995).i'imethod takes into account the
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Figure 4.18: Spectral energy distribution from Crab nebula data applying differefaiding meth-
ods. Shown are the resulting spectral points and fit lines from the Schmdlank),
Tikhonov (red), and Bertero (blue) method. In addition, the forwatded spectrum is
shown by the red shaded area as well as the Crab Nebula spectruay fing(Alekst
et al. 2012b).

spectral index of the spectral distribution. Therefore, ¢rors of the energy in the spectrum
become asymmetric.

The light curve is usually defined as the integral flux in arrgneange E, E»] versus time.
For a given time intervally, 75|, the integral flux can be calculated as:

dN,
ex( E 2571, 4.1
/ / Ay (E d dt [em™"s™| (4.10)

The number of excess events, is obtained from #? distribution calculated for the energy
range in that time interval. The cuts are either the enegpeddent cuts set for the spectrum
calculation (in the case dfute), or applied with fixed values (ifluxic). Generally, for the
background estimation both methods, the simultaneous GR-@ OFWP, can be used. For
the light curve calculationd.¢ is obtained from MC simulations weighted with Zd (and azimut
angle) that is covered by the data in that time interval, ss@rZ(2011) for more detail.

Generally, the time intervals in the light curve are deteexi by the strength of the signal.
Alternatively, the light curve can also be binned in a way #ech flux point has a certain num-
ber of events, as shown in this thesis.

If the signal is too weak to be detected or, e.g, the flux catan is negative (or comparable
with zero) due to a negative statistical fluctuation of theess events, upper limits (UL) can be
estimated. Those can be either integral or differential .UTllsey are calculated with a confi-
dence level of usually 95% reflecting the statistical pieaisf the measurement, and assuming
a certain systematic uncertainty of, e.g., 30%. The cdiicuas similar to the calculation of the
spectrum/light curve, just uses an upper limit to the nunabexcess eventd’y;, as described
in Rolke & Lopez (2001); Rolke et al. (2005) and referenceseiner For this, a differential
spectrumdN/dFE = K x S(F) following, e.g., a power law with photon indéxis assumed.
The emission is considered to be constant in time. The uppdérdf the flux in the energy
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Table 4.2: Performance. Adapted from Alekset al. (2012b) and Aleksic et al. (2014b).

Before upgrade After upgrade
Sensitivity 0.76% C.U. above 290 GeV 0.66% C.U. above 220 GeV
Energy threshold 50-60 GeV ~50 GeV
Energy resolutioh 16% 15%
Angular resolutioh 0.07 at 300 GeV 0.07at 250 GeV, 0.04at~ 1 TeV

Notes. () Valid in the most sensitive energy region at a few hundred @&Vhe values depend strongly
on the method used for the calculation of the angular resolution, see Aleldi2014D).

rangek; to F, for an effective time interval of .z can be estimated with:

Nyw
"2 S(BE) At (E)dE

Eq

K < (4.11)

Teg *

calculated by weighting the average of the effective area.

4.6 Performance and Systematic Uncertainties

Over more the ten years, the hardware of the MAGIC telescopasupgraded from time to
time and the analysis techniques improved. A complete tigaggon of the performance and
systematic effects can be found in Aleksit al. (2012b) as well as Aleksic et al. (2014b).

The sensitivity is used to compare the performance of diffeexperiments. A simple treat-
ment of the sensitivity especially working for weakly enmtf objects is computed from the
number of excess events over the square root of the backdjexamts:

Nex
vV Nbgd '

The sensitivity is then defined as the flux of the object forchltfi equals to 5 in 50 hours of
observation. Similarly, this can be calculated by apphyiitg 4.5. In this case, the sensitivity
depends on the number of OFF regions. In MAGIC, two furthdeds are applied in the cal-
culation: N, > 10 and Ny > 0.05N,44. The first allows an approximation of the Poisson-like
distribution of the excess events with a Gaussian disiohutaind the latter overcomes possible
small systematic differences between ON and OFF. The ialtegnsitivity is typically calcu-
lated from a Crab-like spectrum and hence is given in unite@flux of the Crab nebula (C.U.).
The performance, independent of the power-law index, caedmved by the differential sensi-
tivity curve, see (Alekdi et al. 2012b). The evolution of the integral sensitivityasbed during
the different phases of the instrument over time is showngn419. The improvement from
the single to the stereoscopic system is best visible at it@ugees due to the rejection of back-
ground events in the stereo mode. After the upgrade, anraitegnsitivity of0.66% (before
0.76%) of C.U. in 50 h at a few hundred GeV could be achieved.

Further performance parameters are given in Table 4.2.

S:

(4.12)
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Figure 4.19: Evolution of the integral sensitivity of the MAGIC telescopes given in unithefCrab
nebula flux (C.U.): MAGIC-I single telescope with Siegen readout (lighygAlbert
et al. (2008c)), with MUX readout (dark gray, Alekset al. (2012b)), stereo system
before (black, Aleksi et al. (2012b)), and after the upgrade (red/blue for low/high
zenith distance observation, Aleksic et al. (2014b)). Image taken friaksk et al.
(2014b).

Off-axis performance

One important point for this thesis is the off-axis perfono@ of the telescopes since the object
IC 310 is often observed with a non-standard wobble conftgurgstandard).4°) with larger

or smaller distances to the camera center. To study thistef¥rab Nebula observations at
different wobble offsets were performed (Ale&st al. (2012b) and Aleksic et al. (2014b)).
With the upgrade 2011/2012, an improvement in the sensitfiabout25% at an offset ofl°
could be achieved comparedlte?o at a standard offset (see Fig. 4.20). In contrast, it wasdou
that the gamma rate at different offsets did not change mtbts may be due to an improved
image reconstruction due to the new MAGIC-I camera with senglixels.

Systematic uncertainties

Besides statistical errors, the results from Cherenkovdefess are affected by different sys-
tematic effects. Those need to be considered, e.g., whesngrgy spectra or the light curves
are discussed. Some of the effects arise from observatmtbatmospheric conditions, some
from the instrument and its limited performance, and otliens the analysis methods. They

can either have an effect on the energy scale, on the flux hiaatian, or the spectral slope. Ta-

ble 4.3 summarizes the total errors in the flux normalizatibe spectral slope, and the energy
scale before (Aleksiet al. 2012b) and after the upgrade 2011/2012 (Aleksic. 0dl4b).
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Figure 4.20: Integral sensitivity of the MAGIC telescopes at different offsets ftbmcamera center.
The pre-upgrade data are taken from Alékst al. (2012b). The lines indicate the
offsets at which IC 310 has been observed (red: standard oftssftied blue: October
2009 to February 2010, solid blue: in case of NGC 1275 mode, see Sedtjoingage
adapted from Aleksic et al. (2014b).

Table 4.3: Systematic uncertainties. Adapted from Alékst al. (2012b) and Aleksic et al. (2014b).
Systematic uncertainty Before upgrade  After upgrade

Flux normalization 19%/11%  18%/11%/15%
Spectral slope +0.15 unchanged
Energy scale 17%/15% < 15%

Notes. (*) The values are given for lows( 100 GeV) and medium/high energies 800 GeV), respec-
tively. () The values are given for low( 100 GeV), medium £300 GeV), and high energies { TeV),
respectively.
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The Character of IC 310

The discovery of IC 310 in the gamma-ray band wiarmiLAT and MAGIC was very
surprising. Due to its original classification as HTRG thiswabhave been the first detection
of gamma-ray emission for this kind of radio galaxies. Deeaptinwavelength studies of this
object were required. Therefore, the aim of this chapter istestigate the general “character”
of IC 310 in the gamma-ray as well as the other energy bandsth&o purpose, multi-band
data were used which was available at the beginning of tleisish This includes the gamma-
ray data fromFermiLAT and MAGIC as well as X-ray data fro@handra XMM-Newtonand
SwiftXRT, all of which were examined in terms of flux and spectratiability. In addition,
archival VLBI data from the VLBA were studied.

The studies presented here resulted in two publicationsandurnal Astronomy & Astro-
physics, Vol 538, L1, and Vol 563, A91. Some of the findings laased on first results in
the author’s Diploma thesis while other parts of this work baen done in the course of the
author’s PhD work.

5.1 MAGIC Observations and Data Analysis

Form October 2009 to February 2010, the Perseus clusterdegisdbserved with the previous
MAGIC-I camera, the FADC readout in MAGIC-I and the DRS 2 chip il\GIC-Il (Aleksi¢

et al. 2012b). IC 310 was discovered during this observationthe first time by chance in the
field of view. Hence, no dedicated wobble positions with adéad wobble offset were made.
As seen in Fig. 5.1, two pointings with4° away from the center of the cluster, NGC 1275,
were used. In this configuration, IC 310 appears at an offse26° and1° from the center of
the cameras. Since two different Monte Carlo simulation astsneeded for the analysis only
the closer wobble position has been analysed in Atessal. (2010b). However, for the present
study, the complete data set was studied using improvegsisalettings which can handle the
data of both wobble positions. This provides a higher statfer a daily binned light curve
making variability studies on shorter time scales more eateu
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NGC 1275

Figure 5.1: Configuration of the wobble positions during Perseus observations @/2000. Two
positions centered around NGC 1275 were used, W0.40+000 with aat off$° and
W0.40+180 with0.25° distance to IC 310.

The data were taken under small zenith distances(2d°) during dark time in the so-called
soft stereanode. In this case, MAGIC-I was triggering and read out. Initamld the data of
the second telescope were read-out. Only data during nma&lpatmospheric and hardware
conditions have been rejected, see Appendix B Fig. 3, Talde@®3. The distribution of a few
typical quality parameters (Zd, number of identified starsyents in the camera, trigger rate
after cleaning) is shown in Appendix B Fig. 3. The overalledsample corresponds to 43.3 h of
effective timet.z. The effective time of single MAGIC observations is repdriie Appendix B
Table 2.

The low level analysis of the data from the calibration ugtperstarwas performed using
the standard analysis as described in (Alekial. 2012b) and Chapter 4 applying an image
cleaning of 6-3 for MAGIC-I and 9-4.5 for MAGIC-II data. For tlyeneration of energy LUTs
and the DISP RF, diffuse gamma Monte Carlos (MCs), with gammatgs\stributed over the
entire camera plane were used. The production of the baskdrsuppression RF, the diffuse
gamma MCs as well as OFF data from the MAGIC sources OffCrabZ53C, ON 325 and
Cygnus Loop (see Appendix B Table 4) have been used, coverifid imnge of1° — 49°
(teg = 10.4h). However, the diffuse gamma Monte Carlos were generatethéofull stereo
mode observation with both telescopes triggering. Thiglpces a discrepancy between the
SIZE distribution of data and the MCs at low values (SKZE150 phe). Therefore, a cut in
SIZE> 150 phe has been applied in the analysis.

The estimation of the background was performed separatelgidta with different wobble
offset. For the wobble position closer to IC 310, two OFF oegi at0.25° away from the
camera center were used, whereas for the distant one five WiEfan offset ofl° were cho-
sen. The gamma-ray signal., for each wobble set is calculated by subtracting the estichat
background from the ON-source region in each wobble setvichailly (simultaneous ON-
minus-OFF method). As explained in Chapter 4, the effectrea d. s strongly depends on
the distance from the camera center. Therefdig,was estimated separately for each wobble
position using diffuse gamma MCs cut to the correspondinidee from the camera center to
the source position (see Fig. 5.2). The cuts applied in ttg kurve and spectra analysis can
be found in Appendix B Section 3.

The light curve of both wobble positions was combined by waling the total number of
excess eventd.,, measured during both wobble observation weighted by threafuihe corre-



63 5.2 Fermi, X-ray, and Radio Data

& yldegl o
o 'U'|' — 'H' .

1

.
llHllll

S -
-15 -1 -05 05 1 15
x[doeq]

i i i i i
-1 -0.5 0.5 1
x idea

Figure 5.2: Monte Carlo simulations for the wobble positions configuration in 2009/2D&fd: Raw
diffuse gamma MCsMiddle: Cutted diffuse gamma MCs between 0.2 t0°0.Right:
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The flux upper limits were calculated according to:

UL = FCombined : <%> . (52)

The spectra of the different wobble positions can be contbwiéhin the unfolding process.

To test this analysis chain and to calculate the systematicse data from the Crab Nebula
taken with a wobble offset of 022n February 9, 2010 and witlt bffset on February 22, 2011
were used, see Fig. 5.3. No data with a wobble offset of°On&5e taken, hence, a dedicated
test fitting the wobble configuration of IC 310 with this offseas not possible.

Even though the statistics is limited due to a short obsenvdime the spectra are in good
agreement with the results obtained from standard obsemvatith 0.4 .Therefore, the system-
atic errors on the flux normalization and photon index arduatad to be below17% and
~0.2, respectively (instead of 11% and 0.15 for standard Veobbservations (Alekéiet al.
2012b)). The systematic uncertainty on the energy scalgtimated to be 15% similar to the
value reported in Aleksiet al. (2012b).

5.2 Fermi, X-ray, and Radio Data

The FermiLAT data shown in this chapter were taken during the periagy#st 4, 2008 -
August 1, 2010 published in the “The Second Fermi-LAT CataRieGL catalog (Nolan et al.
2012) and, during August 5, 2008 - July 31, 2011 (MJD 54683+3% Both periods are
contemporaneous to the MAGIC observation described aldidweanalysis of the latter period
Is a dedicated high energy analysis above 10 GeV for “The Fesni-LAT Catalog of Sources
Above 10 GeV”, designated 1FHL catalog (Ackermann et al.30The details of the analysis
are described in the corresponding paper fromRgreni Collaboration.

Since the angular resolution degrades with a lower energidAnann et al. 2012) the anal-
ysis of the region of the Perseus cluster is complicated. réngt signal originating from
NGC 1275 is contaminating the signal and background regionral IC 310. At GeV ener-
gies NGC 1275 is-20 times brighter than IC 310. However, the point-spreadtion of the
LAT instrument is abou®.2°, so that the signal of both objects can be well resolved.
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Figure 5.3: Spectra of the Crab Nebula data taken with wobble offsets 6fahd T offset, respec-
tively. For reference the spectra from mono (Albert et al. 2008c) tavd@ observations
(Aleksic et al. 2012b) are shown.

For the characterization of the spectra for the 1FHL datanada likelihood method and
simple power-law model has been applied (see Ackermann. é2@l12)) with ten bins per
energy decade starting at 10 GeV. From this, three energy \bare extracted, 10-30 GeV,
30-100 GeV, and 100-500 GeV. Due to low statistics, the srane asymmetric as the flux
uncertainties are strongly dominated by Poisson fluctoatidrurther analysis details of the
2FGL data are given in (Nolan et al. 2012) and for the 1FHL dai@ckermann et al. 2013)
and in Alekst et al. (2014c), respectively.

In the X-ray regime, data of thEhandrg XMM-Newtonand theSwift XRT telescopes of
IC 310 were found in the archive and investigated.

TheXMM-Newtorobservation on February 26, 2003 had an exposure time ok&2@bs. ID
0151560101). It was performed with the pn detector of theogean Photon Imaging Camera
in an energy range of 0.2—-15 keV (Struder et al. 2001).

With the Chandrasatellite using the Advanced CCD Imaging Spectrometer (ACI%),
measurements in intervals of four months were performedDecember 26, 2004 with an
exposure of 25.2 ks (Obs. ID 5597) and on March 23, 2005 witkd (Obs. ID 5596).

The Swift XRT observation of IC 310 in an energy range of 0.2—-10 keV pasormed on
February 19, 2007 lasting for 4.1 ks.

For the spectral fitting between 0.5 keV and 10 keV with a reabte signal-to-noise crite-
ria, the Interactive Spectral Interpretation Systériouck & Denicola 2000) was used . The
column densityNy and the photon indek were calculated with the fitting procedure. Note,
that the Perseus cluster is a bright X-ray emitter. Partisftttermal radiation originates from
the intercluster medium. However, as IC 310 is located orotiter part of the cluster. The
contribution of this emission was neglected.
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Radio observations have been performed with the Effelsb@@grlsingle-dish telescope.
Furthermore, some VLBI measurements are available in tHavaxc The former took place
on July 23, 2011 at frequencies between 2.64 GHz and 14.60 G¥$zcalibrators 3C 286,
NGC 7027, and 3C 48 were chosen. The analysis applied ismiesse Kraus et al. (2003).
The VLBI measurements were carried out with the Very Long Basékrray (VLBA) as part
of an observing program for 2MASS galaxies (Condon et al. 04ith the experiment codes
BC196Q and BC196R. On May 16 and 30, 2011 one observation of 5 mimieacrange of
7.9 GHz and 8.9 GHz were conducted. The analysis of this dad@scribed in Kadler et al.
(2012).

5.3 Light Curve and Spectra in Different Energy Bands
5.3.1 MAGIC Light Curve

In order to produce a light curve the differential spectrurd aence the effective area must be
assumed for the calculation of integral fluxes. Here, a ssnpolwer-law distributionx £,
with a photon index of® = 2.0 has been applied as reported in Alékst al. (2010b). The
dependence of the photon index of the power-law spectrunn@mrcdlculation of the integral
flux is only minor. The resulting light curve computed abo@® &eV between October 2009
and February 2010 is shown in Fig. 5.4. The individual flux sugaments can be also found in
Appendix B Table 6. In case the flux was comparable with zethiwibne standard deviation
(10) or smaller, upper limits (ULs) were calculated using thedeidour of Rolke et al. (2005).
All ULs were determined using a confidence level (c.l.) of 98#&@ assuming a systematic
uncertainty of 30%.

Above 300 GeV the mean flux was calculated tafhg,,, = (3.62 +£0.40) x 1072 cm2s7 1.
This is in agreement with the findings in Alekset al. (2010b) off,can = (3.1 £ 0.5) X
10~2cm~2s! calculated from the data from the closer wobble positior light curve points
were fitted with a constant ignoring the ULs (dashed line ig. Bi.4). The obtained flux fit
is Fowrie = (2.52 £ 0.37) x 1072cm~2s! and has a¢* of 102 for 32 degrees of freedom.
This corresponds to a very small probability3of0 x 10~ that the light curve is not variable.
Therefore, non-variability can be excluded on a confideacellof 5.8-.

Figure 5.5 shows the distribution of the deviation of the fiugasurements from the constant
fit given ino. Clearly, three days deviate By 3. Those days, November 16, 2009 (MJD =
55151), January 8 (MJD = 55204) and February 9, 2010 (MJD 36p2have a mean flux of
(1.60 £0.17) x 10~ cm~2s~!. This is six times higher than the flux obtained from the fitwit
a constant. If these days are not included in the fit the pibtyator a constant light curve is
36%. A zoom-in to the light curve in November 2009 is shownim 5.6. On the last day on
which MAGIC took data on Perseus the most significant highlas detected. Due to limited
statistics no variability within this observation could imeasured.

Even if no observations followédthe variability can be studied by measuring the character-
istic flux doubling timer,. This is done by fitting the data points with the function

F=F,+F-e™, (5.3)

10bservations were taken around midnight in UTC time. Exdsteovation times are given in Appendix B
Table 6.

2]C 310 was an un-known TeV source at that time and no skymdgrtabhe Online Analysis was available to
detect off-axis sources.
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Figure 5.6: Zoom into the light curve above 300 GeV in November 2009. The dashedHimss a
constant fit to the data and the thick gray line a fit of a constant plus amerpal rise
with a doubling time ofrn,y ur, = 0.55 d. Image adapted from (Alekset al. 2014c).

The best fit with this function yields a doubling time of zengedto a very low flux measured
in the night prior the flare. In order to find a larger doublimgd, the data were fitted with a
fixed 7p and the probability of each hypothesis with tiemethod was compared. The largest
doubling time with a fit probability above 5% was obtainedhwit,, 1, = 0.55d. This fit is
displayed by the thick line in Fig. 5.6.

The other two flares in January and February 2010 provideclasstraining results due to a
sparse observational time coverage and a much less signifiaee in February.

5.3.2 Very High Energy Spectra

For the calculation of the spectra, the data were now spgbttwo data sets corresponding to
the different flux states. The “high state” set includes taadrom the days witlh~ 300 gev >

1.1 x 107" em=2s7!: MJID 55151, 55204 and 552364 = 4.5h). The “low state” set consist
of the remaining data with a total observation timetgf = 38.8h. Figure 5.7 shows the
reconstructed spectral energy distributibidN/dE as well as the distributions corrected for
the EBL absorption. The spectra between 120 GeV and 8.1 Tehbfibr states follow a simple

power-law function:
AN E N[ 1012
— = — . 5.4
dE Jox (1TeV) {cmZSTeV} (54)

The results of the flux normalization at 1 TeV and the photaolexi’ are given in Table 5.1. The
individual data points in the spectra are also given in ApipeB Table 7. For the correction
of the spectra for EBL absorption, the models by Dominguet. ¢2@11), Franceschini et al.
(2008) and Kneiske & Dole (2010) were applied. Due to the pnity of IC 310 the effect is
only minor (see also Appendix B Fig. 5) reducing the flux ndiragion at 1 TeV by 15-20 %
and the photon index by0.1. The observed (and EBL corrected) high and low spectra sho
no spectral variability as the photon index does not chaiggefeantly. In contrastf, varies

by a factor of~7.
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Figure 5.7: High and low state spectral energy distribution of IC 310 measured frotmb®c2009
to February 2010. Open markers show the measured distribution and filldgnma
the spectra corrected for EBL absorption. Also shown are the poweifitiaas dashed
line (measured) and solid line (EBL corrected). Fit parameters are givéable 5.1.
For comparison, the result from (Alekset al. 2010b) (gray triangles, without EBL
de-absorption) for the same time period is shown. Image adapted fromi&letkal.

(2014c).

Table 5.1: Power-law fit parameters of the spectra between 0.12-8.1 TeV. The redamud the
EBL corrected (Dominguez et al. 2011) results are listed. Table takenAteksic et al.

(2014c).

State fO + fstat + fsyst I'+ Fstat + Fsyst
x10712[TeV ' em =257
High observed  4.28 +0.21+0.73 1.96 £ 0.10 £ 0.20
intrinsic 5.14 + 0.28 +0.90 1.85+0.11 £0.20
Low observed 0.608 +0.037+0.11 1.95+0.12 4+ 0.20
intrinsic 0.741 £0.045 4+ 0.14 1.81+0.13 £0.20
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Table 5.2: Arrival times and energies of gamma events above 10 GeV measured withiolea ¢
around IC 310 with a radius d@f.3° in the first three years bifermi-LAT. Table taken
from Aleksi¢ et al. (2014c).

MJD Energy [GeV]

54720.03 96.4
54833.95 112.1
54846.64 22.2
54972.38 12.6
55081.11 39.0
55118.56 148.3
55247.01 12.1
55462.98 46.3

Table 5.3:Results of the archival X-ray observations. Table taken from Ateésal. (2014c).
Instr. Date ExXpo. Fjs_2kev® Fy_10kev?’ re Ny y2/d.o.f.

[MJD] [ks] [10"3kevs tecm2] [10”3keVs lcm 2] [10%2cm~?]

XMM 52697 22.6 1.00#0.012 0.82800i0 2557087 0.146700:% 124/104

Chandra 53456 1.5 1.7%0.13 2.5-0.4 204020 0.0700°  62/78
Chandra 53363 25.2 0.6560.019 1.39-:0.08 1.76:0.07 0.089,05 97/78
XRT 54152 41  0.820.10 1.2998 2.070% 0.077003  12/16

Notes. (%) Flux between 0.5 and 2keV determined by a simple power-lawfit.Flux between 2
and 10keV determined by a simple power-law fit. Photon index & E~T). (9 Absorption with an
equivalent column of hydrogen.

5.3.3 Results from the High Energy Band

In three years of data takinfermiLAT detected IC 310 above 10 GeV with a test statistic of
TS = 27.0 which corresponds to 4 The measured integral flux in this time period between
10 and 500 GeV wa&.9 + 3.3) x 10~ em~2s~!. The spectrum was fitted with the following
power-law function with a photon index f= 1.3 + 0.5:

(5.5)

AN Fiypso(-T+1D)ET[ 1
dE  E-I+1 _ g+t cm?s GeV | -

max min

E.i, andE,,,, are the lower and the upper boundary of the energy bins qun@dV, respec-
tively. The spectral energy distribution is shown in Fig8.5For comparison, the distribution
from the 2FGL catalog (two years of data taking) is displaiyeithe same figure.

The energy and arrival times of the photons detected by LAJvald0 GeV are given in
Table 5.2. Interestingly, seven of the eight photons adriwéhin the first 1.5 years (see also
Appendix B Fig. 4). However, firm conclusions on variabilily connection between LAT
detected photons and MAGIC high states can not be drawn. iffteecoverage of MAGIC is
limited and the statistics of LAT detected events is too low.
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Ny versus the X-ray photon indek for the spectra depicted in the left panel. The
contours are given at 68%, 90%, and 99% confidence level. For csopathe galactic
Ny value is0.12 x 10?2cm™2 (Kalberla et al. 2010). Image taken from Aleksit al.
(2014c).
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Table 5.4: Effelsberg flux density measurements on July 23, 2011. Table takenKeatier et al.

(2012).

Band \° VP I P m¢ '
[ecm] [GHz] [mJy] [mJy]  [%] [deg]

S 11 264 3833 17+4 45+11 -2+47
C 6 485 2384 10+4 4.0+1.7 —-29+9
X 36 835 148t3 <10
X 28 1045 15515 <10
U 2 1460 103t6

Notes. () Observing wavelengtH? Observing frequency® Total flux density.?) Linearly polarized
flux density.(¢) Polarization degred/) Electric vector position angle.

5.3.4 X-ray Behavior

Table 5.3 and Fig. 5.9 summarize the results of the analysasahival X-ray data for one
XMM-Newton two Chandraand oneSwift XRT observation. The absorption colum@; and
the photon indexX” were determined from fits of simple power-law models in thergyn range
of 0.5-10 keV. Both parameters were left free during the @itpnocedure. In comparison with
the other results, the obtainéd; from theXMM-Newtondata differs from the neutral galactic
absorption towards IC 310 which igy; = 0.12 x 10?? cm~2 (Kalberla et al. 2010).

Between 2003 and 2007, the flux changed in the low energy re@irae2 keV) as well as in
the higher energy range (2—-10 keV). This is accompanied apgds in" and Ny. The former
varies betweeh = 2.5 (soft) andl’ = 1.8 (hard).I" and /Ny are strongly correlated parameters.
The confidence contours are shown in the right hand panebin5/. Due to a low signal-to-
noise ratio of theSwiftdata, the contours allow no firm conclusions on variabil@amparing
the results of theXMM-Newtonand Chandraobservation, one can see a significant change of
the spectral slope. Furthermore, thig in the XMM-Newtonobservation is higher than the
ChandraObs. ID 5597. An increased intrinsic absorption in the dbjeight be caused by the
presence of material close to the black hole. Such variglafithe intrinsic Ny was observed
for Centaurus A over a long (Benlloch et al. 2001) and short ({Rie¢al. 2011) period.

5.4 Radio Results

The results of the flux densitys] measurements with the Effelsberg 100 m telescope are sum-
marized in Table 5.4.

The radio spectrum of IC 310 can be described by a steep spopler-law G o« v»~¢) with
a = 0.75. At high frequenciesX 14.6 GHz), the object appears compact with a rather flat
spectrum. At lower frequencies, the spectrum is dominagatdoptically thin emission of the
kpc-scale radio jet as previously reported by Sijbring & deyBr (1998); Feretti et al. (1998).
Comparing this with the VLBI measurements shown below, thal fdx density at 8.3 GHz
was found to bel48 + 3) mJy. Therefore;> 80 % of the emission at this frequency can be
assumed to be originating from scaled mas.

The analysis of the two VLBA observations at 8.3 GHz resuitethe detection of an one-
sided blazar-like core-jet morphology with~a 20 mas jet pointing in the direction towards a
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Table 5.5:VLBA map parameters of the images shown in Fig 5.10 and 5.11. Table taken fro
Kadler et al. (2012).

Epoch Shot Speak rms Beam

[MJy] [mJy/beam] [mJy/beam] [masmas,deq]
2011/05/16 118.86.0 88.7+-4.4 0.20 2.50< 0.94 ,—28.4
2011/05/30 115.66.1 85.1+4.6 0.21 2.3% 0.94,—-13.5
Combined 115.67.9 84.8t£5.7 0.16 2.34<0.93,-21.5
Combined Taper 11367.7 94.5+-6.4 0.17 2.63%1.76,—21.5

position angle (PA)-135°, see Fig. 5.10. The parameters belonging to the imagesséed In
Table 5.5. No hint for a counter-jet could be observed.

The flux densities measured from the two observations argpamble within the errors.
Therefore, the data have been merged in order to achieveharhgggnal-to-noise ratio. The
resulting image is shown in the inset of Fig. 5.11. In additithe kpc-scale (resolution of
45 arcsec) radio jet from the NRAO VLA Sky Survey obtained or&maber 15, 1993 is viewed.
The VLBA beam size projected along the direction of the jet-of mas could been achieved.
From the core, a flux density has been measured 8) be90 mJy, and a size of)(3 + 0.4) mas
yielding a brightness temperature of 1.5 x 10'° K. Additionally, tow jet components were
found, one with 14 mJy at 0.8 mas (PA44°) and one with 10 mJy & — 8 mas away from the
core. Hence, a compactness at 8.3 GHz 40 % was measured.

5.5 Influence on Physical Processes and AGN Classification

The observational results presented in this chapter hawegstmpact on the classification of
the active nucleus of IC 310. The classification will be noacdssed along with implications
on the underlying physical processes.

5.5.1 Misclassification as HTRG and Viewing Angle

As mentioned in Section 2.8, IC 310 was originally classifesdHTRG. However, the high
resolution VLBI images of the object show an one-sided cetesfructure in the direction of
the large scale structure, see Fig. 5.11. There seems to ldication for a jet bending
process, neither on large nor on small scales. The differbetween the directions of the kpc
and pc-scale jets is abog 10°. Therefore, the direction of the kpc scale jet is more likely
to be determined by the small scale structure rather thandomwashock. Hence, IC 310 was
probably misclassified.

The observed variability in the X-ray to TeV band is anotimelicator for the misclassifica-
tion. If the gamma-rays would be associated with the bowlsklo@gen into the ICM an almost
steady-state emission would be produced as explained mnieet al. (2010). However, with
the day-to-day variability measured with MAGIC in Octob@®08 to February 2010 this sce-
nario can be ruled out. More likely, the VHE emission obsdrwgginates from the blazar-like
central engine.

The one-sidedness of the radio jet might be caused by nskatibulk motion along a small
angle between the jet-axis and the line-of-sight, sinyléola blazar. This leads to a Doppler
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Figure 5.10: VLBA images of IC 310 obtained on May 16f) and May 30 otton), 2011. Lowest
contours are 2.5 the rms level. Further images paramters are given in Table 5.5. Image
adapted from Kadler, Eisenacher et al. (2012).
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IC 310
1.4 GHz

o VLBA 2011/05/16-30

NVSS 17993;'12 15

Figure 5.11:Kpc-scale jet measured at 1.4 GHz with the VLA and the pc-scale jet at 8zviH
the VLBA of IC 310. Image parameters of the VLBI map are given in Tablelsnage
taken from: Kadler, Eisenacher et al. (2012).

boosting of the approaching jet and a deboosting of the epyat. Measuring the ratio between
the flux densities of the jet and its counter-jet allows theveste of the angle to the line-of-sight
f according to Eq. 2.21. Since no signal from the countergelow 30) could be found in the
VLBI measurements at 8.3 GHz, only an upper limit to the angle loe calculated. From the
VLBI image, a ratio ofR > 177 was found. Assuming a flat spectrum with= 0 and letting
3 — 1yields an upper limitof § < 31°.

The lower limit can also be derived from the emission maxinfiarcsec away in the jet
direction of the 49 cm image in Sijbring & de Bruyn (1998) assugnone-sidedness on all
scales. The local peak ef 400 mJy together with the @ noise on the other side of the core
givesR > 500. Applying further the measured spectral indexof 0.75 yieldsd < 36°.

A more conservative estimate yields< 38° when applying a ratio oR = 162/0.8 = 202
inferred from the first jet maximum in the 1.4 GHz image of VLA~a 23 kpc, and assuming a
spectral index ofv = 0.5 at this position.

Using Eq. 2.23 and assuming further an apparent spegg,of= 1 as measured by Piner
& Edwards (2004); Piner et al. (2010) for TeV loud BL Lac obgcgyields a constraint for
the Doppler factor ol > 3.5 (R > 177, a = 0), 6 > 2.9 (R > 500, « = 0.75), and
0 > 2.7 (R > 202, a = 0.5). For comparison, typical Doppler factors for Centaurus mM
and NGC 1275 aréce,a < 3.8 (Abdo et al. 2010b)jys7 ~ 3.9 (Abdo et al. 2009b), and
Onao12rs ~ 2.3 (Abdo et al. 2009a), respectively.

Furthermore, the linear size of the projected extended éjperjables an estimate of a lower
limit of the angle. Sijbring & de Bruyn (1998) measured an asten of the jet o~ 350 kpc
at a wavelength of 49 cm. De-projecting of the jet with simngg@metrical arguments using the
largest limit quoted above d@f < 38° yields a jet length ofv 570 kpc. This is already larger
than the peak of the distribution of jet lengths obtainednffeR 11 radio galaxies which lies at
about 150 kpc-300 kpc, see Fig. 5.12 from Neeser et al. (1995)

The length of a radio jet may extent up4d Mpc which is the record up to now observed

3This calculation can be also found in Kadler et al. (2012).
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Figure 5.12: Distribution of linear sizes of FR Il radio galaxies. The linear sizes weleutzed
assumindy = 1. Left panel:Objects of the 3C source cataldgight panel:Objects
of the 6C source catalog. Image adapted from Neeser et al. (1995).

from the giant radio galaxy J1420-0545 (Machalski et al.8J0@ssuming such a long jet for
IC 310 would imply an angle of only 4°. However, J1420-0545 is an extreme case making
a limit of # ~10° more likely. Large linear sizes of jets may result in incetencies of the
advance speed of jets into the intergalactic medium, thesoan AGN and its lifetime. For
example, an advance speed is of the order of 0.01 ¢ (Parma2&d) and a lifetime of 08 yr
(Sijbring & de Bruyn 1998; Feretti et al. 1998) would produce 800 kpc long jet. The lifetime
has been inferred from the space density of AGN and theirdedaixies (Sijbring & de Bruyn
1998) or estimated directly for IC 310 from the calculatidrifee electron aging along the kpc
jet of 2 — 2.5 x 108 yr (Feretti et al. 1998). However, the latter is only a lowierit since it
strongly depends on the sensitivity of the instrument. Ajpyg this lifetime would imply a jet
length of > 800 kpc corresponding to a limit af ~ 26°. Interestingly, the mass grow in this
time span is consistent with the mass of the black hole of IC@ppendix A Section 1) if
assuming an accretion with an Eddington rate of severat swdas per year.

An angle of the jet-axis to the line-of-sight dfi° < 6 < 38° places IC 310 at the borderline
between radio galaxies and BL Lac objects. As seen in Figtlziglrange of the angle allows
only low values of the Doppler factor. Therefore, for theetadiscussion ~ 3 — 4 is used.

5.5.2 Localization and Size of the TeV Emission Region

According to Eq. 2.24, the variability time-scatg,. allows an estimation of the radius of a
spherical emission regioR. Forr,,, = 1d andz = 0.0189 the radius of the emission region
must beR < ¢ x 2.5 x 10'* cm. Using the upper limit for the doubling time,, v1, = 0.55d
(see Section 5.3.1) the radius is calculated tdib€ ¢ x 1.4 x 10'® cm. Assuming a mass of
the black hole of\/zy ~ 3 x 10® M, (see Appendix A Section 1), the radius can be compared
with the Schwarzschild radius of IC 310 yielding:

R <166 Rs. (5.6)

Adopting a Doppler factor of ~ 3 — 4 known from radio observations (see Section 5.5.1)
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the radius become® < (47 — 63) Rg.*

This rather small emission region (compared to the dimengfdhe jet) implies high local
photon densities and thus might be incompatible with theeolesl VHE spectrum up te-
10 TeV. This could be caused by absorption of gamma-rays viaaduction on the low-
energy photon field with a synchrotron luminosity,, produced by electrons (see Chapter 2.6).
Equation 2.32 can be used to estimate a limitfQy, in the local near-infrared (NIR) region
associated with the gamma-ray spectrum up tt) TeV. This leads to

Ly ~ 1.8 10% 6% 7op erg st (5.7)

Assumingr,,, = 0.55d (=~ 1d) this becomed.,, ~ d°- 8.4 x 10% (1.5 x 10*)ergs™'.
The observed NIR luminosity of the host galaxy was found tdbg, = 2 x 10*ergs™
measured by Skrutskie et al. (2006). Henfg,, < L., applies if no Doppler boosting is
assumed. Assuming a Doppler boosting with 4, the non-thermal NIR emission may reach
a weak luminosity ofLsy,, ~ 1% Lo,.,. If this emission component extends up to the X-ray
regime, this would still be consistent with the observeda}-tuminosity. Measurements with
IRAS (Beichman et al. 1988) showed a infrared (IR) luminosity.of .., < 9.8 x 10** ergs™"
and Lygo,m = 4.7 x 10* ergs™'. Interpolating this to a wavelength 86,m yields Lag um, ~
10*3erg s~—!. This leads to an optical depth of

LQO m Tdust -
10 TeV) ~ £ ~ 1 5.8
™ (10TeV) (1043ergsl) (1kpc) ’ (5-8)

for isotropic infrared photons from the gas and dust toruk wadiusry,:. Therefore, some
TeV photons can still escape the torus freely and hence nsayoaiginate from a region close
to the central engine. The photons of a possible presen¢tameidisk would not significantly
increase the optical depth at VHE energies because of thieaksrof the pair production cross
section above the threshold.

The day-scale TeV variability and the VHE spectrum are hetileconsistent with the sce-
nario that the high-energy emission is produced by a shotlieifet.

5.5.3 IC 310 seen as a Blazar and the Blazar Sequence

Figure 5.13 shows the non-simultaneous observed spentajedistribution (SED) extending
from X-ray to VHE. Typically, thev F,, graph of a blazar features two bumps. As explained in
Chapter 2.5.1 the low energy bump is produced by synchrotressgon. The origin of the high
energy emission maximum is still a matter of discussion.

The shape of the multi-wavelength SED (even if the entirgiescy range can not be cov-
ered) of IC 310 supports the notion that the high-energy @omsespecially in the HE and VHE
regime is associated with a blazar-type jet. It is notabledwer, that the apparent VHE lumi-
nosity of 10*2~*3 ergs! is a few orders of magnitude lower than for typical TeV blaz@ee
Fig. 2.3) even in a higher emission state of the object. SiheeX-ray and VHE data are not
simultaneous, the conclusions also with respect to theablsequence listed in the following
have to be drawn with caution.

e In Giommi et al. (2012a) the authors show that within a refistiz < 0.07, i.e., in the
local universe in which also IC 310 is located, low luminggMGNs might be originally

4The numbers given in this differ from those given in Algkst al. (2014c) as a different value for the black hole
mass of IC 310 was used.
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Figure 5.13: Historical measurement of the spectral energy distribution from X-ray$it gamma

rays. In the X-ray range, butterflies of the observations are showsior€are ex-
plained in the legend. The gray, open triangle and the gray upper limits e frakn
the 2FGL catalog (Nolan et al. 2012). Filled, pink triangles depict the refsaltsthe
dedicated high-energy analysis above 10 GeV from the 1FHL cataldg(&@nn et al.
2013). The MAGIC results (EBL corrected) for the high (red) and Iblu€) states are
marked with full squares and full circles, respectively. The corredpmy apparent lu-
minosity is given at the right axis and has been calculated from the luminosiéyndes
of 81 Mpc. Image adapted from Aleksét al. (2014c).

misinterpreted as radio-galaxy. The jet points roughlyas the Earth, thus having a
small angle to the line-of-sight. But the blazar-like enossgets outshined by the strong
emission of their own host galaxy. This could also be the &askC 310.

The blazar sequence (Fossati et al. 1998; Ghisellini eBa8)Llsuggests a lower apparent
luminosity of the overall SED as the synchrotron and the f@ghargy peak shift to higher
frequencies. Remembering tdandrameasurement in 2004 with a hard spectrum still
rising in thev F, graph and the VHE spectra, IC 310 might then be a candidatevery
extreme high frequency peaked BL Lac object (VEHBL). The fitshp would lie in the
hard X-ray regime, and the second at multi-TeV energies. é¥ew such objects have
not been detected yet. This is probably due to the limitedisieity of the telescopes, but
tracing the blazar sequence such a population may exist.

The previous point is also in line with the idea of the cosmioletion of blazars as

explained in Chapter 2.5.3. Blazars with low accretion rates, low luminosities and

high masses of the central black hole are at the end of the stadevelopment. The
accretion process of the surrounding matter of IC 310 mighadvanced, explaining the
relatively high black hole mass and low luminosity.

The low luminosity problem could be a consequence of a smealignment, i.e., a
larger angle to the line-of-sight of an extreme HBL like 1IEQ64428, an object with
an synchrotron peak measured around 100 keV (Wolter et @B)20A discrepancy of,
e.g, ~100 in luminosity corresponds to an angle~08.5° assuming a typical Lorentz
factor ofI',, = 15, andé ~ 5 consistent with the Doppler factor obtained from the radio
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measurements (Section 5.5.1). Indeed, Ghisellini & Taviec(2008) predicted a large
population of weak blazars with relatively small viewingyées ofé = 4 — 7°. However,
such an angle would be in contradiction with variability dbster (< 1d) time scales
(see Chapter 6) and a large extension of the kiloparsec ratli@ge Section 5.5.1). It
should also be noted that jets of TeV emitting HBLs typicatigd their structure after a
few kiloparsecs as presented in Rector et al. (2003) whialredysnot the case for IC 310
with a projected jet ofv 350 kpc (Sijbring & de Bruyn 1998).

In summary, IC 310 may be considered as a representativerafsitional population be-
tween low-luminosity blazars and FR | radio galaxies.



An Exceptional Bright TeV Flare

A Cosmic Treasure Hunt

This chapter is based on a measurement of an exceptional &aed/detected by MAGIC
announced in The Astronomer’s Telegram #4583, #4581 (Go&012; Kraul} et al. 2012).
The observational results were connected with high-réisoluadio measurements from EVN.
These observations were part of an intense multi-wavehepigitgram described in Chapter 7.
The analysis results and the theoretical interpretationbgafound in the publicatioBcience
Vol. 346, 1080.

6.1 MAGIC Observation and Data Analysis

In the night of November 12 to 13, 2012 (MJD 56243.95-562UAMAGIC started the obser-
vation of the Perseus cluster after the commissioning pbb#e fully upgraded system had
ended. The data was taken with the wobble mode “NGC 12755tiided in Fig. 6.1. Here,
four wobble positions are used with an offsetof®° centering around the center of the cluster,
NGC 1275. This mode allows for a homogeneous camera illumimai.e., a better control
of the background subtraction is possible. This is impdrt@anmeasuring the lowest energies
(F < 100 GeV). For the analysis of the emission from NGC 1275 this is nemgsdue to its
very soft power-law spectrumi’(~ 4). In case of IC 310, however, this requires dedicated MCs
for the data which has a wobble offset @P38° (W0.40+058, W0.40+337). The remaining
data from the wobble positions W0.40+157, and W0.40+238 camblyzed with the standard
MCs with the default wobble offset of4°.

The total observation time in that night was 3.7 h. Due to alpgerfect weather condition
and the absence of technical problems, no data needed tiebtecte The signal extraction, cal-
ibration, and image parametrization was applied as destiibChapter 4. For the image clean-
ing, the 6-3.5 dynamical sum-cleaning algorithm was usee §ection 4.5.2). In addition to the
standard analysis, the dynamical parameters were cadwhdthin star andsuperstar Some
of those (WIDTH and LENGTH) were used in the training of the RFtlee gamma-hadron
separation and DISP method. For the training, data from NM&51222-21, 2FGLJ14160-74
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NGC 1275

Figure 6.1: Configuration of the wobble positions during the flare. This mode is calledCNE&/5
mode”. Here, four position were used centered around NGC 1275, 0058 and
W0.40+337 each with an offset 6f938°, and W0.40+157 and W0.40+238 with4°
distance to IC 310.

and from Dark Patches 2, 4, 6, 11, 18, 22, 25, 28, 29, and 31 pied as Off sample (see
Appendix B Table 8) covering a Zd range @f — 56° (t.¢ = 11.0h). The reconstruction of
the energy and DISP was performed in the standard way (se¢®i$dc.5). To calculate the
effective area of the data with938° offset, special MCs in addition to the standard MCs were
generated and used in this analysis.

The study of the light curve was performed with the classmathod consisting of time
bins of fixed width. In addition, a new approach with time baigixed number of ON events
was implemented. The latter is commonly used by the X-raymanity for the calculation
of spectra. Finding variability on shorter time scales sslaffected by limited statistics of the
gamma-ray and background events. The program first idestifiee gaps shorter thag 1 min
(resulting from, e.g., changes of the wobble position). M hke remaining time is sampled on
a certain number of ON events. As one can see from Fig. 6.4atlebetween the signal and
the background is> 1. Thus, the precision of individual data points in the lightwes is< 3o.

To test this approach, a light curve from Crab nebula datantakeJanuary 9, 2013 has been
rebinned according to 16 and 9 ON events per bin (see Fig. 8.23n be seen that the 16 ON
events light curve represents the light curve with fixed tbires very well. A constant fit to the
16 ON events light curve givesyg/d.o.f. = 32.6/29. Applying the 9 ON events binning to
the light curve produces a few outlier which deviate $y20 from the light curve with fixed
time binning. However, the constant fit to the 9 ON eventstlgrve still shows a reasonably
goody?/d.o.f. of 50.6/51.

Furthermore, a toy MC study was performed comparing thidhotetvith the classical one
(see Fig. 6.3). From this study, one can see that a low nuniileeeats in a fixed time width bin
(< 10) may result in an underestimation of the error in the flux lbseaof down fluctuations
of the number of events. This explains the tail in the distitn of the residua, bias in the
mean, and the RMS of the resulting distribution. For comparisexamples are shown for
Mean=-0.1t0 -0.2 and RMS =1.05 to 1.15. The characterisscyete shape follows from an
integer, Poissonian statistic of the events in a bin of fixegkt In contrast, the method with
fixed number of ON events permits a continuous distributiothe residuals without a net bias
(Mean= 0, RMS= 1). To correct the asymmetry of the residua distribution ithapproaches,
an assumption of the unknown shape of the light curve musppkea. However, this was not
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Figure 6.2: Light curve of the Crab Nebula in the night of January 09, 2013 ab0@G2V. The

black and red data points show the light curve with fixed ON events and fire
(3min) binning, respectively. A fit to the light curve with fixed time binning has a
x?%/d.o.f. of 27.5/23. For comparison, the dashed line shows the 1 C.U. level (Adeksi
et al. 2012b)Top panel:Light curve with 16 ON events binning. Fitting this light curve
(thick black line) with a constant giveg?/d.o.f. = 32.6/29 with a constant flux of
(10.28 +0.53) x 10~ cm~2 s~1. Bottom panelLight curve with 9 ON events binning
with a constant flux fit 0f9.86 & 0.52) x 10~ cm=2s~! andx?/d.o.f. = 50.6/51.
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Figure 6.3: Comparison of toy MC light curves obtained with fixed time binning (black) aitd w

fixed number of ON events (red) for different assumed shapes of thiecligve (dashed
blue line). Top panel: Constant flux.Middle panel: Exponential rise.Bottom panel:
Gaussian peak. The panels on the left show an example of each of tHuseuliges,
while the right panels show the distributions of light curve residua with dpethe
assumed shape obtained from 50000 random light curves. Figureeddegm Alekst
et al. (2014b).
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Figure 6.4: §? distribution of ON (black points) and OFF events (gray shaded area) inighé of
November 12-13, 2012 above 300 GeV. The distribution shown here $¢abked result
of individual wobble pointings. The number of excess events is calcuiatide region
left from the dashed line. Figure adapted from Alékei al. (2014b).

done in the analysis.

6.2 Signal Evaluation

In the night of November 12-13, 2013 a clear signal could basueed. This signal was already
seen in the skymap of the Online Analysis of MAGIC (Tescarale013). The correspond-

ing #*-distribution is shown in Fig. 6.4. This distribution wadaadated by stacking the ON

and OFF distributions from the individual data sets withHed#nt wobble offsets. In the stan-
dard analysis described in Chapter 4, the evaluation of treakis typically calculated above

a dedicated energy after a certain HADRONNESS and SIZE cate Han energy-dependent
HADRONNESS cut (used for the calculation of the spectra df was applied for the deter-

mination of the ON and OFF. This guarantees the compayitofitthe number of ON events

also used in the light curve with variable time binning. Itatp554 ON and 46 OFF events
resulting in 507 excess events above 300 GeV could be recctet. This corresponds to a
significance of 32 standard deviations.

6.3 Light Curve

The light curve has been calculated with two methods. Ringt,standard fixed time binning
was applied (here: 3 minutes). Afterwards, the variabletimning based on a fixed number
of ON events (here: 16 and 9 ON events) was used. Figure 6véssthe flux above 300 GeV
measured in the time range of MJD 56243.95-56244.11.

Both approaches yield comparable results. However, thevavable time bin method pro-
vides a more sensitive search for ultra-fastl(minute) flux variations.

The mean flux in the night could be measured td'he,, = (6.0840.29) x 10~ cm—2s7 1,
This is four times higher than the mean flux of the high statd @0 + 0.17) x 10~ ' cm2s™!
(see Chapter 5). A constant fit to the light curve with 9 ON evaver the entire observa-
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Figure 6.5: Significance map (in TS value) of the Perseus cluster above 300 GeV radasu

November 12-13, 2012. The white cross and the green square markogh®m of
NGC 1275 and IC 310, respectively. Figure adapted from Ageésal. (2014b).

tion time range revealB,..;. = (3.52 + 0.22) x 10~ cm2s~! with a x?/d.o.f. of 198.8/58
corresponding to a probability @f6 x 10~'7 for the constant flux. For comparison, the con-
stant fit to the 16 ON events light curve hagdd.o.f. of 179.3/33 and the 3 min light curve
x%/d.o.f. = 309.9/74.

To find periods with the fastest flux variation, the evolutairthe doubling time is shown in
the bottom panels of Fig. 6.6. This doubling time is calediddy computing the flux difference
between each two consecutive points and taking into acabaritme lapse between these two
points. Itis important to note, that non of the individuat@sin the light curve are restricted to
changes in the wobble position.

6.3.1 Fractional Variability and Power Spectrum

A common way to quantify the variability amplitude in AGN Higcurves is the estimation of
the fractional root mean square (rms) variability amplgud.., (Vaughan et al. 2003). Fa¥
individual flux pointsz; with errors?,, ; and a mean flux of the fractional variability can be
estimated with:

S2 _ 52

Fya =\ ——= (6.1)
with the sample variance

§ = S (i — ) (6.2)

and the mean square error

1 N
agrr = N Z Uezzrr,i' (63)
=1
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Figure 6.6: Light curve of IC 310 as measured in the night of November 12-13, 20b%2e 300 GeV.

Upper panels:The black points show the results obtained from a fixed binning of ON
events (top: 16, bottom: 9 events). The colored light curve presentesidt from a
fixed time binning (here: 3 minutes), red from the data of the wobble pointingQuth

and blue with 0.9380offset, respectively. The two gray lines correspond to the flux level
of the Crab nebula (Crab) and 5 Crab, respectively (Afe&sal. 2012b)Bottom panels:
Temporal curve of the absolute inverse doubling time during the flare. Wodiiubling
times are shown with filled markers, negative doubling times with open markigrgeF
adapted from Aleksiet al. (2014b).
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The error ofFy,, can be calculated according to Eg. B2 in Vaughan et al. (2003):

2

- 2 -
1 2 2.1
err(Fvar) _ ( L Oerr ) + Oorr - ) (64)

For the light curve with fixed time binnind:y., was calculated to by, 3min = 0.924+0.05
and for the variable time binninBya, o ox = 0.8740.07 (Fyar,160n = 0.78 0.06). Note how-
ever, these values should not be compared to each otheryassudt from a different number
of light curve data points, i.e, the tested variability tiswale is not equal. This calculation was
applied to the light curve from the Crab nebula (see Fig. @)Iting infv; 3min = 0.08£0.12
andFya9on = 0.30£0.07 (Fvar160on = 0.01 +2.25). In case of the light curve from the Crab
nebula, an object with constant flukj., is poorly defined and may result in a larger mean
square error than the sample variance, hence the squareecmnes negative. Therefore, the
absolute value of? — 02 was used.

Another approach to investigate the variability is to amalyhe “power” of variability as a
function of temporal frequency by calculating the powercéra density, see Vaughan et al.
(2003).

The power spectrum is defined as modulus-squared of theethsEpurier transformation
(DFT). This method is only well defined for an evenly sampligtitl curve with flux point at
discrete times; (: = 1,2, .., N). Therefore, it was only applied to the fixed time binned tigh
curve. The power is being calculated according to:

P(f;) = AIDFT(f;)|? (6.5)
and
N 2 N 2
IDFT(f;)|* = [incos(Zﬂfl-ti) + insin(Zﬂfiti)] (6.6)

at frequenciey; = j/N/AT, with j = 1,2, .., N/2.
The normalizatiorA of the power spectrum was chosen to be:

2AT
A= —— 7
N (6.7)
taken from Appendix A in Vaughan et al. (2003).
The resulting power spectra for the flare of IC 310 and for canspn, PKS 2155-304 (Aha-

ronian et al. 2007) are shown in Fig. 6.7.

The power spectrum of IC 310 was fitted with a power-law fumttiThe index was found to
bek = 0.64. For comparison, the index for the light curve of PKS 215530 = 2.05. Thus,
IC 310 showed a flickering behavior with more power at shditee scales. Note however,
due to the 3 min sampling, the higher frequencies can notdighesl as in the case of the 1 min
binned light curve from PKS 2155-304. One could argue thafréictional variability shows a
similar result. For PKS 2155-304},; pks 2155304 = 0.58 &= 0.03 was found (Aharonian et al.
2007) which is smaller than the value found for IC 310.

In general, no distinguished feature as those mentionedadtidh 2.7 could be found in the
power spectrum of IC 310.
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Figure 6.7: Power spectrum of the flare of IC 310 (red, spectral slgp@t) and of PKS 2155-304
(blue, spectral slope2.05). The dashed lines show the frequency corresponding to the
gravitation radius of the objects. For PKS 2155-304 a black hole malss df0® Mg,
has been assumed (Bettoni et al. 2003).

6.3.2 Individual Substructures in the Light Curve

In the following, substructures in the light curve were ftitia order to determine the doubling
time p = 7 x In2. First, an exponential fit was applied:

Ft) = F(ty) e~ =" (6.8)
with F'(t) andF(to) being the fluxes at the timeandt,, respectively. The results of the fits are
shown in Fig. 6.8, 6.9 and, summarized in Table 6.1.

In addition, the conservative, slowest doubling time waspoted from the first big flare.
The light curve in the range MJD 56244.062-56244.0652 wesdfilvith many exponential
functions, each time fixing to a different value. From computing the probability of thethe
doubling time of4.88 min was found with a fit probability of 5% (95% C.L.).

The doubling times are very different, ranging freml — 9 minutes. The shortest time scale
in Table 6.1, however, may not be reliable, e.g., due to Oakyof freedom. Since the pre-
flare showed similar time scales for the rising and the decpgeriod, the time scale covering
the pre-flare was fitted with a Gaussian (see Fig. 6.8). Thevidth half-maximum (FWHM)
expressing the time period in which the maximal flux raised&yed byl /2 is (22.3+4.4) min.

For the theoretical discussion, the doubling timé .88 min will be used. The corresponding
time scale in the frame of reference of IC 310 is therefdrgs min/(1 + z) = 4.8 min.
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Table 6.1:Fit results from individual substructures in the light curve. Table adbfsten Aleksit
et al. (2014b).
state time range to fixed  F(to) -1071 T D" x>/
[MJID] [MJID] [cm—2s7] [min] [min] d.o.f.

pre:
rise 56243.974-56243.983 56243.983 10.7 4.3 80+t44 55 0.8/2
decay 56243.982-56243.995 56243.982 10.8 2.5 95+29 6.6 0.8/4
1. Flare
fastrise 56244.062-56244.0652 56244.06534.5+13.6 1.8£0.7 1.3 2.4/1
95% C.L. 56244.062-56244.0652 56244.065234.5 + 13.6 < 7.04 < 4.88 -
slow rise 56244.045-56244.0652 56244.065213.7 £2.9 13.0 £ 3.2 9.0 17.2/8
decay 56244.065-56244.07 56244.065 35.9 + 9.4 3.8+14 2.7 3.1/3
2. Flare
rise 56244.067-56244.078 56244.078 30.6 £ 6.9 11.6 4.2 8.1 6.7/7
fastdec. 56244.0774-56244.08 56244.07746.8 +24.3 1.0+0.3 0.7 2.1/0
slow dec. 56244.0774-56244.087 56244.077414.3 £4.2 12.3+£6.5 8.5 9.0/3

Notes. () 7, = 7 x In2.

6.4 Spectrum

As mentioned in Chapter 5, the unfolding enables the calonlaif a combined spectrum
from individual spectra from data with different offsktsThe resulting spectrum can be de-
scribed with a simple power-law with a flux normalization afeV of f, = 17.6 £ 0.7 x
10~2TeV~'em~2s~! and a photon index of.86 + 0.04. Note that the numbers and the data
points shown here slightly differ from the ones publishedleksic et al. (2014b). The results
in this thesis were obtained by the analysis of the author.

In order to test for curvature of the spectrum, different povaw fits (simple, log-parabolic,
broken power-law fit) were applied to the data. The resuéshown in Appendix B Fig. 8 and
summarized in Appendix B Table 10. Since the log-parabaiit laroken power-law fit show
no significant improvement in the?-test compared to the simple power-law, all further results
and discussion refer to the simple power-law.

The unfolded SED of the flare is shown in Fig. 6.10. Additibyyahe SED corrected for
EBL absorption with the model by Dominguez et al. (2011) issshiothe same figure. The de-
absorption yields to a flux normalization at 1 TeVfaf= 21.3 4+ 0.9 x 1072 TeV ' cm 25!
and a photon index of.75 + 0.04. Comparing the SED with the one measured in 2009/2010
(compare Chapter 5 and see Fig. 6.11 as well as Table 6.2) nificagt spectral variation
between the flare and the high and low flux state could be fodrds finding was already
reported in Chapter 5.

1Both SEDs calculated from the data with different offset barfound in Appendix B Fig. 7.



90

An Exceptional Bright TeV Flare

—@— Flare: measured

10—10 —@— Flare: de-absorbed

Crab nebula

)

IE i

o

>

)

=

W

Z 10

©

BT
1 11 1 I 1 1 1 1 1 11 1 I 1 1 1 1 I
60 100 200 300 1000 2000 10000

E [GeV]

Figure 6.10: Measured SED (red) as well as corrected for EBL absorption (bppdyiag the model
by Dominguez et al. (2011)) of the flare. The red/blue butterfly showdativeard
folded SED and the red/blue data points and the solid line the unfolded SE@thsin
Schmelling method, respectively.
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Figure 6.11: Measured SEDs obtained by MAGIC in different periods of activity oBID. The
SED together with the power-law of the flare is shown in red. For compariben
result from the high (blue squares) and low (black triangles) state (€hap and the
average results (grey triangles) from Aleksit al. (2010b) for the whole period are
shown. In addition, the spectral power-law fit of the Crab nebula @btens from
Aleksit et al. (2012b) is shown (grey, solid line).



91 6.4 Spectrum

Table 6.2: Division of the data of 2013-11-13 according to different flux states.

state run 1D time start time stop
[MJD] [MJD]
low state of flare part | 05020909 56243.951958 56243.965686
low state of flare part Il  05020915-18 56243.996756 5624200%

pre-flare 05020910-11 56243.966217 56243.993958
big flare | 05020919 56244.053380 56244.067083
big flare Il 05020920 56244.067593 56244.081231
post flare 05020921-22 56244.081669 56244.095371
—— Big flare |
I~ —— Big flare Il
107 o,
: — — Low state
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Figure 6.12: Study of spectral variability during the flare. SEDs as well as the carrelpg power-
law fits of diverse flux states according to Table 6.2. Intra flare | (bldokja flare Il
(red), pre-flare (green), post flare (blue), and low state (yelloa/shown.

6.4.1 Intra-night Spectral Variability

In the following, the spectral variability in the night dag the flare will be investigated. There-
fore, the data have been grouped into five sets as quoted i@ @b The selection of the runs
and classification was based on different flux states by eye.

All spectra have been fitted with simple power-laws. The ltesare tabulated in Table 6.3
and shown in Fig. 6.12.

Figure 6.13 shows the photon index versus the flux norma&hizand time, respectively,
obtained from power-law fits to the different spectra dutimgflare.

From this method, one can argue for a minor, marginally §icamt (~ 10) variation of
the spectral emission during the flare. The constant fit inléftepanel of Fig. 6.13 has a
probability of <1% of the unfolded spectra (2% for the forward folding). Aedlar fit reveals
75% probability (68% for the forward folding).

A second approach to evaluate the spectral behavior duréenfiere uses the so-called “hard-
ness ratio”. Here, this ratio is defined by the integral fluowab1 TeV divided by the flux
between 300 GeV and 1 TeV. Those fluxes were obtained by tlalatbn of the light curve
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Table 6.3: Results of power-law fits of the spectra obtained with MAGIC. For the definiifandi-
vidual flux states in the second part of the table, see Table. 6.2

fO + fstat + fsyst

state energy range I' £ Dgpar = Doyt

[TeV] x10712[TeV "t em =257

flare overall night  obs. 0.07-8.3 176 £0.7£2.2 1.86 = 0.04 £ 0.15
intr. 0.07-8.3 21.34+094+26 1.75 4+ 0.04 + 0.15

low state of flares  obs. 0.07-4.0 6.4+ 0.8 2.15£0.10

pre-flare obs. 0.07-9.5 13.5+0.9 1.96 + 0.06

big flare | obs. 0.07-4.0 37.5+4.2 1.63 £ 0.11

big flare Il obs. 0.07-9.5 442+ 2.1 1.51 £0.06

post flare obs. 0.07-9.5 27.5+2.3 1.85 £0.08
high 2009/2010 obs. 0.12-8.1 4.28+0.21 +0.73 1.96 +£0.10 + 0.20
intr. 0.12-8.1 5.14 +0.28 £ 0.90 1.85£0.11 £ 0.20
low 2009/2010 obs. 0.12-8.1 0.61 £0.04 £0.11 1.95+0.12 4+ 0.20
intr. 0.12-8.1 0.74 £0.05£0.14 1.81 +£0.13+0.20
2009/2010 previous obs. 0.15-7.0 1.14+0240.0 2.00+0.14 4+ 0.00
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Figure 6.13: Photon indices during the flare. Black correspond to unfolded spestray uhe
Schmelling method and grey show the forward folded resukft panel: Distribu-
tion of the slope versus the flux normalization at 1 TeV with constant (solid)leed
linear (dashed lines) fit®kight panel:Variation of the photon index in time.
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Table 6.4: Parameters of the 5 GHz EVN image from October 29, 2012.

Configuratiod Speak’ RMS Siotal®  bmai®  bmin® P.AS
[mJybeam?!] [mJybeam!] [mJy] [mas] [mas] ]
EF-WB-JB-ON-MC-NT- 76.7 0.027 109 497 124 -85

TR-YS-ZC-BD-UR-SH

Notes. () Telescope configuration: EF: Effelsberg, WB: Westerbork, JBrelbBank, ON: Onsala,
MC: Medicina, NT: Noto, TR: Torun, YS: Yebes, ZC: ZelenchukskagB: Badary, UR: Urumgi and
SH: Shanghai(?) Peak flux density in mJy/bearff) 1o noise level in mJys/bean’) Total flux density
in mJy (¢) Major and minor axis and position angle of restoring beam.

in the corresponding energy ranges. The study was perfofonédo different fixed time bin-
nings, a run-wise (i.e., 20 minutes per bin) and a five-mit@ing. It should be noted that
the hardness ratio for data points in which a statisticatdlaion resulted in a negative or zero
flux is not physical. Those points were exclude in this study.

The results are presented in Fig. 6.14. In the top panel ofigluee, a direct connection
between the low and the high-energy flux is shown, while irhmhottom panel the hardness
ratio is shown versus the overall flux above 300 GeV.

This study yields no significant detection of spectral Vailiey as well neither in the run-wise
nor the five-minutes binning. Spectral variability wouldué in a curved trend of the distribu-
tion of the high versus the low energy flux. In case of an enekgyendent spectral slope, the
diagram of the hardness ratio versus overall flux would shalear linear relationship. This,
however, was not found when fitting the distributions. A dansfit to the data points in both
binning methods yielded 1o (probability of 16% for the run-wise and, 68% for five minytes
and~ 20 for a linear fit (probability of 96% for the run-wise and, 94%s five minutes).

Spectral changes between the rising and decaying phase aeaniight provide informa-
tion about the underlying physical processes. This has tested by calculating two spectra
(see Fig. 6.15), one for the rising edge of the pre-flare irtithe range MJD 56243.966217
- 56243.979838 (data run 05020910), and one for the decadgg MJD 56243.980301 -
56243.993958 (data run 05020911). The flux normalizatidnTaV for the power-law spectra
are measured to bf i.c = 9.7+ 0.8 x 1072 TeV ' em™2s7! and fo gecay = 16.3 + 1.7 x
1072 TeV~'em~2s~1. The indices of the spectra are comparable within the gr2ar§+ 0.06
for rise and1.93 + 0.09 for decay. Therefore, no significant spectral differenceviben the
rising and the decaying flux phase could be found.

6.5 EVN Observation

As part of the multi-frequency campaign, high-sensitividgio VLBI observations with the
EVN had been proposed. They were performed in October andriNber 2012 at the frequen-
cies 1.7, 5.0, 8.4, and 22.2 GHz. Only the data and results fr@ 5.0 GHz observation from
October 29, 2012 with the highest dynamic range will be prieskin this thesis. The analysis
results of the data were provided by R. Schulz from the Uniyeo$ Wiirzburg.

The amplitude and phase calibration was applied to the datg the standard methods of
the Astronomical Image Processing System (AIPS, (Grei€€8Q. For imaging and self-
calibration, DIFMAP (Shepherd et al. 1994) was used.

The participating telescopes were: Effelsberg, Westérhlwdrell Bank, Onsala, Medicina,
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Figure 6.14: Study of spectral variability during the flare using the hardness rabp panels:Flux
above 1TeV vs. flux in the energy range 300 GeV to 1 TeV. The linear &ite fa
x?%/d.o.f. of 10.8/10 / 34.9/35 corresponding to a probability of 0.37 / 0Bdttom
panels:Hardness ratio vs. flux; const fitg /d.o.f. of 14.3/10 / 30.6/35 corresponding
to a probability of 0.16 / 0.68Left panels:Results for a run-wise division of the data.
Right panelsResults for a five-minutes binning. Note that data points with negative or
zero fluxes have been removed. Image adapted from Aleksil. (2014b).
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the end of the runs.

10 ]
2012-10-29 B 50
> -120
10
0 1 0=
& 45 &
g - o
o .
A 2 <2
]
&
= <
2 -10 o
pj o
0.5 £
B
-15 0.2
0.1
0

-20

5 0 -5 -10 -15 -20
Relative RA [mas]

Figure 6.16:5.0 GHz map of IC 310 obtained with the EVN on October 29, 2012. Imageess
are given in Table 6.4. Image taken from Alekst al. (2014b).
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Noto, Torun, Yebes, Zelenchukskaya, Badary, Urumqi, anch@hei. Information about the
calibration from Jodrell Bank, Zelenchukskaya, and Badaray missing. Therefore, an image
was produced with DIFMAP first without these other telessopErom the resulting image
model, a constant amplitude correction factor was detexthfor each telescope. Those were
applied to the amplitude calibration and imaging procedurerder to obtain the final image.
The image parameter of the resulting image (see Fig. 6.86)i@en in Table 6.4.

The image shows the core-jet structure and no hint for thateoyet, similar to the image
obtained from the short VLBA observations presented in Gérapt However, with a higher
dynamic range one can further constrain the upper limit efahgle between the jet axis and
the line-of-sight using the method described in Section15.9he dynamic rangé of the
image is given by the ratio between the flux density of the p8ak, = 76.7mJy, and the3 o
noise level (0.081 mJy bear), resulting ink ~ 940.

Using Eq. 2.21 and assumiag= 0 andj — 1 one arrives at a limit of the angle 6f< 20°.
Together with the lower limit resulting from the length okthadio jet, see Section 5.5.1, the
possible range for the angle is found tolgg < 0 < 20°.

6.6 Fast Variability at Sub-Horizon Scales

In this chapter, the detection of a ultra-fast variable srois of IC 310 has been presented. To
achieve such a detection some effort is needed, as usualiyéasurements are either strongly
limited by the sampling time scale (short observation invariet closely spaced nights) and/or
limited event statistics, and accuracy of the instrumemtcdse of the data of IC 310 taken on
November 12-13, 2012, those difficulties could be manageanbgbservation with almost no
interruption, and by introducing a new method for the caltiah of the light curve. The results
can now be used to draw conclusions on the underlying prese3s this end, the findings will
be compared also with other measurements of intra-nightveeMbility (see Table 6.5).

Figure 6.17 shows the relation between the minimum vairtghiime scale and the black
hole mass. Vovk & Neronov (2013) usé@rmiLAT data of several blazars to investigate a
possible correlation between these two parameters. Nability shorter than the light-crossing
time of the black holes was found, possibly due to the limséatistics. According to the
authors, a positive correlation (minimum variability tiraguals the light-crossing time) would
suggest that the emission region responsible for the fastoitity is located close to the central
engine. If, however, shorter time scales are measured,acimggions at larger distances would
produce the variable light curves. Such regions could dgviEbm instabilities intrinsic to the
jet.

In addition to the measurements by Vovk & Neronov (2013),fthdings from the IACTs
summarized in Table 6.5 are now included in the graph (Figf)6.Since the time scales given
in the publications were determined differently, an erfd@ is assumed for all observations.
For the mass, an uncertainty of 10% is assumed.

The horizon light crossing time shall be defined following Edn Vovk & Neronov (2013):

Ti. = 2(Rg++/R%—a?)/c (6.9)
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Table 6.5: Overview of intra-night TeV flares.

Object Clas§ Year 7,.¢ Mg /Mg? R/&¢ R/(6 - Rg)’

Mrk 421 HBL 1996 15min ~ 6 x 10% 2.6 x 1013 cm ~ 0.7
2001 15min

Mrk 501 HBL 1997 10h (0.9 —3.4) x 10 1.0 x 10 cm 7.7-2.0
2005 2min 3.5 x 102 cm 0.03-0.01

1ES1959+650 HBL 2002 1h ~ 1.3 x 10% 1.0 x 10" cm ~ 5.3
PKS2155-304 HBL 2006 3min (1—2)x 10° 4.8 x 10"2cm  0.03-0.02
PKS1222+21 FSRQ 2010 10min ~ 6 x 108 1.3 x 1013 cm ~ 0.1

BL Lac LBL 2011 13 min ~ 1.7 x 108 2.2 x 1013 cm ~ 0.9
M87 RG 2008 0.9d ~ 6.0 x 107 2.3 x 10" cm ~ 2.6
IC 310 RG 2012 4.9min ~ 3 x 108 8.7 x 102 cm ~ 0.2

Notes. (%) The publications to the variability listed in this table are (form top to bottom): Gaitlak e
(1996), Fossati et al. (2008), Aharonian et al. (1999), Alberl.g2807c), Krawczynski et al. (2004),
Aharonian et al. (2007), Aleksiet al. (2011), Arlen et al. (2013), Acciari et al. (2009), this wdtkr the
calculation of the size of the emission regiBnthe redshifts were extracted from the NASA extragalactic
databasel®) AGN classification of the object® Shortest variability time-scale reported for this object.
(4) References to the black hole masses: Mrk421: Bednarek & Proth#88Fk), Mrk 501: Barth

et al. (2002), 1ES 1959+650: Falomo et al. (2002), PKS 2155-36#08i et al. (2003), PKS 1222+21:
Farina et al. (2012), BL Lac: Woo & Urry (2002), M87: Gebhardt &dmas (2009), IC 310: this work.
(¢) Upper scale of the corresponding emission regigh.Upper scale of the corresponding emission
region normalized to the gravitational radiltg, = G Mgy /c? of the object.

8

6 7 8 9 10 11 12
log [M/M@]

Figure 6.17: Variability time scale versus black hole mass. Blue points show the minimum variabil-
ity time scales withFermi-LAT and black hole masses measured by Vovk & Neronov
(2013). Black data points illustrate the measurements from IACTs. The sadislilin
dicate the light-crossing time for maximally rotating (red) and non-rotating blatgsh
(blue). Similarly, the dashed lines show the light-crossing time for the last sidtite
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with a = Jgr/Mggc? lying in the range) < a < R, whereJgy is the angular momentum of
the black hole. The dashed lines in Fig. 6.17 represent #tetable orbit, defined as (Eq. 3 in
Vovk & Neronov (2013)):

A7 R ~6x 103 Mgy s a = Rg
_ ¢ 10°Mg ) 7
P (6.10)
¢ N 10°Mg ) ™

It is evident that for some AGN a shorter variability time @aihd compared to their horizon
light-crossing time. This result is not compatible with $tandard shock-in-jet model. It is
assumed that a shock extends over the entire jet diameter@se, the observed luminosities
could not be reached. The smallest diameter of the jet ieptetose to the base of the jet with
approximately the scale of the event horizon. Shorter lditiatimes however than the horizon
light-crossing time were found.

In the following, alternative models will be discussed wheould explain the observations.
However, a few comments shall be made towards some previotsfrom different authors.
Firstly, it is disputable that the emission needs to be kxtdar away from the black hole as
suggested by Vovk & Neronov (2013). For example, mini-jetdpiced by reconnection events
(Giannios et al. (2009, 2010); Narayan & Piran (2012)) regjthie relatively high magnetic field
close to the black hole. Secondly, the emission regionsanpetneed to be very compact com-
pared to the event horizon. The luminosity produced by swshall region is, however, limited
and hence may not be able to create a flare. Another possit®liresents the anisotropic
acceleration of the particles.

6.7 Theoretical Aspects of the Flare

In this section, a few possible classes of gamma-ray emissaxlels will be reviewed and their
applicability to the VHE outburst observed from IC 310 wi# pbroved. These models need to
deal with the following charateristics: (i) a high state loé tVHE lasting for at least 3.7 h, (ii)
frequent short-time variability on time scales of minui@$), a simple power law spectrum up
to 10 TeV without a break, (iv) hard photon index of the ordiera2, (v) no strong variability
of the VHE spectrum during the flare, (vi) overall weak VHE iawsity of 10* ergs!, and
(vii) no or only weak relativistic aberration.

Besides the failing standard shock-in-a-jet model, nonested models will be introduced.
Those have been invented in order to explain, e.g., to theiterscale flares of the HBLs
PKS 2155-303 or Mrk 501 (Aharonian et al. 2007; Albert et 807Zc), or the day-scale vari-
ability of M87 (Acciari et al. 2009).
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Figure 6.18: Dependence of the Doppler factor on the viewing angle constrained bffatieeof
IC 310. The red area indicates the valid region of the Doppler/Lorentarfand view-
ing angle (0° < 6 < 20°) obtained from the observational constrains. The optical
depthr, ., restricts the Doppler factor 2 10. The blue shaded area shows the region
for the Doppler factor which is consistent with the VLBI observation. Im&gen
from Aleksi¢ et al. (2014b).

6.7.1 Shock-in-jet model

Similar to the discussion in Chapter 5, the observed fast Tiability will be investigated in
terms of the size of the emission region and the opacity problin Begelman et al. (2008) it
was shown that in case of PKS 2155-304 the shock-in-jet mzadektill explain the minute-
variability by considering a large Lorentz factor6f 2> 50 to allow for an escape of the TeV
radiation. As PKS 2155-304 is a blazar the viewing angle ssimed to be small, hence the
Doppler factor can be as large@g; 100. However, for IC 310 the angle is larger. The allowed
region of the Doppler factor constrained by the angle foumanfthe radio observations is
marked in Fig. 6.18. The valid Doppler factors for the bawgf the emission of IC 310 lie in
arange ofl < ¢ < 6. These values are consistent with those found in Sectiat.5.5

Following EqQ. 2.24 and assuming a variability time scale~gf = 4.8 min, the size of the
emission region is of the order éf ~ § - 8.5 x 102cm. In terms of the gravitational radius
of IC 310, this can be given a8 ~ § - 0.2 Rg. With § = 4, the one minute variability time
would correspond to a size of the emission region to be ad asval 80 % of the event horizon
of the black hole of IC310. In order to achief&x Rq, a Doppler factor of at least= 5 is
necessary.

The most severe condition on the explanation of the flaret isysthe optical depth of~ pair
production (see Section 6.4). The observed gamma-rayrspeettains energies up to 10 TeV.
These particles need to escape the emission region witleing labsorbed. The optical depth
is given in Eq. 2.31. Assuming a synchrotron luminosity gf, ~ 10*?ergs*, we arrive at

7,,(10TeV) = §°- 1.2 x 10°, (6.11)
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usingr,, = 4.8 min. Thus, strong Doppler boosting is required to achiev¢l07eV) < 1.
Applying 0 = 4, the optical depth results i, (10 7eV) ~ 29.8 for 7, = 4.8 min. To achieve
7,,(10TeV') < 1 a Doppler factor ob > 7.1 is needed. Since variations as short as 1 minute
were observed, a Doppler factor®f 10 is required.

The inferred values for the Doppler factor from the fast afhtlity are not compatible with
those found from the radio observations. This might be duthé¢oalready known Doppler
factor crisis (see Section 2.6). However, according to &i$j8, no Lorentz factor can be found
which yields a Doppler factor within the region limited byethiewing angle. Thus, the fast
variability measured from IC 310 can not be explained by tiek-in-jet model. This model
restricts the size of a shock at which the emission is pradltcéhe size of the event horizon,
see Section 2.7.2.

However, the lower limit on the viewing angle inferred frohetjet length that challenges
the shock-in-jet model might be biased by a bend in the jethSQubend cloud cause the jet
near the black hole to point into just the right direction émds us in order to allow for large
Doppler boosting. As the projected pc and kpc scale jet amestl perfectly aligned, this bend
is required to be in the plane set by the pc and kpc scale jeta Bemi-opening angle of,
corresponding to a Lorentz factor 6f = 10, the probability for a jet randomly pointing in a
certain direction id — cos 6° = 0.5% assuming that two jets are being in a spherémoflf the
bend should not affect the position angle (P.A.) of the olesfets, this would multiply another
chance probability of 11%.

Jet-bending on sub-pc and pc scales was already observddihiviages of, e.g., Mrk 501
(Edwards & Piner 2002), BL Lac (Gabuzda & Cawthorne 2003), 3@@¥oman et al. 2003),
and CTA 102 (Fromm et al. 2013). It has been suggested thapfieagance of those bends is
connected to the gamma-ray emission observed from thosetsk{yon Montigny et al. 1995;
Graham & Tingay 2014). However, Graham & Tingay (2014) stddihe tendency for jet
bending in gamma-ray-quiet and loud AGN, and concludedjétdtending is not a significant
condition for detection of an object in the gamma-ray regime

6.7.2 Cloud/Star-Jet Interaction Models

In literature, several models for gamma-ray emission oranigular for gamma-ray flares are
based on the interaction of the jet with stars or clouds, acel versa (Bednarek & Protheroe
1997a; Barkov et al. 2010, 2012b; Araudo et al. 2013). Suclke@as® was originally proposed
to explain variability observed from AGN in the radio bandBigndford & Konigl (1979). Gas
clouds could originate from, e.g., stellar winds of masstars, or from the envelop of a red
giant. Those clouds are known to exist in AGN as their op&raission lines can be observed.

Generally, such models needs to be critically examined. probability that a star interacts
with a jet is commonly not known due to missing measurememte @., the density of stars in
the vicinity of the black hole in particular objects. It isalquestionably if enough massive stars
(necessary, e.g., in the model by Bednarek & Protheroe ()Pavapresent in the jet in order
to reproduce the observed duty cycle (ratio between thedifiaring activity and observation
time). Such estimates could be done using the informationtahe starforming and supernova
rate, respectively.



101 6.7 Theoretical Aspects of the Flare

jet plasma

bow shock

cloud

A

<@ < .star

pp collisionS—gamma rays

Figure 6.19:Cloud-in-jet model. As a star (red giant) travels through the jet, the enveilbpev
blown up to a cloud that will be accelerated and heated by the pressure jet.th-or
simplicity, the evolution of a spherical cloud expansion is showm collision at the
bow shock between the cloud and the jet interface will lead to the produdtganama
rays.

Cloud-in-jet model

Barkov et al. (2010, 2012b) introduced a model for the pradanadf flaring gamma-ray emis-
sion for M87 based on the interaction of a red giant (solass¥tgipe star) with the AGN jet.
The envelop of the red giant is assumed tidally disruptedantspalready by the gravitational
field of the black hole (Ivanov et al. 2003; Lodato et al. 20@)e to the pressure present in the
jet the envelop will be blown up and heated. This will form @& gioud (see Fig. 6.19). As the
external layers of red giants are less gravitationally lo@aito the core of the star, clouds up to
> 10%° g can be formed in the vicinity of the black hole. Due to a sgigmmagnetized base of
the jet (Komissarov et al. 2007; Barkov & Komissarov 2008&lEns may not be accelerated
to TeV emitting energies. On the other hand, protons ared#ested by the magnetic field
and hence reach the cloud. There, proton-progpipiGteractions of accelerated protons could
produce the observed gamma-ray emission at a bow shocletbatithe interface of the jet and
the cloud. A concrete mechanism for the acceleration of theops is not given. The authors
explicitly mention that the cloud must not be acceleratedroter to achieve a most effective
production of the TeV emission, i.e., no Doppler boostirkgtaplace. The day-scale variability
observed from M87 can be explained by this model as well asliserved hard gamma-ray
spectrum [ ~ 2.2).

The produced gamma-ray peak in a light curve depends on theasraf the cloud which
changes with time (see Barkov et al. (2012b)). Several peaitzeilight curve could be pro-
duced if the clouds gets destroyed into fragments due tceth@gssure. Barkov et al. (2012a)
could show that under such condition the model can also itbestite observed minute vari-
ability from blazars, e.g., PKS 2155-304. On the contrargase of IC 310 the large Doppler
boosting due to a larger viewing angle is missing. A largentiag factor is then necessary to
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Figure 6.20: Star-in-jet model. The interaction of a massive star with strong stellar wind vétfeth
plasma may lead to the formation of two shocks, the jet and the wind shookyaded
by the contact discontinuity. In region A, the jet shock is quasi-paralletedion B,
the shock in quasi-perpendicular and electrons might be acceleratealadojet shock
parallel to the magnetic field direction. Gamma radiation is then produced by pair-
Compton cascades. Image adapted from Bednarek & Protheroe J1997a

reach the observed luminosity. Hence, this model can ndaexihe flare of IC 310.

Star-in-jet model

Bednarek & Protheroe (1997a) have developed a model forblargamma-ray emission in-
troduced by massive stars interacting with the jet. Basecdhmnwork, their model will be
described in the following. Those stars could be Wolf-Raysataung massive OB stars. They
are characterized by a high mass-loss rate{ 10-6 — 10-°M, yr ') due to intense stellar
winds with wind velocities ofi,q ~ 10°kms™! (Lang 1992). If those stars interact with the
relativistic jet, a double-shock structure with a contastdntinuity may form, as illustrated
in Fig. 6.20. The jet shock will be relativistic while the wirshock remains non-relativistic.
Along the relativistic jet shock electrons will be accetedhby the Fermi-I mechanism (see
Section 2.3.1). In principle, protons can also be consttlénebe accelerated. However, the
authors showed that the interaction lengths of protonsentind plasma and stellar radiation
exceed the shock radius. The accelerated electrons cagertqgir-Compton cascades in the
thermal radiation field of the star which lead to the productdf gamma rays. In Bednarek
& Protheroe (1997a), this model was used to explain dailesgamma-ray variability of the
blazar Mrk421. Shorter variability time scales can be aaddan case of very unstable stellar
winds and/or due to irregularities in the jet plasma.

Applying this model to the observation of IC 310 requiresitigkly large angles of the shock
directions to the direction of the jet. The following parasers are assumed: radius of the star
Ry = 10'2cm, mass loss rate off ~ 107SM, yr~!, wind speed ofuyina = 10°kms™,
velocity of the stam,, = 10*kms™! at a distance of ~ 0.01 pc from the jet base. Assuming
a jet power ofL;, = 2 x 10" ergs™! (see Appendix A Section 2) and a jet opening angle of
® = 5°, one can estimate the radius of the shagkfrom:

; -1
T'sh ~ 103 M Uwind Rstar o l Lj
102cm 10°Mgyr=t\ 3 x 108 cms~—1 102 em 5° 1 pe 1046 ergs—1!

(6.12)
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The resulting radius of the shock would be of the order,pf~ 103 cm. The short variability
time scales from individual flares can be explained with astaivle shock direction caused by
the stellar wind. Assuming that the size of these irregtideriis of the order of 3% compared
to the stellar dimension, on can determine the expected itimehich the shock changes its
direction. This time can be calculated to Be3 % Ry /vwina = 5 Min, comparable to the
observed variability time scale of IC 310. The maximum aebikelectron energy in this model
can be determined from the synchrotron energy loss ratetifdulosses are neglected:

ER — 6 % 104%/2B7/2 GeV, (6.13)

wherey is the acceleration coefficient, ahtthe magnetic field of the star in Gauss. According
to Igoshev & Kholtygin (2011), one can find a surface magnigid of the order of 1 kG for
OB stars. At the distance of the shock, this would reduceQ G.for a dipole structure of the
magnetic field. For acceleration at a shock with velocitycQvalues ofy ~ (0.16 —40) x 1073
are found for a parallel or perpendicular shock (Prothe@88). This allows an acceleration of
the electrons to maximum energies~ofl0 — 120 TeV consistent with the observed spectrum.
The unbroken gamma-ray spectrum with a photon indéxef2 up to 10 TeV can be explained
with efficient cooling of the electrons in the Thomson andiKdNishina regime by scattering
radiation from the massive star.

To calculate the produced gamma-ray luminosity, the pawgthat can be extracted from
the jet by the shock has to be determined. This power can balatdd from

M Uwind —1
ergs .
10-5Mg yr—13 x 105cms ! ©

Ly & Ligy (ran/(®1))* =~ 1.5 x 10°° (6.14)
Inserting Eq. 6.12 into Eq. 6.14 one can show that the maxirpawer that can possibly be
extracted only depends on parameters of the stellar wirttihahon the jet power. The gamma-
ray luminosity can be estimated

é —2
L’Y ~ 4 x 106/,LLSh (m s (615)

with 1 being the efficiency of the conversion of the jet power intongaa rays at the shock,
and¢ the angle of the cone of gamma-ray emission. However, onipial graction of the jet
around the star can produce the emission. Hence, the resghimma-ray luminosity becomes
L., ~ 10*® ergs which is way lower than the observed gamma-ray luminosithefflare of

L., ~2x10*ergs. In order to achieve this luminosity, the emission has todmnted into a
narrow cone with opening angle ef 0.4°. Therefore, a strong beaming is necessary to explain
the observation of the flare from IC 310 with this model.

6.7.3 Jets-in-a-jet models

The jets-in-a-jetmodel presents another possibility for explaining fast gemray variability.
Although other works have discussed this model as well (@aet al. (2009, 2010); Narayan
& Piran (2012)) the discussion will be focused on the modeGignnios et al. (2010). In the
model, the relativistic jet (with a bulk Lorentz factor Bf) contains several mini-jets with,;
that move relative to the main jet. Those mini-jets resunhfrdissipation of magnetic energy
in strongly magnetized plasma regions (magnetic recoiorectee Section 2.3.2) caused by
instabilities in the jet (Eichler 1993; Begelman 1998; Appak 2000; Moll et al. 2008; Moll
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SR

Figure 6.21: Jets-in-a-jet model. Insight the jet, several mini-jets may exist. Dependitigeangle
towards the observer the emission gets boosted with different Loremdzsag,,. The
case A represents the situation for a blazar with a small viewing angle, wisdéeRa
applies for radio galaxies. Note, that always two mini-jets pointing into an $ifgo
direction are formed by a reconnection event.

2009), or, e.g., due to reversal of magnetic field polarityhi@ inner disc/black hole magne-
tosphere (Giannios et al. 2009). As consequence from a mection event, two mini-jets are
formed at any time which move in random directions.

In terms of fast variability, wher& < R, the size of the emitting region is at least as large
as Rq and the fast amplitude change results from a small fractoini{jets) of the emitting
volume beamed into a narrow cone. Generally, the “emitteatehtz factor can be expressed
asle, oc I\ AdaptingI'; = I'yy; = 10 yieldsI's,, = 100, which is large enough to
avoid absorption of TeV photons for the case of the minuteslabserved from PKS 2155-304
according to Begelman et al. (2008). However, as pointed piNdrayan & Piran (2012)[;
can not simply be replaced iy, in the calculation of the optical depth from Begelman et al.
(2008). This calculation is valid for a single radiationi@yg In the jets-in-a-jet model, many
regions produce the emission, and if one beam escapes igsiemregion it may encounter
other emission regions.

The resulting value for the emitted Lorentz factor dependhérmore on the viewing angle.
For blazars (see case Ain Fig. 6.21), we observe mini-jatgipg into the direction of the main
jet @ < 1/T). Instead, in case of radio galaxies (case B in Fig. 6.21)mag see emission
from mini-jets “off-axis”, pointing outside the jet coné ¢~ 1/I';). This off-axis observation
have been considered by Giannios et al. (2010) to explaird#ilg-scale TeV variability of
M87. According to the authors, variability time scales dawr2-3 hours can be explained by
the model for M87.

The off-axis observation of a conical jet with opening angld /I'; is defined by the angle
aog by Eq@. 3 in Giannios et al. (2010):

g = Lo (6.16)
J
wheref is the viewing angle. Fof;, I'y,; > 1 andl < a.r S I, Ty, the emitted Lorentz

factor can be expressed as:
2y

2
Qg

Assuminga.g = 2 andI, I'y,; = 10 givesI's,, ~ 50. For IC 310 this Lorentz factor easily
allows for the emitting region being > Rg assuming., = 4.8 min.

The detectability of the emission originating from a miet-gepends on the luminosity of
the source. The bolometric mini-jet luminosity dependsteradiated energy of the mini-jet,

Tom (6.17)
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the solid angle over which the radiation takes place, analiserved duration of the emission
(variability time scale). The expected measured lumiyasfian off-axis blob is found to be

16 Lon

8 )
Qo

Lops = (6 18)

whereL,, denotes the luminosity of the source which would be obseforéaxis”. The lumi-
nosity of this mini-jet corrected for beaming effects isegnby:

Lrad Lon
Ly = = — 6.19
! € 412 e ( )
with e being the radiative efficiency. For one mini-jet pointingveods the observer, there exist
N ~ anj mini-jets in total. Therefore, the total power of the miatg can be calculated using
Eq. 6.17:
Lobs Oél%f
L, =25 "o 2
e 25617 (6.20)

During the flare, a luminosity of., ~ 2 x 10* ergs! was measured. Fat,gz = 2, I'; = 10,
ande = 0.1, a total luminosity of_;; ~ 3 x 10* ergs! is found. Supposing that the mini-jets
tap a fractionf of the entire jet power, gives:

Liey ~ 3 x 10" f ergs™. (6.21)

The result is clearly higher than the jet power of IC 310 (Apgig A Section 2).

This model is based on the simple SSC mechanism (see Sediid). Z he result changes if
an external photon field (e.g., accretion disk, broad-legian, or synchrotron emission from
other locations of the jet, e.g., mini-jets) is consideredrthermore, the observed VHE spec-
trum from IC 310 during the flare up to energies of 10 TeV notshg hints for a break com-
plicates the explanation using a SSC model. The accelaratisst be very efficient, assuming
a small magnetic field and/or short acceleration time scatkaafast escape of the particles.
Finally, the shortest possible variability time in agreeteith the model will be calculated
analogous to the discussion in Giannios et al. (2010) for M@ tomparing the black holes
mass with the observed,, of Mrk501 and PKS 2155-304. The latter harbors a black hole
of massMpy ~ 1 x 10° M and shows a variable TeV emission®f. ~ 5min. The black
hole mass of IC 310 is four times smaller. The larger viewingla which results in more
pronounced off-axis observation yields a time-scale redumy a factor of?; = 22 = 4.
Therefore, a variability time as short as 5 min can still bpested from IC 310 consistent with
the observation.

6.7.4 Magnetosphere Models

Magnetosphere models are based on particle acceleratdo électric fields (see Section 2.3.3)
parallel to the magnetic fields. Originally, those modelgehbeen proposed for pulsars. But,
a particle-staved magnetosphere similar to those known frolsars may also be anchored to
the ergosphere of black holes (Neronov et al. 2009; Levirg&dtieger 2011; Punsly 2001).
Figure 6.22 illustrates this scenario. A magnetospheridehaas also proposed to explain the
rapid variability observed from M87 (Levinson & Rieger 2011)

It is assumed that electric fields can exist in vacuum gapgeeitdensity of charge carriers is
low; otherwise they short-circuit. The critical densitygsen by the Goldreich-Julian charge
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Figure 6.22: Magnetosphere anchored to the ergosphere (white/blue) of a maximalipgdiéack
hole. The rotation induces a charge-separated magnetosphere indigatdi lines.
A polar vacuum gap region is show in yellow. In this region particles arelacted
to high energies by the electric field component parallel to the magnetic fieldm@aa
rays are produced by inverse Compton scattering and copious pairgbicod due to
thermal photons originating from accretion of plasma. Image taken fronsi&lek al.
(2014b).
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density. Photon-photon collisions in a hot accretion tanus the black hole corona may pro-
duce extra electron-positron pairs on top of the Goldrdiglan charge density. Furthermore,
it has been suggested by Neronov et al. (2009), that partecde also be injected by the re-
connection of twisted magnetic loops in the accretion flow.eWthe accretion rate of a black
hole becomes very low, it is assumed that the charges aretddplSuch a low accretion rate is
expected for black holes at the end of their accretion hysinen, they should spin maximally.
Following the Blandford-Znajek mechanism of Blandford & Z&taj{1977) a jet is formed. The
collimation of the jet is assumed to take place at a distahee ) Rg. This lies far away from
the light cylinder of the black hole. Generally, gaps cowdddrated at different angles with the
jet axis. One possible location could be at the pole of thematgphere (see Fig. 6.22). Beams
with a rather large angle could also point in the directiothefviewing angle of IC 310.

Since the observed light curve from the flare is highly vdeakhe emission produced in
this model needs to be variable as well. The variability iaralbterized by the height of the
gapsh. The gap heights can be smaller thag. Therefore, rapid variability as those observed
Is naturally expected. According to Levinson & Rieger (201thge gap height and the seed
particle content depend on the accretion rateFori» ~ 10~ in units of the Eddington rate
and assuming further a maximum rotating black hole, it casHmevn thath ~ 0.2 R¢.2 The
absorption viay~-pair production can be neglected in case of a radiativdiomefit accretion
flow. Particles accelerate in the electric field paralleh® magnetic field and produce electro-
magnetic cascades. This leads to an increase of the charge dansity. Consequently, after
some time the flare ends when the potential across the gapaiuwits. Then, the particles
move away with the jet. The gap may reopen and produce neve flimeMannheim (1993a)
it is suggested that the unsaturated electromagnetic diagcieads to a rather stable spectrum
with a power-law index of 1.9. This would be in line with thesalovation of the flare of IC 310.

Due to the low accretion rate in IC 310, this model provideavicing explanation. It
would be interesting to investigate the rapid TeV emissibseoved from the HBLs (Mrk 501,
PKS 2155-304) in terms of such a model due to their low acoettes.

6.7.5 Conclusions

The observed flare from IC 310 can not be explained with thedstia shock-in-jet scenario.
In order to achievek = Rg andt,, > 1, a large Doppler factor would be necessary. This
Doppler factor would not be consistent with the results imleté from high-resolution radio
measurements. Further, there exists no Lorentz factomtbald be compatible with both the
allowed Doppler factor range and the calculated boundafid®e viewing angle range.

Alternative models such as the interaction of clouds orsstath the jet, or the mini-jets
model all fail to explain the observation. The former reqaia strong Doppler boosting to be
consistent with the measurement. The latter can not aldaiexpe observed luminosity.

Particle acceleration occurring in gaps of charged-sépammagnetosphere anchored in the
ergosphere of a rotating black hole turns out to be one fduskplanation.

2The accretion rate is given in units of the Eddington rates M/MEdd, where the Eddington accretion rate is
defined asV/gaqa = Lgaa/nsc?, with s = 0.1 and Lgqq the Eddington luminosity.






The First Multi-wavelength Campaign and
Monitoring in the Gamma and Radio
Band

Afterglow of IC 310:
From first Simultaneous Ripples
to the Search of new Radio Knots

The multi-wavelength picture presented in this chaptersiglly based on the Proceeding
to the 33" International Cosmic Ray Conference in 2013 (Eisenacher 204B).

7.1 Multi-wavelength Campaign

The first multi-wavelength (MWL) campaign on the object IC 3d45s conducted from fall 2012
to beginning of 2013 and has been organized by the authoisathiissis. The aim of this project
was to investigate the properties of the object in diffemergy bands from radio up to the
gamma rays simultaneously in order to obtain the broad-kpedtral energy distribution, and
to study the variability behavior in different frequencyges. The latter became of particular
interest after the VHE flare in November 2012, which happeigit at the beginning of the
campaign.

The multi-wavelength coverage for the time range from Ndven2012 to February 2013 is
shown in Fig. 7.1. The observations of the different telpssthave been organized to achieve
the best possible temporal overlap with the observatiordews of the MAGIC telescopes.
The low frequency range is covered by the multi-frequenay single-frequency flux density
measurements of the Effelsberg 100 m and OVRO 40 m telesceggectively. In the optical
band, the object has been monitored in the R-band by the KVArB&tescope. For the UV
and soft X-ray range, Target of Opportunity (ToO) propogalsthe Swift satellite has been
accepted. The hard X-ray and soft gamma-ray regime wasedsSwiftBAT as well as by



110 The First Multi-wavelength Campaign and Monitoring ie thamma and Radio Band

_II II'II_II II II II I.I II II II II II II II II II II II II II
- Radio Optical X-ray HE VHE

-

56360

56340

56320

56300

[MJD]

ime

T

56280

56260

56240

1 I 1 I 1 II 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
10° 10t 10®  10*® 10 10  102*  10®  10®  10710%
Frequency [Hz]

Figure 7.1: Multi-wavelength coverage from radio to gamma-ray energies betweearhlmsr 2012
and February 2013. Red: radio observations with the Effelsberg J80&h©VRO 40 m
telescopes. Orange: optical measurements with the KVA 35 cm telescopeRrbtra.
Green: X-ray regime covered [8wift XRT and BAT. Blue: Fermi-LAT observations.
The shaded area indicates the energy range not accessible for,|€&lext. Violet:
MAGIC observation windows.

INTEGRAL (not shown in the figure). In the gamma-ray regime, besidesviAGIC obser-
vations, theFermiLAT instrument continuously accumulates data. Howevelpw ~1 GHz
the emission of the gamma-ray bright near-by galaxy NGC 12180 strong and the angular
resolution of the instrument too poor to distinguish betvie two objects.

Furthermore, from October to November 2012 the first higlssier, high resolution radio
VLBI observations were conducted with the European VLBI Netat the frequencies 1.7,
5.0, 8.4, and 22.2 GHz. The results of the 5 GHz measuremertlieen presented in Chap-
ter &.

7.2 MAGIC Observations and Analysis

After the VHE flare observed from IC 310 on November 12/13,2@ith MAGIC (see Chapter
6), further observations with the upgraded system (Ale&sal. 2014a) were carried out as part
of the MWL campaign from November 2012 to February 2013 as agflor monitoring the
flux level from July 2013 to March 2014. During these periokf3310 has been observed
with the “NGC 1275 mode" described in Section 6.1, and anatpecial wobble configuration
mode called “Perseus-MA mode", see Fig. 7.2. In the latteg,dhe wobble center is chosen
to be the central position between IC 310 and NGC 1275 in tge $iwo wobble pointings
each with0.26° offset from the wobble center were defined in a way that theetdf from
the pointings to each object is always the standard wobliéetofor MAGIC observations of

1The results from théeNTEGRALobservations will be included in the PhD thesis of T. Beuther
2The results of the remaining frequencies will be part of th® Bhesis of R. Schulz.
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NGC 1275

¢\.\

Figure 7.2: Configuration of the wobble positions during IC 310 multi-wavelength olagienvs
called “Perseus-MA mode”. Two positions, W0.26+108 and WO0.26+2&8ewsed,
centered around the yellow dot half way between IC 310 and NGC 1275.

0.4°. Hence, no additional MC simulations with non-standard beloffset were necessary.
The fraction of the data with non-standard wobble offse¢takith the NGC 1275 mode during
these periods is only 5% and hence could be discarded. Taeokar the zenith distance range
of 11° < Zd < 56°. Some of the data were taken under strong moon-light camditiTherefore,
data with a current exceedir2g.:A measured in the MAGIC-I camera were excluded from the
analysis. Furthermore, data taken during bad weather ohbastivare conditions, and those
affected by the dead-zone problem have been rejected, A B Table 12, 13 and 16, 17.

The data presented in this chapter have been divided intcsetg 35h of data used for
the MWL campaign covering the time range November 2012 toalgn013, and 27 h of
monitoring data from August 2013 to March 2G14The analysis was performed separately,
as different MC simulations were used due to a change of tin@-ppread function during
these two periods. The analysis of the data during the caynpagi to the flux calculation was
performed analogous to the analysis of the flare data destiib Chapter 6 with the same
cleaning method (see dynamical sum-image cleaning SedtmR), Off data (Appendix B
Table 8), and the same MC simulations. The monitoring date \@ealyzed as described in
Aleksic et al. (2014b) and Section 4.5 using the sum-imagarchg algorithm. The Off data
used is listed in Appendix B Table 18 and covers a zenith migtaange ofi° — 49° with an
effective time oft.s = 13.7 h. For this analysis, a systematic error on the flux normtinaof
11% and an error of 0.15 of the photon index can be assumedfloperiods (see Section 4.6).
The uncertainty on the energy scaledd 5%.

3The time ranges given here differ from the ones mentionesiebuoe to the quality selection of the data.
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Figure 7.3: Left panel:6? distribution above 300 GeV during MWL obervations in November 2012
to January 2013. The following cuts have been applied: HADRONNES$SI6, SIZE
> 300phe, #? < 0.009, for four OFF regions. Right panel: TS value map above
300 GeV with the same HADRONNESS and SIZE cut applied.

7.3 Multi-wavelength Light Curve

7.3.1 Results of MAGIC Observations during the Campaign

In the time range from November 2012 to January 2013 (MJD 56246309.1) the object
could still be detected by MAGIC in.g = 35h of data when excluding the flare data. The
measured? distribution is shown in Fig. 7.3, left, with a significance5220 above 300 GeV.
This could be verified with the skymap calculated in the samergy range (Fig. 7.3, right)
showing a~ 60 excess at the position of IC 310.

The light curve has been calculated assuming a simple plamedistribution with a photon
index of ' = 2. The mean flux during the MWL campaign was measured tdhe, =
(1.36 £ 0.37) x 10~2cm~2 s~ above 300 GeV. The daily and monthly binned flux results are
shown in Fig. 7.4 and Appendix B Table 15. Flux upper limitggnaeen calculated according to
Rolke et al. (2005) using a 95% C.L., and assuming a systenratertainty of 30%. Compared
to the mean flux level measured during the flare the flux deecklag a factor of 44.

From both, the daily and the monthly calculated light cume, significant variability of
the flux could be measured. A constant fit to the daily lightvewyields a flux ofFgrie =
(0.90 4 0.24) x 1072 cm~2s! with a x? of 31 for 18 degrees of freedom corresponding to a
probability 0f2.9 x 10~2. The upper limits were not taken into account in the fit. Thanthly
calculated light curve reveals a constant flux fitfefr;; = (1.30 £ 0.27) x 1072 cm2s™!
with ax?/d.o.f. of 3.6/2 (probability ofl.7 x 1071).
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Figure 7.4: Light curve above 300 GeV during MWL observations in November 2012atwiary
2013. Black and red data points show the daily and monthly calculated ligi,cur
respectively. Gray and red-dashed arrows indicate flux upper limits.

Table 7.1: Arrival times and energies of gamma events above 1 GeV measured withateeacimund
IC 310 with a radius 010.0° by Fermi-LAT during MWL campaign.

MJID Energy [GeV] Probability for IC310 Probability for NGQT5

56255.86 3.44 0.73 0.12
56298.82 8.09 0.52 0.17
56333.04 5.89 0.66 0.24

7.3.2 Results of Data in the Low Energy Bands

Figure 7.5 shows the light curve in different energy bandsi@asured during the campaign in
November 2012 to February 2013. ExceptFermiLAT, no further instrument was observing
IC 310 in the night of the flare.

The light curve fromFermiLAT in the second panel of Fig. 7.5 was calculated for ere=gi
above 1GeV in order to avoid the contribution from the gantmaemission of NGC 1275.
IC 310 could not be detected in this energy range during thge#n, although the date of the
MAGIC flare was included. Only upper limits of the flux could t&culated. These are given
in Appendix C Table 21. The upper limits above 1 GeV are caoastsvith the flux reported in
the 2FGL catalog, see Chapter 5. Hence, no further conclasiofe drawn on the variability
behavior of IC 310. The increasing upper limits might be awted to an increasing background
produced by a rising flux of NGC 1275 and its flaring behavioreggmrted at end of January
2013, see ATel #4753. To further investigate the potentinbfshort flare, the data have been
analyzed to search for individual arriving gamma-ray phetdn total, three gamma-ray event
candidates above 1 GeV could be found in the time range ofdhmpaign within a circle with a
radius of10.0°. Those show a rather high probability to be originating fri&@810 rather than
from NGC 1275 (see Table 7.1).

TheSwift XRT light curve is shown in the central panel of Fig.7.5. ther information of the
analysis results, e.g., flux level in the energy range of IDX%eV, the photon index, andly can
be found in Appendix C Table 22. The temporal evolution offthe (0.2—10 keV), the photon
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Figure 7.5: Multi-wavelength light curve of IC 310 obtained from the campaign in Nover2bé 2
to February 2013.Top to bottom panelsDaily MAGIC light curve above 300 GeV,
Fermi-LAT upper limits above 1 GeV calculated monthly binn&lyife XRT flux be-
tween 0.2-10keV, KVA R-band data (not corrected for host-galaxyrimtion), and
OVRO measurements at 15 GHz.
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Figure 7.6: X-ray properties of IC 310 measured wilwift XRT observations during the campaign
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fitted with a constant line (black dashed).
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Figure 7.7: Spectral index as a function of the flux (0.2—10 keV) measured Suittit XRT observa-
tions during the campaign. The dashed and solid lines represent a fit tatthevith a
constant and a linear, respectively.
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index, and the absorption with a equivalent column of hydrogq November to December
2012 is presented in Fig. 7.6. The mean flux has been measubed 61 + 0.01 ergcnr?s!
which is~ 5 times higher than during previous measurements, see CHgpiad moderately
higher (factor of 1.4) than in January 2012 (see Appendix klera3). The light curve shows
variability on a daily basis. A fit with a constant linie rel®a probability of7.3 x 10~7 for a
constant flux ¢?/d.o.f= 49.6/11). However, no variation- 3 o from the constant fit flux has
been found. Comparing the light curve with the temporal evatuof the photon index yields
evidence for a spectral hardening with increasing flux. 8pbkeariability is found when fitting
the photon index with a constant, yielding¢&d.o.f= 45.2/11 (probability of4.5 x 10~° for

a constant photon index). This evidence is also found wheplalying the photon index as a
function of the integral flux as shown in Fig. 7.7. A linear fivgs ax?/d.o.f. of14.0/10 and a
probability of 0.17. Such a behavior was also reported f&f beght HBLs, e.g., by Giommi
et al. (2000), and interpreted in terms of a correlation eetwthe flux state and the frequency
of the peaks in the broad-band spectral energy distribu@amparing these observations with
the measurements presented in Chapter 5 no trend is found, madirm conclusion can be
drawn. The hydrogen column density stayed constant dungampaigny?/d.o.f= 13.4/11,
probability of 0.26) and is consistent with the galacticueafor IC 310 (Kalberla et al. 2010).
Therefore, no further intrinsic absorption can be founds@immarize the findings, a potential
high, variable state in the X-ray range was found after théflare complemented with spectral
variability. To investigate flux variability on shorter tevscales, however, more observation with
more sensitive instruments suchXdgM-Newtonwould be necessary.

The optical light curve shown in Fig. 7.5 has been measurédthve KVA 35 cm telescope in
the R-band. The data were not corrected for the contributidheohost galaxy emission. This
emission is expected to be constant. If variability of thed\Bould be present, this would affect
the light curve. However, no hints for variability are fourithe light curve in the time range of
MJD 56230-56353 is consistent with a constant fluxdo®5 + 0.03) mJy (y*/d.o.f= 13.6/26,
probability of 0.98). Monitoring in January and February 2012 (see Appendix Bleras)
resulted in a constant fit flux ¢£99 4 0.04 mJy (y*/d.o.f= 11.7/15, probability of0.70). This
flux is comparable within the errors of the flux measured dutive campaign. Since no further
historical monitoring in the optical range in the R-band wasducted for IC 310, the flux can
not be compared with other measurements.

The radio data in Fig. 7.5 were collected as part of the OVR@itaong program at 15 GHz.
A fit with a constant to the light curve yields a flux 6fi51 + 0.002 mJy with ax?/d.o.f. of
34.6/18 and rather low probability of.01 revealing rather weak variability. Since radio flares
are sometimes found a few months after a gamma-ray flareintieeperiod covered here is too
short to draw conclusions. Therefore, further radio oletmns covering a larger time span
beyond the campaign will be discussed in the next section.

All available flux measurements from KVA and OVRO includitgtdata points used in this
section can be found in Appendix C Table 24-29.
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7.4 Multi-wavelength Variability

The combined multi-wavelength light curve in Fig. 7.5 doesshow a common feature present
in all bands. Such a time-correlated feature either at threegdane or with a time lag could give
hints on the underlying physical process causing a flare . x&agional TeV flare was found by
MAGIC in November 2012. Since IC 310 could still be detectédrahe flare a common low
level VHE activity of the object during the campaign can tetesi. The only instrument that
observed simultaneous to MAGIC on November 12/13 aa&sniLAT in the HE range, albeit
showing no detection neither during the TeV flare nor durlhlgdampaign. Contemporaneous
measurements starting after the flare indicated a highst#ite object in the soft X-ray range.
The variable X-ray emission was found to follow a direct etation of the flux and the photon
index with a harder index occurring during a higher flux. Théaal light curve did not show a
significantly higher flux nor variability, whereas ratheraievariability was found in the radio
band.

For investigating potential variability between the diéfiet instruments the light curves are
insufficiently sampled. Time-correlation studies suchhesdiscrete cross-correlation function
method (Edelson & Krolik 1988) would lead to conclusiong i@ only speculative.

7.5 Radio-Gamma Monitoring

To investigate the response of the VHE flare on the radio yethér monitoring observations
in the radio and gamma-ray band have been studied. In addtidhe daily flux measure-
ments presented in Section 7.3.1, monitoring of the VHE flas wonducted with the MAGIC
telescopes in August 2013 to March 2014. This data were tidased with all available ob-
servations at 15 GHz taken by the OVRO radio telescope. &iteffeV flare, radio monitoring
at various frequencies with Effelsberg 100 m telescope bas Buccessfully proposed by the
author. Since early 2012, IC 310 has been included in the M@&J#rogram. This will allow
us to study the structural dynamics of the parsec-scala gtail in the future.

7.5.1 VHE Monitoring with MAGIC

During the monitoring observations in August 2013 to Mar€i£2 (MJD 56511.1-56721.0)
IC 310 could not be detected. Thédistribution above 300 GeV shows a significance of 103
see Fig. 7.8, left. In the right panel of Fig. 7.8, the TS vatu@p at low energies above
80 GeV is displayed. At this energy the central galaxy of thesPes cluster, NGC 175, could
be detected with a significance 610 o.

Individual flux measurements from the observation nighésslwown in Fig. 7.9 and listed in
Appendix B Table 20. Due to the non-detection of the objeaty a flux upper limit for the full
period of< 1.13 x 10~2cm~2s~! above 300 GeV was calculated, using a confidence level of
95%, and 30% systematic uncertainty.

The limit is lower than the flux level measured during Novemp@12 and January 2013
excluding the bright flare. This is in agreement with the afaitity on a yearly time-scale as
reported in Alekdt et al. (2012a).
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and a linear, respectively.

7.5.2 Radio Monitoring

Single-dish as well as VLBI measurements in the radio bane \werformed. The results of
the individual instruments are presented separately.

Flux Denity Measurements with OVRO

After the detection of IC 310 in the VHE range (Alekst al. 2010b), IC 310 has been included
in the OVRO monitoring program at 15 GHz of gamma-ray loud AGNe observations started
in December 2011. The light curve up to and including May 28%khown in Fig. 7.10 (see also
Appendix C Table 26) consolidated with the long-term VHEhtigurve from MAGIC above
300 GeV. The radio light curve has been fitted with a constamiell as with a linear function.
The fit with the constant gives g?/d.o.f= 506.8/151 with an extremely low probability of
5.4 x 1071°, The result for the linear fit improves only marginally 18/d.o.f= 437.9/150
(probability of5.6 x 1073°). As it can be seen from the linear fit, the radio flux at 15 GHmse
to increase with time. It should be noted that a re-binninieflight curve follows a decreasing
trend. However, because of the large uncertainties and kErgtter on the original, un-binned
data points, too many binned data points’ errors are camgistith the mean, and the result is
that these trends do not seem to be statistically significém /,.-method by Vaughan et al.
(2003) (see also Section 6.3.1) yields only upper limitsp, i.e., no variability in excess of
the Poisson noise is significantly detected.

In general, the overall light curve does not show a pronodiigh-state lasting for a longer
period (weeks or months). To search for individual shanetiflares, the distribution of the
number of observations deviating from the mean flux has bakulated, see Fig. 7.11. For
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Figure 7.11: Distribution of the number of flux density measurements deviating from the mean fl
in 0. Seven measurements deviate with more tharirbm the mean flux.

seven measurements the flux deviates more thafr@dm the mean flux of 0.155 Jy Interest-
ingly, six of these measurements were performed after thefldee observed from IC 310. The
observation with the highest standard deviation oibvéas found on May 1, 2014.

Figure 7.12 shows the light curve from OVRO with the tempartalve of the doubling time
. The curve was calculated analogous to Section 6.3 and lBigTGe shortest doubling time
Is therefore the highest point in the curve.

Generally, variability on short as well as large time scaesfound with this method. The
shortest doubling times are of the ordernafay. However, they are associated with large errors
bars, i.e., they are not reliable. The most reliable shodeabling time was found between
November 17 to November 18, 2013 with a timelafays.

Radio Spectra with the Effelsberg 100 m telelescope

Radio spectral measurements were performed with the E#fejstO0 m telescope. These ob-
servations were organized after the TeV flare to focus on thke fiequency radio regime
(> 10GHz). Due to the low angular resolution of the telescope e to VLBI arrays,
the low frequency part of the spectrum is dominated by therede¢d kpc jet producing a steep
radio spectrum (see Fig. 7.13, left). At higher frequenthesnner part of the jet could produce
variable emission. In the left panel of Fig. 7.13, sever&csm@ after the flare are presented.
In addition, two previous measurements from Kadler et @123 (see also Chapter 5) are dis-
played. Light curves at 4.9, 10.5, 14.6, and 32.0 GHz are shovthe left panel. Due to the
snowy winter in 2012/2013 in Germany no further observatiaere carried out.

These measurements show that the radio flux at high freqeeigivariable but no strong
radio flare after the TeV flare could be identified.

4These measurements were performed on: MJD 56020.8, 5658585.5, 56605.5, 56699.3, 56760.1, 56778.
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Figure 7.12: OVRO light curve and doubling timeUpper panel: OVRO light curve at 15 GHz.
Bottom panelTemporal curve of the absolute inverse doubling time. Positive doubling
times are shown with filled marker whereas negative doubling times are shitvn w
open markers. The blue line shows the date of the TeV flare.
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Figure 7.14:MOJAVE images at 15 GHz. Contour lines increase logarithmically by factbgs o
starting at three times the noise level. Image parameters are given in Tableet.2.
panel: Combined image of the 2012-03-04 and 2012-09-27 observatight panel:
Combined image of the 2012-12-10 and 2013-05-05 observations.

Table 7.2: Parameters of MOJAVE images.

Date Spear® RMS Stotal®  bmaj?  bmin? P.AS
[mJybeam!] [mJybeant!] [mJy] [mas] [mas] ]
2012-03-04 - 89.77 0.196 9896 153 1.08 23.65
2012-09-27
2012-12-10 - 81.58 0.185 9422 153 1.08 23.65
2013-05-05
all combined 85.28 0.140 96.59 153 1.08 23.65

Notes. (@ Peak flux density.”) 1o noise level.(© Total flux density. (Y Major and minor axis and
position angle of restoring beam.

MOJAVE

As part of the MWL campaign, IC 310 was added to the target fith®@ MOJAVE monitoring
program. Therefore, since March 2012 the VLBI jet is obsemegllarly with the VLBA

at 15GHz. Up to now (2014), five measurements are availablleerarchive. The first two
observations on March 3 and September 27, 2012 were cawieledore the TeV flare, and
three on December 10, 2012, May 5, and August 12, 2013 aftkr drder to achieve a higher
sensitivity, the images before and after the flare have beebimed to the mean images shown
in Fig. 7.14. A combined image of all measurements can bedonrfig. 7.15. The image
parameters are summarized in Table 7.2.

Comparing the combined images of the observations beforafdthe TeV flare suggests
no strong structural change of the parsec-scale radio jee peak as well as the total flux
density after the flare was measured to be slightly lower tiefore. However, further VLBI
observations are necessary to study this in more detail ddiitian, more measurements are
needed to investigate the kinematics of the radio comparnerthe jet.
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Figure 7.15: Combined MOJAVE image at 15 GHz. Contour lines stafi atand increase logarith-
mically by factors of 2. Image parameters are given in Table 7.2.

7.5.3 Radio-Gamma correlation

The MAGIC measurements during November 2012 to January 208 the VHE flare of
IC 310 yield a faint, rather constant gamma-ray emissiorterlL@bservations in August 2013
to March 2014 resulted in a non-detection of the object. Imtrast to this, monitoring of the
radio emission at 15 GHz with OVRO suggests an increasingtgatf variability after the flare
occurred. This potentially coincides with a slowly incnegsradio flux. From the MOJAVE
and Effelsberg observations, no firm conclusions can berdessynore data would be necessary
to investigate changes of the structure of the VLBI jet (kimematics) and spectral emission.

To determine the location of the gamma-ray emission sitejat af an AGN, it is possible
to investigate the relation between the radio and gammé#asgs (Max-Moerbeck et al. 2014).
Several authors have already reported a coincidence betwgle-energy activity and the ejec-
tion of new radio components either directly observed wittBY measurements or inferred
from flares in single-dish observations (Jorstad et al. 2M¥kscher et al. 2008; Kovalev et al.
2009; Mahony et al. 2010; Nieppola et al. 2011; Max-Moerbetchl. 2014). This coincidence
appears with a time lag between the flares in both energy bayscally, such lags are be-
tween less than one month and several months (Jorstad 804at. [iMlax-Moerbeck et al. 2014).
Often, the radio activity occurred after the gamma-ray flasefound in statistical studies of
many objects, e.g, Pushkarev et al. (2010), or Max-Moerle¢eh. (2014). This suggests that
the gamma-ray emission originates upstream of the radigsgom. Fuhrmann et al. (2014)
found a correlation of the variability in both bands with aduency-dependent radio lag. This
Is caused by a frequency-dependent opacity effect whenck stavels downstream.

The data in both energy bands presented in this chapter aggetsufficient to make final
conclusions on this topic. As those radio components alieatmts for shock acceleration this
would not conflict with the excluded shock-in-jet model lgeiesponsible for the TeV flare.
The activity at the jet base caused by, e.g., gap accelanatian magnetospheric environment
similar to those in pulsars would produce electron-posifptasma clouds that move down-
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stream the jet. When this emission reaches the opticallyrégime, an enhanced flux in the
radio band could be observed, or a new knot would appearelT#V flare was not energetic
enough, the amplitude of the radio flare would be rather srdallveakly energetic TeV flare
and/or a new component that is smeared out in time may lead ¢asily missed enhancement
of the radio flux due to a limited sensitivity of the radio mesment or insufficient sampling
frequency of the monitoring. Note that frequent flares assed with separate emission regions
during a short time period could in principle also merge te simgle component when mov-
ing downstream. During the first detected gamma-ray agtiait2009/2010, three individual
daily flares have been observed, see Chapter 5. Hence, a mefgsmall emission regions
could have taken place. But since the monitoring of the VLBIdure with MOJAVE and the
flux density with OVRO started in early 2012 and late 2011peesively, no conclusion on the
radio-gamma correlation can be drawn.



Summary and Outlook

What remains to be discovered?

The goal of this thesis was to investigate the variabilitydogor of the peculiar active galactic
nucleus (AGN) of the galaxy IC 310 located in the Perseudetud galaxies. This was done
by studying the light curves and spectra in different endrggds. Major emphasis was laid
on measuring rapid variability in the very high energy regioovered by observations with
the MAGIC telescopes. These investigations were complésddry high resolution very long
baseline interferometry (VLBI) measurements.

The VLBI observations showed a blazar-like parsec-scalesafexl radio structure. This
is inconsistent with the original classification of the altjas a head-tail radio galaxy. Since
this parsec-scale jet is closely aligned to the kilo-pajsgcthe large-scale structure is more
likely determined by the parsec-scale jet rather than bymb&on of the galaxy through the
inter cluster medium. From the analysis of archival X-raynedl asFermiLAT (three-year)
and MAGIC data from 2009/2010, several blazar-like chamastics were found. The X-ray
emission demonstrates strong spectral changes as welikagfiability. Interestingly, a hint
for an increased hydrogen absorption coluWppossibly intrinsic to the object was found. The
MAGIC data revealed flux variability of daily-scales and raviability of the spectral emission.

A transitional behavior between a radio galaxy and a blazaonfirmed with the estimate
of 10° < 6 < 20° for the angle between the jet-axis and the line-of-sighte Bwer limit has
been inferred from the length of the de-projected radio et the upper limit was found from
high sensitive VLBI observations with the European VLBI NetiwoThese observations were
proposed by the author.

During the first deep multi-wavelength campaign in Noven2@t2, an exceptional bright
TeV flare was observed with MAGIC. This confirms the variapilin daily-scales found in
2009/2010. Remarkably, the very high energy spectrum didshotv significant spectral
changes even if the flux raised by about one order of magnitdteong all extragalactic
objects, the TeV spectrum of the night of the flare is peculiais one of the hardest spec-
trum measured in this energy range so far and it can be dedayila simple power-law over
two order of magnitude in energy without a hint for a breake Titra-night light curve of the
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TeV outburst showed several fast peaks. This motivatedaheck for the shortest variability
time scale. The most conservative fast variability timdesc&4.8 min corresponds to 20% of
the light-crossing time of the event horizon. For the firstdj it was possible to observe TeV
variability on minute-scales from a AGN with larger viewiaggle. Several theoretical models
have been consulted to explain this emission. It was founthatithe findings disagree with the
commonly accepted acceleration models by a sequence dishaweling down the jet used
to explain the gamma-ray radiation for active galactic auchlternative models based on in-
teractions of stars with the jet and small structures aasediwith mini-jets, fail to describe the
observational findings. Instead, it was found that pariciecleration by electric fields across a
magnetospheric gap close to the central engine could beiacsol

The multi-wavelength campaign from November 2012 to Fetyr@@13 opens the door to
further, deeper investigations of the emission of the dbjEge TeV emission of the object was
connected to a simultaneous high state in the X-ray bandinBtinis period, the tendency for
a harder spectrum correlated to a brighter flux of the X-rajssion was found. After the TeV
flare, an increased activity of the radio emission was pdggientified from OVRO mea-
surements. Such correlation of radio and gamma-ray lightesuafter high energy outbursts
with a time-lagged radio flare and new appearing knots in thBI\\fmages were reported by
many authors. A significant detection of this behavior waséwer not found in case of IC 310.
For this, more measurements of the radio flux density as weti@nitoring observations of the
VLBI jet over the next years are needed.

To answer the question which of the mechanism are resperfsitihe ultra-rapid variability,
further observations are needed. One possibility couldbedasure the X-ray emission with
high accuracy. The required sensitivity is provided by X#MM-Newtonsatellit¢. The next
time when IC 310 shows a TeV outburst, the flux variability atay energies could be studied.
In addition, variability of Vg could be measured. This characteristics would constran th
underlying physical processes.

So far, all explanations discussed in this thesis are bas#tedact that the angle between the
jet-axis and the line-of-sight of IC 310 is rather large camgal to those found for blazars. Even
if the probability for a smaller angle is low, measuring tloeister-jet would constrain the angle
with higher precision. Therefore, more sensitive VLBI ols¢ion with a larger integration
time at higher frequencies are important. Likewise, maaguhe counter-jet on larger scales
with the Low Frequency Array (LOFAR) could be exiting.

Finally, the analysis of the broad-band spectral energtyilbigion (SED) is ongoing. By
studying the SED with different emission models, the radieprocesses relevant in the object
could be explained.

In general, there are many open questions regarding thiegatten and emission mechanism
in AGN jets. The observation of the ultra-rapid variabildy IC 310 just showed that these
processes are still not understood. This is in-line witheobetion of fast variability observed
from other TeV loud objects. The constrained size of the simisfor many those measurements
are often not compatible with the horizon light-crossingei A correlation or non-correlation
between the shortest time scale and the black hole mass possibly indicate the underlying
physical scenario.

The failure of simple single-zone SSC models to explain theute-scale variability em-
phasizes the importance of sub-structures in the jets.rémsarkable that these sub-structures
manifest themselves with variable multi-TeV emission, &ase the expected higher photon

1A Target of Opportunity proposal has been prepared by tHeoaut
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density in these compact regions should leaghtgpair production. This may indicate that par-
ticle acceleration occurs mainly along the magnetic fietdation at a vanishing angle between
the particle’s velocity vector and the magnetic field. Duthiohigh Lorentz factors of the emit-
ting particles, any secondary particles or photon acquiol small angles. Thus, low-energy
emission and gamma-ray attenuation due to pair productitbtvevsuppressed. Such physical
conditions can be found in the magnetospheres of pulsarsewhee to the rotation of their
magnetosphere regions with electric fields parallel to thgmetic field emerge. Therefore, the
flux variability on minute-scales and, especially, the Hssun this thesis challenge the main
paradigm of shock-in-jet models.

Investigating fast variability in the high-energy band iicult, because this events are rare
and often only found by chance. Therefore, long-term momtpat TeV energies of these
objects is mandatory in order to identify bright flares wheuéficient statistics allows for the
search for rapid flux changes. Such a program is provideddFACT telescope on La Palma.
An extension of the program to the DWARF project (many smédéiseopes spread around the
world) would support this investigation.

Further, the particle content of the jets that produces itjle édnergy emission is not known.
Similarly to that, the origin of the cosmic rays needs to lnidied. One particular hint would
be to detect the sources of the neutrinos found by the IceCultebGration.

In the future, a view to the insights of the jets will be praaidby higher resolution VLBI
measurements (EHT or space-based VLBI) and more sensitiagimg air Cherenkov tele-
scopes such as CTA allowing for variability studies on evearten time scales.






Appendix A: Fundamental Parameters of
AGN IC 310

Some theoretical discussions presented in this thesisregttpe mass of the black hole located
in the center of the galaxy IC 310 and the kinetic power of ¢t®f the AGN. Those parameters
are introduced in this chapter.

1 The Mass of its Black Hole

The mass of the black hol&/sy of IC 310 can be inferred from the relation between the mass
of a supermassive black hole and the velocity dispersiaf the host galaxy, called/ — o

relation:
MBH g
1 = 1 _ 1
og(MQ) a+60g(200km81)7 (1)

see, e.g., Glltekin et al. (2009). For IC 310, a velocity eispn ofc = (229.6 +5.9) kms™!
has been measured by McElroy (1995) and Simien & Prugni€lZR0Adaptinge = (8.12 +
0.08) and/s = (4.24 +0.41) for the parameter in Eg. 1 obtained in Giltekin et al. (2009 x|
types of galaxies yields a mass sy = (2.4 +0.5) x 108 M. For early-type galaxies such
as those with Hubble-type S@,= (8.22 £0.07) and = (3.86 £ 0.38) were found. This leads
to a slightly higher mass af/gy = (2.8 +£0.6) x 10® M. The intrinsic scatter dbg(M /M)

of the order ofe, = 0.44 £ 0.06 andey = 0.35 £ 0.03 for both estimates has to be taken into
account as uncertainty.

Another method to obtain the mass of a black hole is based esdfcalledundamental
plane of black hole activityMerloni et al. 2003). This plane relates the X-ray lumimpdi
(2-10keV range) and radio-core luminosity at 5 GHz with the mass inferred from studies of
stellar to supermassive black holes. The following coti@ecan be found:

log Ly = (0.60101-011) log Ly + (0.787%11-009) log Mpy + 7.337405-407, (2)
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Figure 1: Effelsberg flux density measurement used for calculating the mass of ttie lidée of
IC 310. Below 10 GHz the emission is dominated by a steep spectrum fromttredex,
large-scale jet emission. Above 10 GHz the spectrum flattens, caused dgrtinating
core emission. Therefore, the spectrum above 10 GHz has been fitted pativer-law
revealing a spectral index ef = 0.09 (S o v~%) with a x?/d.o.f. of 1.08/2. The
extrapolation yields a flux density of 0.119 Jy at 5 GHz.

The radio-core luminosity can be calculated from the toted élensity measured at 5 GHz with
EVN on October 29, 2012, see Section 6.5. Here, a total flusiteof S5qy, = 0.109Jy
with an uncertainty of 10% was found. This results in a radimihosity of Lp = (4.3 +
0.4) x 10% ergs . The value of the total flux density has been chosen for the twoallow for

a similar resolution as for the radio measurement used tsthdy in Merloni et al. (2003).
The X-ray luminosity was calculated from tlssvift XRT flux measurement on November 14,
2012 of Fy_1pxev = (6.4 £ 0.4) x 1072 ergcnr?s™! (see Chapter 7) yieldingx o 10kev =
(5.04:0.3) x 10*? erg s'*. Anindependent estimate is possible from the contempditieysberg
spectrum on November 19, 2012 &wift XRT observation November 22, 2012 after the VHE
flare of the object. The radio spectrum is shown in Fig. 1. [uthé limited resolution of a
single-dish instrument the radio emission at 5 GHz is dotesh&y the extended jet. To obtain
the core emission the flat spectrum above 10 GHz has been ditigcbxtrapolated down to
5GHz. From this procedure a flux density 8fqy, = 0.119Jy, and a luminosity of.g =
4.7 x 10* ergs ! were found. TheSwiftXRT measurement on November 22, 2012 showed
a flux of F5_jprey = (6.1 £0.4) x 1072ergcnm?s™! (see Chapter 7) and a luminosity of
Lx2 10kev = (4.8 £0.3) x 10*? ergs™'. In both cases, a mass of ~ 4 x 10® M, could be
obtained. This is consistent with the values obtained flioen\t — o relation. However, notice
that the fundamental plane shows a large scatterzof= 0.88 (Merloni et al. 2003), and the
measurements used were not taken simultaneously.

In this thesis, the value af/zy ~ (313) x 10° M, obtained from the first method will be
used.

For Mgy ~ 3 x 108 M, the so-called Schwarzschild radifts = 2G' Mgy /c? can be calcu-
lated to bes.9 x 103 cm valid for a non-rotating black hole with the Kerr paramete- 0, and
the Gravitational radiu®q = G Mgy /c? of 4.4 x 103 cm for a maximally rotating black hole
with a = 1.

Following Eg. 3 in Neronov & Vovk (2011), the light-crossitighe is given by:

Tie =2(1+ 2) <Rg+\/Ré—a2) /c (3)
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Figure 2: Light-crossing time as a function of the Kerr parameter calculated for thé& biale of
IC 310. The thick red line shows the light-crossing time for a\fif; ~ 3 x 108 M,
and the thin black lines indicate the error margin.

Figure 2 shows the dependence of the light-crossing timehenrdtation of a black hole
indicated by the Kerr parameter for a mass found for the bladk in IC 310 of Mgy ~
(373) x 10°Mg,.

2 The Jet Power

In general, the kinetic power of the jet can be inferred fradio measurements. On possi-
ble method is based on the minimum energy assumption (Buekl®%6) and the observed
synchrotron cooling break in the radio, see, e.g., Sijbinde Bruyn (1998). It yields a jet
power of L, = 2 x 10*? ergs™!. This estimate includes only electrons. However, if preton
are considered as well, the minimum energy increases bytar fa@'/” since the ratio of the
cosmic proton-to-electron energy density amounts to & édtbout 50. This increases the jet
luminosity by one order of magnitude.
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Table 1: Overview on MAGIC analysis

Analysis  Chapter 5 Chapter 6 Chapter 7 part | (MWL) Chapter 7 pémdinitoring)
Time Oct. 2009 - Feb. 2010 Nov. 13, 2012 Nov. 2012 - Jan. 2013 [. 2043 - Mar. 2014
Telescope M-I: old camera, M-1: new camera, M-I: new camera, M-I: new camera,
config. readout MUX-FADC readout DRS 4 readout DRS 4 readout DRS 4

M-1I: readout DRS 2 M-II: readout DRS 4 M-II: readout DRS 4 M-leadout DRS 4
Calib. M-I: callisto M-I: sorcerer M-I: sorcerer M-I: sorcar

Mars V1.8.8, Root v5.12/00f Mars V2.10.2, Root v5.26/00e  M&2s10.2, Root v5.26/00e  Mars V2.12.5, Root v5.34/04

M-11: callisto M-II: sorcerer M-II: sorcerer M-I11: sorcere

Mars V2.0.2, Root v5.12/00g Mars V2.10.2, Root v5.26/00e  M&d0.2, Root v5.26/00e  Mars V2.12.5, Root v5.34/04
Image M-I: 6/3 level, 4.5/1.5 time M-I/Il: dynamical sum MHEt dynamical sum M-I/II: dynamical sum
cleaning  M-Il: 9/4.5 level, 4.5/1.5time  M-I/1l: 6/3.5 lelet.5/1.5 time  M-I/Il: 6/3.5 level, 4.5/1.5time  M-I/Il: @5 level, 4.5/1.5 time

superstar

coach

melibea
Light
curve/
spectrum

Mars V2.4.3, Root v5.26/00  Mars V2.11.4, Root v5.34/03  MarsIt24, Root v5.34/03 Mars V2.12.5, Root v5.34/04
Mars V2.7.2, Root v5.26/00e  dynamic dynamic dynamic, Marsl¥?2
Mars V2.12.0, Root v5.26/00e  Mars V2.12.0, Root v5.26/00e rdleased)
comp. Jul 24, 2013,
Root v5.26/00e

Mars V2.4 (unreleased) dynamical WIDTH/LENGTH  dynamical WHYLENGTH Mars V2.13.6, Root v5.26/00e
comp. Jul 6, 2011, Mars V2.12.0, RMSTimeW used

Root v5.26/00e ROOT v5.26/00e Mars V2.12.3, ROOT v5.26/00e

Mars V2.7.2, Root v5.26/00e Mars V2.12.2, Root v5.26/00e M&42.6, Root v5.26/00e Mars V2.13.6, Root v5.26/00e
fluxic, sim. ON-MinusOFF flute, sim. ON-MinusOFF flugm. ON-MinusOFF flute, sim. ON-MinusOFF

Mars V2.7.2, Root v5.26/00e  Mars V2.12 (unreleased) arsW2.12.6, Root v5.26/00e ~ Mars V2.12.6, Root v5.26/00e
comp. Jul 24, 2013,
Root v5.26/00e
Unfold.: Mars V2.7.2, Unfold.: Mars V2.13.5, Unfold.: May&.13.6, Unfold.: Mars V2.13.6,
Root v5.26/00e Root v5.26/00e Root v5.26/00e Root v5.26/00e
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Figure 4: MAGIC light curve above 300 GeV and arrival times of gamma-like evertse(hnes)

measured byermiLAT in November 2008 to January 2011. The arrows show the 95%
confidence level upper limits calculated for observation compatible with nalsigine
MAGIC observation times are indicated by red lines. The black upper limits e
lished in Alekst et al. (2010b) and Alek&iet al. (2012a).



136

Appendix B: Additional Details to the MAGIC Analysis

Table 2: Data from individual MAGIC observations in 2009/2010. The data kee2®09-10-19 were
excluded as both telescopes were operating in mono mode only.

dat& Run MJD start t.g Zd DC (M) Comments or
[h] [°] [ A] excluded runs
2009-10-19 05002715-23 55123.02 2.43 12-31 0.7-0.9
2009-10-20 05002741-44 55124.05 1.11 12-23 0.7-1.0
2009-10-21 05002790-96 55125.02 1.58 12-29 0.7-0.9 0FNQD2: short
2009-11-09 05003257-59 55143.96 0.80 20-31 0.7-0.9 0%®3Po short
2009-11-10 05003302-07 5514497 1.19 12-27 0.6-0.8 03WQ3RD1: short
2009-11-12 05003393-96 55146.98 0.99 12-24 0.6-0.8 0300380 short
2009-11-13 05003433-37 5514798 1.17 12-24 0.7-0.8
2009-11-14 05003480-84 55148.98 1.11 12-23 0.6-0.8
2009-11-15 05003523-31 55149.94 2.61 12-32 0.6-0.8
2009-11-16 05003546-54 55150.94 2.34 12-31 0.6-0.8
2009-11-25 excl. all, moon
2009-11-26 excl. all, moon
2009-12-06 05004040-41 55170.89 0.44 23-31 0.6-0.9
2009-12-07 05004065-69 55171.89 1.44 14-29 0.5-0.8
2009-12-08 05004094-102 55172.88 2.51 12-31 0.5-0.9
2009-12-09 05004143-53 55173.89 3.18 12-29 0.6-0.8
2009-12-10 05004188-95 55174.88 2.40 12-31 0.6-0.8
2009-12-11 05004247 55175.88 0.54 12-31 0.6-0.7 05004254
05004250 clouds
05004253

Notes. (*) Dates in MAGIC night notation, i.e., after midnight.

Attenuation

— Kneiske & Dole
—— Dominguez

— Franceschini

0.1
E[1

1
TeV]

10

Figure 5: EBL attenuation models as used for the correction for spectra of IC 348.bck line
shows the model by Kneiske & Dole (2010), the red line Dominguez et d1)2énd the
blue one Franceschini et al. (2008).
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Table 3: Data from individual MAGIC observations in 2009/2010. Continued.

data Run MJD start t.g Zd DC (M) Comments or
[h] [] [ A] excluded runs
2010-01-05 05004296-99 55200.83 0.81 15-25 0.6-0.8 038420 short
2010-01-08 05004310-12 55203.89 0.78 12-17 0.5-0.7
2010-01-11 05004349-50 55206.87 0.62 12-14 0.6-0.8 03N480 short
2010-01-12 05004391-92 55207.90 0.61 13-20 0.6-0.7
2010-01-13 05004434-37 55208.88 0.86 12-18 0.6-0.7 05804zlouds
2010-01-14 05004471-76 55209.84 1.47 12-18 0.6-0.8
2010-01-15 05004517-20 55210.83 1.46 12-18 0.6-0.8 05004830uds
2010-01-16 05004561-66, 55211.83 1.90 12-31 0.6-0.8 (E&E®4oo0 short
05004575-76

2010-01-17 05004620-23 55212.84 1.22 12-16 0.6-0.8

2010-01-18 bad weather:
excl. all

2010-02-05 bad weather:
excl. all

2010-02-06 05005188 55232.84 1.22 14-36 0.6-0.9
05005193-96
2010-02-07 05005238 55233.87 0.60 20-33 0.6-0.7
05005241-43
2010-02-08 05005285, 55234.85 0.90 16-33 0.6-1.0
05005288,
05005293-98
2010-02-09 05005311-15 55235.85 1.38 16-34 0.6-0.8 0300580 short
2010-02-10 05005399, 55236.87 0.62 22-30 0.6-0.8 050038B&hort
05005401
2010-02-11 05005497-99 55237.86 0.87 22-33 0.6-0.8 0590540 short
2010-02-13 05005595, 55239.84 0.92 19-31 0.6-1.0
05005598-600
2010-02-14 05005659-63 55240.84 1.24 20-36 0.6-0.8
05005666

Notes. (%) Dates in MAGIC night notation, i.e., after midnight.

Table 4: Off data for analysis Chapter 5.

Source Date Used runs

OffCrab7 2009-11-26 05003936-40

3c454.3 2009-12-06; 12-07; 12-08; 05004033-36; 050045604087, 89-90;
2009-12-09; 12-10; 12-11 05004136, 38-40; 05004183-8600342

ON-325 2010-01-24 05005042-54

CygnusLoop 2010-10-27; 10-28; 10-29; 05010474-76; 0509%8 05010531-38
2010-10-30; 10-31; 11-01; 05010594; 05010638-43; 05003 95-97
2010-11-02; 11-06; 11-09 05010719; 05010776, 78-81; 0580023
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Table 5: Details on high-level analysis: Chapter 5.

Spectrum: high and low state spectra
Dead time 5x107*s
Binning 16 bins between 10-100000 GeV

Number of OFF regions 2)(25° data) and 51° data)
Normalization region 0.06-0.12.¢5° data) and 0.08-0.24 { data)

Cuts LEAKAGE MAGIC-I < 0.3, LEAKAGE MAGIC-II < 0.15,
Number-of-Islands MAGIC-I/lkk 3, SIZE > 150 phe
0.25° offset data HADRONNESS cuts: 0.5, 0.5, 0.5, 0.42, 0.38,,00334,

0.38, 0.45, 0.5, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6
6% cuts: 0.05, 0.05, 0.05, 0.03, 0.024, 0.018, 0.014, 0.012,
0.012,0.012, 0.012, 0.012, 0.012, 0.012, 0.012, 0.012

1° offset data HADRONNESS cuts: 0.6, 0.6, 0.6, 0.5,
0.45,0.4,0.4,0.4,0.5,0.6,0.7,0.7,0.7,0.7,0.7, 0.7
62 cuts: 0.05, 0.05, 0.05, 0.03, 0.024, 0.018, 0.016, 0.014,
0.014, 0.014, 0.014, 0.014, 0.014, 0.014, 0.014, 0.014

Light curve:
Dead time 5x107*s
Binning 19 bins between 10-100000 GeV

Number of OFF regions 2)(25° data) and 51° data)
Normalization region 0.06-0.12.¢5° data) and 0.08-0.24 { data)

Cuts LEAKAGE MAGIC-I < 0.3, LEAKAGE MAGIC-II < 0.15,
Number-of-Islands MAGIC-I/lIi< 3, SIZE > 150 phe
0.25° offset data HADRONNESS cuts: 0.5, 0.5, 0.5, 0.42, 0.38,,0034,

0.34,0.38, 0.45, 0.5, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6, 0.6
62 cuts: 0.02 for all energy bins

1° offset data HADRONNESS cuts: 0.6, 0.6, 0.6, 0.5, 0.45, (040,
0.40, 0.40, 0.5, 0.6, 0.6, 0.7,0.7,0.7,0.7,0.7, 0.7, 0.7
62 cuts: 0.02 for all energy bins
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Table 6: Flux results from individual observations in 2009/2010.

used data MJD start . Frss00cev” Fr300cev®
[h] [107 2 phcnm?s] [1072 phcn?s]
all data 43.32 3.62 + 0.40
2009-10-19 55123.02 2.43 597+ 1.79 3.63 +1.17(3.06 £ 1.65)

2009-10-20 55124.05 1.11 (2.80 + 2.93) < 12.52

2009-10-21 55125.02 1.58 (0.67 £ 1.67) < 5.74

2009-11-09 55143.96 0.80 (—3.4243.09) < 5.11 5.74 4 0.89 (6.32 + 1.13)
2009-11-10 55144.97 1.19 2.36 + 1.83

2009-11-12 55146.98 0.99 5.21 4 2.86

2009-11-13 55147.98 1.17 2.64 4+ 2.14

2009-11-14 55148.98 1.11 5.65 % 3.03

2009-11-15 55149.94 2.61 1.73 + 1.57

2009-11-16 55150.94 2.34  16.83 +2.40

2009-12-06 55170.89 0.44 8.01 4+ 5.25 1.50 £ 0.72 (1.86 + 0.94)
2009-12-07 55171.89 1.44 (1.03+1.94) < 6.95

2009-12-08 55172.88 2.51 (0.13 = 1.39) < 4.06

2009-12-09 55173.89 3.18 (1.10 =+ 1.25) < 5.25

2009-12-10 55174.88 2.40 (0.49 = 1.44) < 4.83

2009-12-11 55175.88 0.54  10.13+4.23

2010-01-05 55200.83 0.81 (2.05 +2.40) < 10.02  3.49 & 0.89 (2.44 + 1.08)
2010-01-08 55203.89 0.78  26.84 +5.19

2010-01-11 55206.87 0.62 (0.09 == 4.00) < 10.09

2010-01-12 55207.90 0.61 (3.29 = 3.85) < 12.19

2010-01-13 55208.88  0.86 (—2.91 & 2.59) < 4.42

2010-01-14 55209.84 1.47 2.44 4+ 1.22

2010-01-15 55210.83 1.46 3.23 4 2.54

2010-01-16 55211.83 1.90 (0.03 = 1.66) < 4.63

2010-01-17 55212.84 1.22 (1.40+2.11) < 8.33

2010-02-06 55232.84 1.22 2.71 4 2.18 4.40 £ 0.92 (2.95 & 1.24)
2010-02-07 55233.87 0.60 (—5.19 & 4.50) < 5.71

2010-02-08 55234.85 0.90  4.65+2.47

2010-02-09 55235.85 1.38  11.65+2.84

2010-02-10 55236.87 0.62 3.77 +2.91

2010-02-11 55237.86 0.87 3.62 +2.32

2010-02-13 55239.84 0.92 (1.69+ 1.74) < 7.95

2010-02-14 55240.84 1.24 3.68 4 2.38

Notes. (@) Dates in MAGIC night notation, i.e., after midnight) Daily measured flux above 300 GeV
in units of 1072 phcnm2s~1. Upper limits are given with 95% confidence level for negative flux mea-
surements, or points that are consistent with zero within the effoMonthly measured flux above
300 GeV in units oftl0~ 2 phcn2s~!. For comparison, the result from Aleksét al. (2010b) is given

in parentheses.
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Table 7: SED points derived for MAGIC observations in October 2009 to Felgr2@do.
state Energy E?dN/dE E?dN/dE EBL corrected
[GeV] [TeV-icm2s™!] [TeV-icm2s!]
high 199755 /199°% 3.66 &+ 1.02) x 10712 3.65 & 1.46) x 10~12

4591199 1 461197
10607459 1 10641456
245071001 1 2458+1053
565912152 | 567813453

4.14 £ 0.73) x 1012
3.88 +0.79) x 10712
4.724+1.11) x 10712
4.55 4+ 1.53) x 10712

4.70 +0.91) x 1072
4.38 +1.08) x 1072
6.49 4 1.68) x 10712

low 199758719975
459%2% / 461%?425 i
it | oo,
565972101 | 56821229

4.84 +1.65) x 1071
6.59 +£2.01) x 107"
7.50 £2.53) x 1071
4.99 4 2.66) x 10~

)
)
)
)
5.04£295) x 101
)
)
)
)

522+ 1.78) x 1071
7.93+£242) x 10713
9.96 + 3.37) x 1071

(
(
(
(
(6.78 +2.80) x 10712
(
(
(
(
(7.40 +3.94) x 10713

)
)
)
)
518 +£3.03) x 1071
)
)
)
)

Notes. (*) Energy of the bin center at the Lafferty-Wyatt position for the measufeBL corrected
spectrum. () For the EBL correction of the spectra the model by Dominguez et al. (204 been
applied.
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Figure 6: Quality check of the data of the night November 13, 2012. No data haved@tuded
for the analysis. The outliers in the middle right panel do not originate from m which
IC 310 showed the flares. Blue data points show the measurement of MA&1Q red
points show the measurement of MAGIC-II.
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Table 8: Off data for analysis Chapter 6 and 7 (MWL data).

Source Date Used runs

DarkPatch18 2012-10-22 05020671-72

DarkPatch4 2012-10-22; 11-16 05020675-79; 05020992-96
DarkPatch6 2012-10-23 05020725-26

DarkPatch2 2012-11-12;11-13 05020851-52; 05020897-900
M87 2012-12-10 05021542-48

DarkPatch22 2013-01-06 05022167-68

DarkPatch25 2013-01-08 05022192-94
2GGLJ1416-74 2013-01-17 05022681-82

DarkPatch28 2013-01-21 05022871, 74, 77, 80-82
DarkPatch29 2013-01-23 05022887

DarkPatch11 2013-02-08 05023304-06

DarkPatch31 2013-02-16 05023698

Table 9: Details on high-level analysis: Chapter 6.

Spectrum:
Dead time 26 x 107 %s
Binning 30 bins between 5-50000 GeV,

Number of OFF regions 4)(4°, 0.938° data)
Normalization region 0.1-0.4(°, 0.938° data)

Assumed index 2.0

Cuts LEAKAGE MAGIC-I/Il < 0.15,
Number-of-Islands MAGIC-I/li< 2, SIZE > 50 phe

0.4° offset data HADRONNESS cuts: 0.8 efficiency in range 0.1%50.
6? cuts: determined by 0.9 efficiency in range 0.01-0.2

0.938° offset data HADRONNESS cuts: 0.8 efficiency in range 0.1%50.
62 cuts: determined by 0.9 efficiency in range 0.01-0.2

Light curve:

Dead time 26 x 107%s

Binning 30 bins between 5-50000 GeV

Number of OFF regions 4)(4°, 0.938° data)
Normalization region 0.1-0.9@°, 0.938° data)
Assumed index 2.0

Cuts LEAKAGE MAGIC-I/Il < 0.15,

Number-of-Islands MAGIC-I/ll< 2, SIZE > 50 phe

0.4° offset data HADRONNESS cuts: 0.8 efficiency in range 0.1%50.
62 cuts: determined by 0.9 efficiency in range 0.01-0.2
0.938° offset data HADRONNESS cuts: 0.8 efficiency in range 0.1%50.

62 cuts: determined by 0.9 efficiency in range 0.01-0.2




Table 10: Fit parameters obtained from different power-law fits. The data hasfiited in the energy range between 70 GeV to 8.2 TeV.

Formula Fit parameters x*/d.o.f.
simple power-law:
A — fox (p20) T fo=(177+£0.07)1em2s 1 Tev-l;  15.56/16

T = (1.87 +0.04)
Log-parabolic fit:
AN g (o) BIOUB/0STEY) fo=(1.74+0.07)"0cm 25 Tev-l;  13.15/15
T = (1.77 4 0.07); b = (=0.13 + 0.09)
Broken power-law:
W — fox (o) L (BB T = (171 £ 0.07) 0 em 2T TeVl 12.12/14
T1 = (1.75 + 0.09); T2 = (2.45 + 0.90);
Eo = (2.24 4 2.89) TeV; 8 = (2.00 + 0.00)

evt

9 Jaideyd ul sisAjeuy t
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Figure 7: Spectrum energy distribution of the flare data sets with different offsdismation of the
estimated energy (before the unfolding). Red and blue points denote thevitla 0.4
and 0.938 offset, respectively.
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Figure 8: Unfolded spectrum energy distribution of the flare with nine bins per decifferent
power-law fits were applied. Black, red, and blue lines show the simple,daapplic,
and broken power-law fit, respectively. Since the Lafferty-Wyatt inigmpproach is used
the data points from different fitting methods are not exactly overlaying.slgnificance
of last data point can not be easily evaluated due to a low statistic of theveldsarents
in this bin. The results of the parameters of the fits are given in Table 10.
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Figure 9: Spectrum energy distribution of the flare with different EBL models appBdack: mea-
sured. Red: Dominguez et al. (2011). Green: Franceschini etCl8)2Blue: Kneiske
& Dole (2010). The unfolded (solid line and filled points) and forward éoldbutter-
flies) results are shown, respectively. For the unfolding the Schmellingothdihis been

applied.
Table 11: SED points of the flare.
Energy E?dN/dE E?dN/dE EBL corrected
(GeV] [TeV-icm2s!] [TeV-lcm2s!]

—49 —50
364182 1 364151
5641125 | 5647120
8747153 1 8751152
13557304 /1 13574592
210274711 /2104747
32597731 132621728
5053 108 1 5057 1525
783411007 [ 784171720

(1.43 £0.32) x 10~
(1.16 £0.28) x 10~
(1.29 £ 0.25) x 1071
(1.82 4 0.26) x 1071
(1.35 +£0.26) x 1071
(2.114+0.33) x 1071
(2.02 £0.40) x 10~
(1.83 £0.49) x 10~
(2.02 4+ 0.63) x 1071
(2.10 £ 0.88) x 1071
(1.34 4 1.42) x 1071

(1.4540.32) x 1071
(1.17 4 0.28) x 1071
(1.32 4 0.26) x 10~
(1.92 £0.28) x 1071
(1.49 4 0.29) x 1071
(2.49 £0.39) x 10~
(2.52 4 0.50) x 10~
(2.39 4 0.64) x 1071
(2.76 4 0.86) x 10~
(3.06 +1.28) x 1071
(2.19 £2.33) x 107

Notes. (%) Energy of the bin center at the Lafferty-Wyatt position for the measufeBL corrected
spectrum. () For the EBL correction of the spectra the model by Dominguez et al. (204 been
applied.
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5 Analysis in Chapter 7

Table 12: Data from individual MAGIC observations in 2012/2013 used for the M@dmpaign.

data Run MJD start Light t.g Zd  Comments
Cond. [h] excluded runs
2012-11-13 05020909-11, 56243.95 dark 3.51 12-30 mode: N&G6G,
05020915-22 IC 310 flare detected
2012-11-14 05020956-63 56245.00 dark 2.38 12-23 05020951,
55, 64 too short
2012-11-16 05021007-17 56246.94 dark 3.49 12-30
2012-11-18 05021023-30 56249.11 dark 2.39 27-55
2012-11-19 05021078-81, 56249.99 m/d 4.42 12-54 0502¥869-
83-92 with 0.29 wobble offset
2012-11-20 bad weather, ON-mode
exclude all
2012-11-21 05021200-02, 56252.06 m/d 1.31 18-33 0502#1919
05021205 05021203-4, 6-8:
too short, low rates
2012-11-22 05021232-33, 56253.09 dark 1.96 26-54 05021234
35-38 drop in rates, cloud
2012-11-23 05021262, 56254.13 m/d 1.31 36-55 05021253:9, 6
64-66 bright moon, low rates
2012-11-24 05021288-89 56255.17 m/d 0.65 46-55 050212383
bright moon, low rates
2012-12-11 bad weather
2012-12-15 05021691-91, 56275.93 dark 0.92 12-18 mode: N&GG,
95 05021694: AMC problem
2012-12-16 05021727-28 56276.82 moon 0.65 33-42 05023029-
2012-12-17 05021773-79 56277.83 moon 2.01 15-37
2012-12-18 05021824-34 56277.83 m/d 3.50 12-38 05021823
2012-12-19 excl. all: bad weather
2012-12-20 excl. all: bad weather
2012-12-21 excl. all: bad weather

Notes. (*) Dates in MAGIC night notation, i.e., after midnight.
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Table 13: Data from individual MAGIC observations in 2012/2013 used for the M@¢dmpaign.

Continued.
dat& Run MJD start  Light t.q Zd  Comments
Cond. [h] Pl  excluded runs
2013-01-10 05022287, 89 56301.89 dark 0.62 12-20 mode: N\.G6 1
2013-01-11 05022344-45 56302.88 dark 0.65 12-19 mode: NG6 1
2013-01-13 05022444 56304.87 dark 0.80 12-16 mode: NGC,1275
47-48 AMC problems
2013-01-14 05022497-99 56305.82 moon 0.98 12-20
2013-01-15 05022545-50 56306.83 moon 1.50 12-17 05022544
2013-01-16 05022595-602 56307.83 moon 2.51 12-28 05022594
2013-01-17 05022640-49,52 56308.82 moon 3.35 12-38
2013-01-18 bad weather, bright
moon, excl. all
2013-01-19 new AMC: excl. all
2013-01-20 new AMC: excl. all
Fermi ATel: NGC 1275
2013-01-29 new AMC: excl. all
2013-02-15 new AMC: excl. all

Notes. (») Dates in MAGIC night notation, i.e., after midnight.

Table 14: Details on high-level analysis: Chapter 7 (MWL data).

Light curve:
Dead time 26 x 107%s
Binning 16 bins between 10-100000 GeV

Number of OFF regions 4)(4° data only)

Normalization region

Assumed index 2.0

Cuts

0.4° offset data

LEAKAGE MAGIC-I/1l < 0.15,

0.15-0.35.¢° data only)

Number-of-Islands MAGIC-I/lk 2, SIZE > 50 phe

HADRONNESS cuts: 0.9 efficiency in range 0.29%50.

6? cuts: determined by 0.7 efficiency in range 0.01-0.2
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Table 15: Flux results from individual observations in 2012/2013 (without flata)da

used data MJD start

Fr=300Gev®
[1072phcm?s!]

FE>300 GeVb
[h] [10-2phcnm2s]

teff

all data

35.3 1.36 £0.27

2012-11-14
2012-11-16
2012-11-18
2012-11-19
2012-11-21
2012-11-22
2012-11-23
2012-11-24
2012-12-15
2012-12-16
2012-12-17
2012-12-18
2013-01-10
2013-01-11
2013-01-13
2013-01-14
2013-01-15
2013-01-16
2013-01-17

56245.00
56246.94
56249.11
56249.99
56252.06
56253.09
56254.13
56255.17
56275.93
56276.82
56277.83
56278.83
56301.89
56302.88
56304.87
56305.82
56306.83
56307.83
56308.82

2.28 (0.41 £ 0.73) < 2.60
3.49(—0.13 +0.70) < 1.63
2.39 (1.98 +1.04) < 6.17
4.42 (1.37 +0.80) < 4.42
1.31(—0.43 +£1.23) < 2.71
1.96 (0.92 4 1.08) < 4.27
1.31 4724166
0.65 (1.70 + 2.19) < 8.38
0.92 (1.61 +1.61) < 6.99
(
(

1.35£0.39

2.07 +0.58
0.65 (0.09 & 0.93) < 2.85
2.01 (1.08 4+ 1.14) < 4.70
350  3.35+0.92

0.62  5.29+2.34
0.65(—1.70 4 1.63) < 3.06
0.80 (1.38 +1.82) < 7.18
0.98 (0.00pm1.54) < 4.17
1.50 (0.07 + 1.16) < 3.20
251  247+1.04
3.35(—0.35 4 0.74) < 1.48

(0.61 4 0.51) < 2.14

Notes. () Dates in MAGIC night notation, i.e., after midnight) Daily measured flux above 300 GeV
in units of 1072 phcn2s~1. Upper limits are given with 95% confidence level for negative flux mea-
surements, or points that are consistent with zero within the effoMonthly measured flux above
300 GeV in units oftl0~ 2 phcnT2s71,
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Table 16: Further data taken in 2013/2014 used for monitoring.
dat& Run MJD start Light t.g Zzd DC (MI) Comments
Cond. [h] Pl [wA]  excl. runs
2013-07-30 strong moon:
excl. all
2013-07-31 strong moon:
excl. all
2013-08-01 dead zone,
moon, excl. all
2013-08-02 dead zone, calima
excl. all
2013-08-03 dead zone, calima
excl. all
2013-08-07 05028334-35 56511.16 dark 0.44 40-46 0.9-1.0028%34.001-
011: dead zone
2013-08-09 05028407-08 56513.16 dark 0.50 38-45 0.9-1.0028®%07.001-
009: dead zone
2013-08-11 05028478-79 56515.15 dark 0.49 39-46 0.9-1.0028%/8:
dead zone
2013-08-28 strong moon:
excl. all
2013-08-29 strong moon:
excl. all
2013-08-30 AMC2 problem
excl. all
2013-08-31 05028880-87 56535.10 moon 2.57 16-44 0.9-1.6
2013-09-02 05028956-57 56537.09 d/m 196 13-43 0.8-1.0
65-68
2013-09-05 05029082-84 56540.12 dark 0.98 23-35 0.8-0.9d P&
2013-09-07 05029159-61 56542.19 dark 0.98 12-18 0.8-1.0
2013-09-13 05029320-22,26 56548.06 dark 1.30 25-46 1.0-Inode: NGC 1275
and Perseus-MA
2013-09-15 excl. all
2013-09-17 05029419-21 56552.19 m/d 0.98 12-19 1.0-15
2013-10-04 05029439-40,43 56569.11 dark 0.98 12-19 @9-Inode: NGC 1275
2013-10-09 05029950, 53-54 56574.18 dark 0.84 18-35 @9-Inode: NGC 1275
2013-10-13 05030125, 29-30 56578.17 dark 0.97 17-36 20-Inode: NGC 1275
2013-10-31 05030447, 50 56596.12 dark 0.60 18-32 1.0-1.1 denMNGC 1275
2013-11-01 05030465 56597.11 dark 0.32 17-20 1.0-1.1 @& 1275
05030466, 69:
bad weather
2013-11-02 05030512-13 56598.13 dark 0.65 21-29 0.9-1.1 demNGC 1275
2013-11-04 05030571, 74 56600.10 dark 0.56 16-29 0.9-1.2 denGC 1275
05030577: short
2013-11-05 05030621-22 56601.12 dark 1.50 19-56 1.0-1.2 demNGC 1275

25-26, 30

Notes. () Dates in MAGIC night notation, i.e., after midnight.
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Table 17: Further data taken in 2013/2014 used for monitoring. Continued.
dat& Run MJD start  Light f.q Zd DC (MI) Comments
Cond. [h] [ [#A]  excl. runs
2013-11-22 strong moon
excl. all
2013-11-24 strong moon
excl. all
2013-11-25 strong moon
excl. all
2013-11-26 strong moon
excl. all
2013-11-27 moon, bad w.,
excl. all
2013-12-07 05031474-81  56632.83 moon 2.25 19-46 1.0-1.9031%/4.001-
008: dead zone
2013-12-08 bad weather:
excl. all
2013-12-31 bad weather:
excl. all
2014-01-02 05032038-39 56658.84 dark 0.64 16-23 1.0-1.1 CNE/5
2014-01-06  05032264-69  56662.85 moon 1.96 12-18 1.4-1.9 onmlow rate
2014-01-07 strong moon
excl. all
2014-02-02  05032663-65 56689.84 moon 0.74 14-20 0.9-1.1
2014-02-04 05032754,60 56691.85 moon 2.30 15-50 0.9-2.0
63-64, 67-68, 71
2014-02-05 strong moon
excl. all
2014-02-23  05033132-33 56710.87 dark 0.65 32-41 1.1-1.2
2014-03-03 05033434 56718.86 moon 0.28 35-39 1.1-1.2
2014-03-04 05033481-84 56719.85 moon 1.28 35-52 1.1-14
2014-03-05 05033534-35 56720.86 moon 0.98 36-49 1.6-1.8033E37-39:
moon
2014-03-08 very low rate
excl. all
Notes. (*) Dates in MAGIC night notation, i.e., after midnight.
Table 18: Off data for analysis Chapter 7 (monitoring data).
Source Date Used runs
1HO0323+-342 2013-09-01 05028919-21
TXS2320+343 2013-09-03 05028987-92
3c454.3 2013-09-28; 10-05 05029516-26; 05029760-61
1ES0229-200 2013-10-02 05029705
BZBJ0123+342 2013-10-09 05029929-47
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Table 19: Details on high-level analysis: Chapter 7 (monitoring data).

Light curve:
Dead time 26 x 107 %s
Binning 16 bins between 5-50000 GeV

Number of OFF regions 4)(4° only)
Normalization region 0.15-0.35.¢° only)

Assumed index 2.0
Cuts LEAKAGE MAGIC-I/Il < 0.15,

Number-of-Islands MAGIC-I/lk 2, SIZE > 50 phe
0.4° offset data HADRONNESS cuts: 0.9 efficiency in range 0.1%50.

62 cuts: determined by 0.7 efficiency in range 0.01-0.2
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Table 20: Flux results from individual observations in 2013/2014 (monitoring data).
used data MJID start t.g Fr>300Gev’

[h] [1072phcm?s]

274 (0.314+0.24) < 1.13

all data

2013-08-07
2013-08-09
2013-08-11
2013-08-31
2013-09-02
2013-09-05
2013-09-07
2013-09-13
2013-09-17
2013-10-04
2013-10-09
2013-10-13
2013-10-31
2013-11-01
2013-11-02
2013-11-04
2013-11-05
2013-12-07
2014-01-02
2014-01-06
2014-02-02
2014-02-04
2014-02-23
2014-03-03
2014-03-04
2014-03-05

56511.16
56513.16
56515.15
56535.10
56537.10
56540.12
56542.19
56548.06
56552.20
56569.11
56574.18
56578.17
56596.12
56597.11
56598.13
56600.10
56601.12
56632.83
56658.84
56662.85
56689.84
56691.85
56710.87
56718.86
56719.85
56720.86

0.44 (0.40 £ 1.78) < 5.53
0.50(—1.67 4 1.74) < 3.10
0.49(—0.84 + 1.55) < 3.33
2.57 (0.96 4 0.91) < 3.93
1.96 (0.61 + 1.10) < 3.82
0.98 (0.88 & 1.10) < 4.43
0.98(—1.29 4+ 1.41) < 2.61
1.30 (0.00 & 1.03) < 2.72
0.98 (0.64 + 1.23) < 4.47
0.98(—0.11 + 1.27) < 3.42
0.84(—0.09 4 1.47) < 3.84
0.97 (0.48 + 1.33) < 4.34
0.60 (0.55 4+ 1.60) < 5.35
0.32(—1.20 + 1.98) < 4.99
0.65 (2.21 + 1.86) < 8.74
0.56(—0.16 4 1.40) < 3.93
1.50 (0.12 + 1.26) < 3.48
2.25(—0.13 +0.81) < 1.92
0.64 (0.15 + 1.86) < 5.40
1.96(—0.43 + 0.97) < 2.07
0.74(—0.41 + 1.51) < 3.77
2.30 (1.73 +1.05) < 5.70
0.65 (0.62 +1.71) < 5.57
0.28(—1.21 +1.95) < 4.58
1.28 (1.33 + 1.31) < 5.59
0.98(—0.60 + 1.12) < 2.28

Notes. () Dates in MAGIC night notation, i.e., after midnight) Daily measured flux above 300 GeV
in units of 10712 ph cnt2s~1. Upper limits are given with 95% confidence level for negative flux mea-
surements, or points that are consistent with zero within the error.
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Table 21: Flux upper limits fromFermi-LAT observations during the MWL campaign.
MID  Fi_sp0gev X 1077

[stcm™?]
56247.0 <1.90
56277.0 <4.01
56307.0 <5.14

56336.5 <5.89
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Table 22: Results from theswift XRT observations during the MWL campaign.

Obs. ID MJDstart EXps. Fyo_1gkev X 1071 I Ng° Pl
[s] [ergstcm2]® [10?2 cm™?] d.o.f.
all data 45773  0.606 +£0.010  2.0367007% 0.1354+0.008 222.4/
(0003...) 240
2264007 56245.67 4977 0.64+0.04 1937008 0.1267005;  37.3/38
2264008 56253.09 3984  0.61+0.04 2.13+0.05  0.11870052  43.8/36
2264009 56253.98 3968  0.69 =+ 0.04 1.9013%  0.0617902¢  32.9/31
2264010 56255.70 3991  0.49 +0.04 2.17+£0.06  0.15170080  22.3/23
2264011 56273.95 1983  0.56 4 0.06 2.02102 0.167003 7.3/11
2264012 56275.88 3891  0.59+0.04 1927002 0.11670052  29.6/28
2264013 56276.81 3878  0.66 + 0.04 L961000  0.14070057  34.3/31
2264014 56277.81 3878  0.65=+0.04 1.951098 0.1370s  23.2/30
2264015 56278.82 3660 0.62+0.04 2117080 01717592 37.7/29
2264016 56279.82 3864  0.55+0.04 2187008 01737505 23.1/30
2264017 56280.82 3856  0.44 4 0.03 2.28T00%  0.14940.028 47.3/28
2264018 56281.82 3844  0.58 +0.04 1991008 012710055 31.9/28

Notes. (@) Flux between 0.2 and 10keV determined by a simple power-law!#it.Photon index:
F o E-T. (©) Absorption with a equivalent column of hydrogen.

Table 23: Results from th&swift XRT observations in January 2012.

Obs.ID MJD start EXps. Fya_igkev X 1071 re Nyg© 2/
[s] [ergs!tcm2]® [102cm™?] d.o.f.
all data 13214  0.438 +£0.015 210700 0.1257001> 58.9/
(0003...) 75
2264001 55952.65 2988  0.40+0.04 2077049 0.10700%  18.9/17
2264002 55953.58 2885  0.37+0.03 2.1870%8  0.18 £0.05 11.7/15
2264003 55954.12 2742  0.4879%9 210708 0.14+£0.04 9.3/17
2264004 55955.12 3094 0.48105¢ 2.134£0.06 0.1240.04 24.5/22
2264005 55956.14 1504  0.45+0.05 2.03799 011199 14.6/8

Notes. () Flux between 0.2 and 10keV determined by a simple power-law(fit.Photon index:
F « E-T. (©) Absorption with a equivalent column of hydrogen.
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Table 24: Results from the KVA observations in the R band during the MWL campaign.

MJID Flux density [mJy] Error of flux density [mJy]
56221.15005 9.10 0.15
56222.15063 9.16 0.15
56244.14379 9.05 0.15

56249.9487 9.17 0.15
56255.90087 9.14 0.29
56266.94108 9.05 0.15
56275.90372 9.00 0.15
56277.94691 9.03 0.15
56283.92947 9.06 0.15
56287.90108 8.85 0.15
56294.86696 9.05 0.15
56301.89024 9.17 0.15
56304.90712 9.10 0.15
56308.89412 9.25 0.15
56311.88023 9.15 0.15
56317.88406 9.09 0.15
56321.88795 9.03 0.15
56322.81984 9.09 0.15
56323.81855 9.03 0.16
56324.90887 9.13 0.15
56325.81984 8.93 0.16
56326.81635 9.04 0.15
56327.82454 8.83 0.15
56329.84887 8.92 0.15
56332.90643 9.28 0.16
56336.88522 8.96 0.15
56339.85226 9.13 0.18
56343.86059 9.07 0.15

56346.8553 8.88 0.15
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Appendix C: Data for MWL Campaign

Table 25: Results from the KVA observations in the R band during January-FebR(4.2.

MJD Flux density [mJy] Error of flux density [mJy]

55934.91019 9.13 0.15
55937.92324 8.62 0.14
55940.89206 8.99 0.16
55944.88245 9.09 0.15
55947.87119 8.97 0.15
55952.91141 8.99 0.15
55954.86492 8.95 0.15
55955.8957 8.87 0.15
55958.88718 9.06 0.15
55961.8454 8.96 0.17
55965.84918 9.23 0.15
55975.8681 9.00 0.15
55979.90071 9.05 0.15
55982.84527 8.97 0.15
55989.84422 8.97 0.15
55993.8473 9.03 0.16
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Table 26: Results from the OVRO observations at 15 GHz.

MJD S15CHz
[mJy]

55901.1 0.162= 0.006
55908.1 0.156+ 0.010
55912.1 0.164+ 0.022
55919.1 0.152 0.008
55922.1 0.155: 0.010
55926  0.157: 0.005
55933  0.148t 0.044
55936  0.158+ 0.017
55940  0.160+ 0.008
55943  0.159 0.007
55945 0.157+ 0.013
55964  0.158t 0.004
55967.9 0.153 0.019
55969.9 0.1506 0.014
55985.9 0.152+ 0.027
55989.9 0.144 0.012
55996.9 0.152: 0.020
56006.8 0.146- 0.013
56015.8 0.14G- 0.016
56020.8 0.186+ 0.006
56024.8 0.151 0.012
56034.7 0.148 0.007
56036.7 0.145 0.017
56038.7 0.142+ 0.019
56041.7 0.13% 0.011
56046 0.162+ 0.005
56056 0.147: 0.005
56060.9 0.158 0.014
56089.6 0.141 0.015
56105.5 0.152+ 0.005
56108.6 0.142+ 0.003
56115.5 0.141 0.005
56118.8 0.134- 0.023
56119.8 0.148- 0.003
56129.5 0.144+ 0.021
56136.8 0.13% 0.005
56138.7 0.14G: 0.010
56142.8 0.154- 0.015
56145.8 0.183 0.053
56152.7 0.147 0.008
56159.7 0.151 0.005
56172.4 0.152: 0.016




158 Appendix C: Data for MWL Campaign

Table 27: Results from the OVRO observations at 15 GHz. Continued.

MJD S15GHy
[(mJy]

56180.4 0.147 0.005
56183.6 0.16G- 0.009
56192.6 0.148 0.012
56197.6 0.153 0.006
56203.3 0.141 0.006
56203.6 0.147 0.022
56206.3 0.128 0.005
56208.6 0.161 0.017
56220.5 0.152- 0.016
56225.2 0.146- 0.004
56225.5 0.143: 0.005
56231.2 0.148 0.013
56231.5 0.138 0.010
56234.5 0.151 0.015
56238.2 0.148- 0.024
56242.5 0.148 0.004
56247.5 0.144: 0.005
56253.2 0.145 0.009
56258.2 0.13% 0.015
56262.2 0.126- 0.013
56264.4 0.161 0.012
56268.4 0.135 0.018
56272.4 0.1706- 0.004
56277.1 0.144-0.017
56283.4 0.146- 0.010
56326 0.147 0.004
56326 0.162: 0.076
56330.3 0.126- 0.027
56341.2 0.154 0.004
56349.2 0.158 0.007
56364.2 0.167 0.006
56367.9 0.157 0.014
56378.8 0.155 0.027
56381.1 0.161 0.028
56388.1 0.157 0.008
56396.7 0.15@: 0.006
56403.8 0.14G: 0.006
56409 0.17H 0.004
56414.7 0.141 0.010
56427.7 0.145 0.016
56431 0.166+ 0.007
56433 0.167: 0.023
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Table 28: Results from the OVRO observations at 15 GHz. Continued.

MJD S15CHz
[mJy]

56441.6 0.156: 0.003
56442.6 0.15% 0.017
56450.9 0.168- 0.008
56459.6 0.156+ 0.021
56469.6 0.152: 0.020
56481.8 0.162: 0.006
56490.8 0.153 0.008
56492.8 0.154- 0.021
56505.5 0.156+ 0.005
56511.5 0.14% 0.023
56512.4 0.148 0.007
56512.5 0.144- 0.016
56515.5 0.155 0.017
56522.7 0.163 0.005
56529.4 0.161 0.013
56532.4 0.147 0.028
56541.7 0.164- 0.011
56546.4 0.156- 0.012
56548.6 0.183 0.007
56551.6 0.166: 0.021
56555.6 0.178t 0.004
56558.6 0.155- 0.005
56565.6 0.158 0.008
56570.3 0.140- 0.004
56581.6 0.178 0.005
56490.8 0.153: 0.008
56492.8 0.154= 0.021
56505.5 0.156- 0.005
56511.5 0.14% 0.023
56512.4 0.148 0.007
56512.5 0.144+ 0.016
56515.5 0.155: 0.017
56522.7 0.163 0.005
56529.4 0.161 0.013
56532.4 0.147% 0.028
56541.7 0.164= 0.011
56546.4 0.156: 0.012
56548.6 0.183 0.007
56551.6 0.166- 0.021
56555.6 0.178 0.004
56558.6 0.155: 0.005
56565.6 0.158 0.008
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Table 29: Results from the OVRO observations at 15 GHz. Continued.
MJD S15GHz
[mJy]
56570.3 0.1406t 0.004
56581.6 0.178t 0.005
56585.2 0.152t 0.009
56586.5 0.158t 0.011
56592.5 0.162:0.013
56595.5 0.178t 0.005
56598.5 0.155t 0.009
56602.5 0.184t 0.015
56605.5 0.174+ 0.004
56608.2 0.154t 0.007
56609.5 0.161 0.008
56613.2 0.146: 0.004
56614.5 0.184t 0.015
56617.2 0.072£ 0.321
56623.4 0.1714 0.021
56628.1 0.153t 0.006
56631.1 0.158t 0.036
56632.1 0.144+ 0.020
56641.4 0.166t 0.008
56651.4 0.168t 0.005
56656.3 0.166t 0.014
56659.4 0.196t 0.014
56673 0.159+ 0.012
56677 0.153+ 0.015
56686 0.159+ 0.008
56687 0.138t 0.016
56692 0.156t 0.004
56699.3 0.194 0.007
56700.9 0.1674 0.006
56703.2 0.169t 0.018
56707 0.173t 0.028
56711.2 0.156t 0.056
56713.9 0.148t 0.007
56724.9 0.15@: 0.020
56729.1 0.162t 0.018
56732.2 0.200: 0.014
56736.1 0.164 0.026
56743.1 0.163t 0.008
56756.8 0.144+ 0.004
56760.1 0.184t 0.005
56762.1 0.175 0.034
56771 0.166+ 0.024
56774.7 0.154: 0.010
56778 0.185- 0.005
56781.7 0.145 0.017
56787.7 0.146t 0.019
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