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Abstract

Markarian 421 is the closest known and one of the best studied very high energy
(VHE) ~-ray emitting blazars. Its spectral energy distribution (SED) shows a
characteristic two component structure: The first component ranges from the radio
over optical and UV to the X-ray band, the second emerges in the y-ray regime.
The two Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes,
measuring in the VHE ~-ray regime, perform regular observations since the end
of 2009. In this work, the first stereoscopic observations of Markarian 421 during
high source activity from January 2010 were analysed and studied with regard to
flux and spectral variations.

Two distinct flares were observed on 14-15/01/2010 and 20/01/2010, reaching
a flux level of 2.7 Crab units (c.u.) and 2.6 c.u. above 200 GeV, respectively. The
observation periods immediately before and after the flares showed comparatively
low flux levels (0.5 — 1.5 c.u.). The corresponding SEDs, obtained from hour-scale
exposures and ranging from 80 GeV to 5 TeV and 8 TeV, respectively, exhibit a
clear curvature in case of the flares and the position of the high-energy peak could
be measured directly. Due to the low energy threshold and high sensitivity of the
MAGIC stereoscopic system, this is the first time that the spectral evolution in a
broad VHE ~-ray range could be resolved on these short timescales.

Embedded into a framework of simultaneous multiwavelength observations,
the high-activity states found with MAGIC in the VHE ~-ray regime showed clear
correlations with high emission activity in the X-ray regime. This suggests that
both emissions are produced in the same region by (possibly) the same population
of particles. Radio and optical/UV data did not show any correlated emission.

The multiwavelength results were described with two one-zone synchrotron
self-Compton models. One model explains the X-ray and VHE ~-ray emission to
originate from a common region and shows a correlation of the electron number
density with source activity. It was found that the changes of this parameter can
satisfactorily explain the main flux variations in both emission regimes. In this
framework, an increased electron number density is responsible for a raised flux
level. The other model also includes the optical /UV emission into the description.
Here, four parameters show correlations with source activity, but it was found that
these parameters alone can not be responsible for the flare emission.

The quality of the MAGIC results was crucial in imposing model constraints,
since MAGIC was the only instrument covering the high-energy SED component in
this analysis. With wide-range measurements obtained on short timescales, these
results constitute a substantial improvement compared to preceding works.






Kurzfassung

Markarian 421 ist einer der am dichtesten zur Erde gelegenen und bester-
forschten Blazare. Seine spektrale Energieverteilung (SED) zeigt eine charakte-
ristische Zweikomponentenstruktur: Die erste Komponente erstreckt sich aus dem
Radio- iiber den optischen und UV- hin zum Rontgen-Wellenldngenbereich, die
zweite Komponente verlduft im ~-Strahlungsbereich. Die zwei Major Atmo-
spheric Gamma-ray Imaging Cherenkov (MAGIC) Teleskope, deren Messbereich
im sehr hochenergetischen (VHE) ~-Strahlungsbereich liegt, fiithren seit Ende 2009
regelméfige Observationen durch. In dieser Arbeit wurden die ersten stereoskopen
Observationen von Markarian 421 wihrend einer Phase erhohter Quellaktivitat
analysiert und hinsichtlich Fluss- und Spektralschwankungen untersucht.

Am 14.-15.01.2010 und 20.01.2010 wurden zwei Strahlungsausbriiche (Flares)
beobachtet, die einen Flussstand von 2.7 Crabeinheiten (c.u.) bzw. 2.6 c.u. tiber
200 GeV erreichten. Die Observationszeitraume unmittelbar vor und nach den
Flares zeigten vergleichsweise niedrige Flussstdnde (0.5 — 1.5 c.u.). Die zugeho-
rigen SEDs (80 GeV — 5 TeV bzw. 8 TeV), erstellt aus relativ kurzen Expositionen
(1 —2 h), weisen im Falle der Flares eine eindeutige kurvenférmige Struktur
auf und der Scheitelpunkt der hochenergetischen SED-Komponente konnte direkt
gemessen werden. Aufgrund der geringen Energieschwelle und der hohen Sensiti-
vitét der stereoskopen MAGIC-Teleskope ist dies das erste Mal, dass die spektrale
Entwicklung in einem breiten Bereich der VHE ~-Strahlung auf diesen kurzen
Zeitskalen aufgelost werden konnte.

Kombiniert mit simultanen Multiwellenl&dngenbeobachtungen, zeigten die von
MAGIC beobachteten Zustédnde hoher Aktivitdt im VHE ~-Strahlungsbereich klare
Korrelationen mit Zustédnden hoher Aktivitdt im Rontgenbereich. Dies deutet
darauf hin, dass beide Emissionen in der gleichen Region von (moglicherweise) den
gleichen Teilchen erzeugt werden. Radio- und optische/UV-Strahlung wiesen keine
korrelierte Emission auf.

Die Multiwellenldngenergebnisse wurden mit zwei Einzonen-Synchrotron-Self-
Compton-Modellen beschrieben. Eines der Modelle erklart die Rontgen- und
VHE ~-Strahlungsemission als aus einer gemeinsamen Region stammend und weist
eine Korrelation der Elektronenzahldichte mit der Quellaktivitdt auf. Es zeigte
sich, dass die Verdnderungen dieses Parameters die Flussvariationen in beiden
Emissionsbereichen generell erkldren kénnen. In diesem Rahmen ist eine erhohte
Elektronenzahldichte verantwortlich fiir erhohte Flussstinde. Das andere Modell
bezieht auch die optische/UV-Emission in die Beschreibung mit ein. Hier zeigten
vier Parameter Korrelationen mit der Quellaktivitdt, deren Verédnderungen allein
allerdings nicht ausreichen, um die Flussvariationen befriedigend zu beschreiben.

Die Qualitdt der MAGIC-Ergebnisse war entscheidend bei der Eingrenzung
der Modellparameter, da MAGIC das einzige Instrument in dieser Analyse war,
das die hochenergetische SED-Komponente abdeckte. Mit Messungen in einem
breiten Energiebereich auf relativ kurzen Zeitskalen stellen diese Ergebnisse eine
wesentliche Verbesserung im Vergleich zu vorhergehenden Arbeiten dar.
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Chapter 1

Introduction

Active Galactic Nuclei (AGN) are one of the most powerful phenomena in the non-
thermal universe. The AGN subclass of blazars allows a deep and unique insight
into the extreme acceleration and emission processes, since for this class one of the
relativistic particle jets, which arise at the poles of the rotating system of central
black hole and accretion disk, is directly pointing towards Earth. Here, we as
observers can look down the jet and draw conclusions on the physical processes,
because due to relativistic beaming the corresponding emission is not obscured
from the AGN dusk torus as under other viewing angles.

With a distance of ~ 500 million lightyears, Markarian (Mrk) 421 is the closest
known and one of the best studied representatives of the blazar subclass. Its
broadband spectral energy distribution (SED) of electromagnetic radiation shows
the typical two-component structure of blazars: The first component extends from
the radio to the X-ray waveband with a peak in the soft to medium X-ray range,
the second component extends in the vy-ray waveband up to GeV and TeV energies
with a peak around 100 GeV. Additionally, large and occasional flux variations
up to one order of magnitude on short and long timescales have been observed
for Mrk 421. While measurements in the radio, optical/UV and X-ray regime
have already been performed with high sensitivity on short timescales in the past,
measurements in the -ray regime required averaging of particularly long time
periods to achieve acceptable precision for spectral studies. With the beginning of
scientific operation of the MAGIC stereoscopic telescope system in late 2009, an
improved quality in short time measurements also in the very high energy ~-ray
regime could be achieved. In this thesis, the first MAGIC stereoscopic observations
of Mrk 421 during high source activity are analysed and the resulting high precision
day-to-day SEDs are presented.

Embedded into a multiwavelength framework, the measurements of MAGIC
cover the second SED component and are able to put constraining datapoints below
and above the corresponding peak. Due to the new sensitivity in this energy regime,
comprehensive model sets can be fitted to the data and allow interpretations of the
emission mechanisms. Here, open questions are: What produces the short term
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activity of Mrk 4217 Are changes in particular physical properties responsible for
the flux variations? And what scenarios might generate such changes? This thesis
tries to answer these questions and attempts to bring the knowledge regarding
Mrk 421 forward to a deeper understanding and comprehension.

The text is organised as follows: In chapter 2, the basic foundations of very
high energy v-ray astrophysics are introduced. Focus is laid on AGN and the
blazar subclass. The physical processes that are considered to take place inside
the blazar jets are discussed in chapter 3. Chapter 4 addresses the basic principles
of the Imaging Atmospheric Cherenkov Telescope observation technique, which is
used by the MAGIC telescopes. The MAGIC telescopes themselves are introduced
in chapter 5. Focus is laid on the camera of MAGIC-II and its control software,
whose installation and maintenance was a relevant part of this thesis. In chapter
6, the analysis of MAGIC data is discussed and a detailed study of the influ-
ences of the stereoscopic trigger scheme on the observed v-rate, particular in the
Mrk 421 case, is presented in chapter 7. Chapter 8 is about the reference analysis
of the Crab nebula, the “standard candle” for Imaging Atmospheric Cherenkov
Telescopes. The analysis of the MAGIC Mrk 421 dataset from January 2010 is
presented in chapter 9. Its embedding into a multiwavelength framework is pre-
sented in chapter 10: First, the instruments and wavebands offering simultaneous
data with the particular MAGIC analysis periods and second, the SEDs resulting
from the multiwavelength observations and their modelling within a one-zone syn-
chrotron self-Compton scenario. Implications and interpretations of the obtained
results are discussed in chapter 11. A summary and an outlook to future prospects
are given in chapter 12. Supplementary information, such as an excursus on SED
notation, details on used cut values, data point numbers of presented plots, obser-
vations details of the participating multiwavelength instruments and a dedicated
verification of the the applied model code, is given in the appendix.



Chapter 2

Very high energy (VHE) ~-ray
astrophysics

In this chapter, the basic foundations of very high energy (VHE) ~-ray astrophysics
are introduced. Focus is laid on Active Galactic Nuclei (AGN) and the blazar
subclass, whose representative Markarian (Mrk) 421 is subject of this thesis.

2.1 Cosmic rays

In 1912, the existence of ionizing particles continually bombarding the atmosphere
of the earth was first noticed by Victor Hess [Hes12|. Today we know that these
cosmic rays mainly consist of protons (of about 79 %) and a-particles (of about
15 %), as well as of heavier nuclei, anti protons, electrons and positrons in smaller
fractions [Nak10]. Fig. 2.1 shows the cosmic ray spectrum of all particles at the
top of the atmosphere. The spectrum spans over many decades and can be well
described by a segmented power law:

AN
&Y B 2.1
aE > (2.1)

with the spectral index
) 2.7 for 10 < E <106 eV (2.9)
T ] 3.0 for 105 < E < 108 eV. '

The breaks in the spectrum are named as knee (around 10'° — 1016 V) and ankle
(around 10'® — 1019 eV). It is believed that the knee represents an upper limit of
acceleration by galactic sources like supernovae, while the ankle is associated with
the onset of an extragalactic population of cosmic particles. This extragalactic
population is considered to be less intense but to have a harder spectrum, that
dominates at high energies |[Blu09|. Another possible effect to contribute to the
spectral form at high energies is leakage of galactic particles: For particles with
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Figure 2.1: All particle cosmic ray spectrum, measured by the denoted instruments. Adapted
from [Han11].
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sufficiently high energies the Larmor radius exceeds the radius of the galaxy, which
leads to an escape of these particles.

For cosmic rays with energies above 1 eV, the universe becomes opaque.
The resonant reaction with the 2.7 K microwave background

020

p+ Yok — AT —>p+770,n+77+ (2.3)

becomes energetically allowed and limits the free path of protons with E ~ 10%° eV
to ~ 8 Mpc [Ber04]. This effect is known as Greisen Zatsepin Kuzmin (GZK) limit
and characterises the upper edge of the cosmic ray spectrum.

The origin of cosmic rays and their propagation mechanisms are still subject of
intense research. Particularly the question which processes accelerate particles to
such high energies, is not sufficiently answered. The power-law formed spectrum
indicates non-thermal processes for the acceleration. The mechanism proposed by
Enrico Fermi in 1949, in which the particles are accelerated by stochastic scat-
tering in magnetic turbulence structures [Fer49|, lead to the currently accepted
model of cosmic ray diffusive acceleration at magnetic shock fronts (first order
Fermi acceleration). Here, the particles gain an amount of energy AFE « E every
time they pass the magnetic shock front. They may undergo complete cycles, pass-
ing from the region ahead the shock (upstream) to the region behind the shock
(downstream) and back. There is a given probability at each cycle that a particle
is lost downstream and does not return to the shock. Particles that have remained
longer in the acceleration process will achieve higher energies [Blu09]. This process
is explained in detail in sec. 3.2.1.

After a time ¢ the maximum energy achieved is Eyax < 205 B tvg, with z the
particle charge, vy the shock velocity and s = vs/c and B the magnetic field
strength. This results in an upper limit, assuming a minimal diffusion length
equal to the Larmor radius of a particle in the magnetic field behind and ahead
of the shock (Hillas criterion) [Blu09|. Fig. 2.2 shows this relation for various
astrophysical objects. Among the few candidates to accelerate particles up to the
observed high energies are Active Galactic Nuclei (AGN), for which a representative
of the blazar subclass, Markarian (Mrk) 421, is studied in this thesis.

2.2 ~v-ray astronomy

Due to the deflection in galactic and intergalactic magnetic fields, charged cosmic
rays are generally isotropised. Thus, the direction of their arrival at Earth does
not give information about the direction of their source. Cosmic ~-rays are not
charged, and therefore they are not subject of deflections and point back to their
origins. In consequence, cosmic vy-rays can be used as messengers of cosmic ray
sources, in which they are considered to be produced related to the production and
acceleration of the charged cosmic particles. Such y-ray production processes are
neutral pion decay or synchrotron radiation and inverse Compton upscattering,
which will be discussed in detail in sec. 3.1.
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Cosmic v-ray radiation covers a huge energy band, ranging from 106 to 10%° V.
Therefore, it is convenient to introduce several sub-divisions, taking into account
the specific astrophysical objectives and detection methods relevant to different
energy bands. Generally, the observational ~-ray astronomy can be divided into
6 areas: low (LE: below 30 MeV), high (HE: from 30 MeV to 30 GeV), very high
(VHE: from 30 GeV to 30 TeV), ultra high (UHE: from 30 TeV to 30 PeV) and finally
extremely high (EHE: above 30 PeV) energies [Aha0O4a]. Since the atmosphere of
the Earth effectively blocks all electromagnetic radiation of energies greater than
10 eV [Wee03], the first two energy bands are studied by satellite or balloon borne
experiments, while the higher energies are covered by ground-based instruments
using secondary interactions in the atmosphere as detection mechanism.

A major breakthrough in ~-ray astronomy was achieved with the Compton
Gamma-Ray Observatory (CGRO) in 1991 [Ber04|. The four instruments on board
this satellite, covering an energy range from 30 keV to 30 GeV, detected an unprece-
dented number of y-ray sources. Particularly the Energetic Gamma-Ray Experi-
ment Telescope (EGRET), operating in the energy range from 20 MeV to 30 GeV,
discovered 217 sources (101 related to known astrophysical objects, 170 unidenti-
fied) |[Har99]. The CGRO mission was followed in 2008 by the Fermi Gamma-ray
Space Telescope. Its main instrument, the Large Area Telescope (LAT), covers an
energy range from 30 MeV to 300 GeV. The first catalogue of LAT sources already
comprised 1451 sources [Abd10a|, giving an impression of the improved sensitivity
and resolution of the instrument.

The steeply falling of the y-ray spectrum limits the energies, for which satellite
born instruments can detect sufficient numbers of ~-ray photons. In this VHE en-
ergy range, the ground-based Imaging Atmospheric Cherenkov Telescopes (IACT)
are successfully operated. These telescopes use Cherenkov radiation induced by
~-ray initiated atmospheric air showers to detect the VHE photons (this method is
introduced in detail in chapter 4). The Whipple! and HEGRA? telescopes, located
at Mount Hopkins, USA and at the Roque de los Muchachos, Canary Island of La
Palma respectively, were the first JACT delivering results with satisfactory sensi-
tivity. In 1989, the first VHE ~-ray source, the Crab nebula, was hence detected
by the Whipple collaboration [Wee89).

Today, the following TACT instruments are in operation: CANGAROO? (Aus-
tralia), H.E.S.S.* (Namibia), VERITAS® (Mount Hopkins, USA) and MAGICS
(Roque de los Muchachos, Canary Island of La Palma). The MAGIC telescopes
will be introduced in detail in chapter 5. These telescopes, using improved tech-

"Whipple: Here used for the 10 m reflector for y-ray astronomy at the F. L. Whipple Obser-
vatory

HEGRA: High Energy Gamma-Ray Astronomy

3CANGAROO: Collaboration between Australia and Nippon for a Gamma Ray Observatory
in the Outback

‘H.E.S.S.: High Energy Stereoscopic System

SVERITAS: Very Energetic Radiation Imaging Telescope Array System

SMAGIC: Major Atmospheric Gamma-ray Imaging Cherenkov
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Figure 2.3: VHE ~v-ray skymap for energies above 100 GeV. Shown are all currently detected
VHE ~-ray sources in galactic coordinates. Markarian (Mrk) 421, studied in this thesis, is also
shown. Adapted from [Wagll].

niques and multiple telescope systems, increased the number of detected VHE
~-ray sources to currently 107, shown schematically in fig. 2.3. 61 of them are
considered to be located within the galaxy, 46 are thought to be extragalactic
[Wagl1].

2.3 Active Galactic Nuclei (AGN)

In the unified scheme [Ant93, Urr95], Active Galactic Nuclei (AGN) are comprised
of a supermassive black hole, an accretion disk surrounding the black hole, a large
dust torus in the same plane as the accretion disk, randomly distributed molec-
ular clouds and two relativistic particle jets perpendicular to the accretion disk,
terminating in large lobes. This general scheme is shown in fig 2.4.

In this model, the wide variety of AGN types, mainly classified by the variety
of observational features, is a function of viewing angle [Urr95]: If the system is
viewed edge-on, i.e. the jets and the line of sight form an angle of 90°, the thick
dust torus is considered to obscure the emission from the core. In this case, the
radio emission from the jets, particularly from the lobes, is clearly dominating and
the AGN is seen as radio galaxy.

With decreasing angle between jet and line of sight, the radio and optical
emission from the core become more apparent. In addition, broad emission lines
from the gas clouds become visible. Since the radio emission from the lobes is
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Figure 2.4: Scheme of AGN, showing the main components in the unified model. From [Urr95].

still dominating, the AGN is classified as lobe-dominated quasar. As the viewing
angle decreases further, the core becomes more apparent and dominates the lobe
emission, and the AGN is classified as core-dominated Quasar.

For little viewing angles, the synchrotron emission from the jets become the
strongest emission. The AGN is now categorised as blazar. For a viewing angle of
0°, the observer is directly looking down the jet.

2.3.1 Central engine

The black hole in the centre of an AGN is generally seen as the source of energy
of the whole system. While the formation of an accretion disk, responsible for
the large X-ray emission, is understandable in terms of angular momentum con-
servation, the origin of the jets is less clear. They emerge from the vicinity of the
black hole, point in directly opposite directions and remain collimated passing the
surrounding of the black hole [Wee03].

Aligned to the rotational axis of the black hole, the jets might be fed by rota-
tional energy, generated by angular momentum either from the time of origin of the
black hole or from the accretion material. If the rotational axis coincide with the
magnetic axis of the AGN, the formation of the jets and their collimation might
be additionally connected to magnetic energy: For the black hole, it is impossible
to accrete the magnetic flux carried in by the accretion material and therefore has
to eject this magnetic flux along the magnetic axis.

The central engine seems to play an important role also in the formation of
the jet density profile, leading to the observed emission. In the internal shock
model, the central engine intermittently produces plasma shells of different mass
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and energy, moving at different velocities along the jet. Faster but later shells can
then catch up slower earlier ones, resulting in the development of relativistic shocks.
The shocks heat the expanding plasma, generate or amplify a tangled magnetic
field and accelerate a certain population of plasma particles to relativistic energies,
causing the particles to radiate [Mim04, Ree94, Spa0l| (for a detailed discussion
of acceleration and radiation processes please see chapter 3).

2.3.2 Blazars

Blazars are the most extreme class of AGN known. They have been observed
at all wavelengths, from radio to VHE ~-rays. The spectral energy distributions
(SED, see app. A) of blazars are dominated by non-thermal and emission and
show a characteristic two-component structure: The first component ranges from
radio over optical and ultraviolet to the X-ray band, the second emerges in the
~v-ray regime. If emission lines are apparent, the blazar is called Flat Spectrum
Radio Quasar (FSRQ). If no emission lines are seen, the object is classified as BL
Lacertae (BL Lac), named after the prototype source with these properties [Wee03,
Urr95|. BL Lacs are additionally subdivided into low-frequency BL Lac (LBL)
and high-frequency BL Lac (HBL), according to the peak frequency of their low-
energy SED component: LBLs have their low-energy peak in the infrared-optical
regime (< 10'° Hz), while HBLs have their low-energy peak at X-ray energies
(> 10'® Hz) [Abd10c, Boel0]. LBL blazars generally show higher luminosities
than HBL blazars. Additionally, the high-energy peak frequency correlates with
the low-energy peak frequency and the luminosity ratio between the high-energy
and the low-energy component correlates with bolometric’ luminosity [Fos98].

The emission of blazars is known to be variable at all wavelengths. In par-
ticular, the high-energy emission from blazars can vary by more than one order
of magnitude between different observing epochs and is often accompanied with
spectral changes [BoelO, Mon95, Muk97, Muk99|. High-energy variability is also
observed at much shorter timescales, in some cases even down to just a few min-
utes [Aha07, Alb07e|. Typically, the flux variations show the largest amplitudes
and shortest timescales at the high-frequency ends of the two SED components.
In HBLs, this refers to the X-ray and VHE ~-ray regimes [Boel0].

The high bolometric luminosities, the rapid variability and the absence of vy
pair absorption features in the observed ~-ray spectra have motivated the concept
of relativistic beamed emission, in which the non-thermal continuum emission of
blazars is produced in < 1 light day sized emission regions, propagating with
relativistic speed 8 = v/c along the jet [Boel0O, Bla78, Bla90, Der92a, Sch96a,
Sch96b|. The resulting Doppler boosting is determined by the beaming (Doppler)
factor 0 = 1/[I'(1 — B cos 0)], with I" the bulk Lorentz factor of the emission region
and 6 the angle between the line of sight and the direction of the relativistic jet.
The observed frequency v is then related to the emitted frequency v/ through

"The measured total of all radiation at all wavelengths is called the bolometric magnitude.
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v =0V /(1+ z), with z the redshift of the source. The energy fluxes are connected
through F, = 6°F!, and intrinsic variability on a timescale t/,, will be observed on
a timescale tyay = t,.(1+ 2)/d [Boel0]. A consequence of the Doppler boosting is
that observers are particularly sensitive to AGNs whose jets point towards them
(0 ~ 0, the blazar case), since the observed fluxes from these objects are boosted by
a large factor (6%) compared to equally bright AGN with misaligned jet directions
[Sch96a]. The basic acceleration and radiation processes, which are assumed to

produce the intrinsic blazar emission, are discussed in the next chapter.






Chapter 3
Blazar jet physics

In this chapter, the physical processes that are considered to take place inside
blazar jets are introduced: First, radiation and absorption processes that lead to
the typical photon spectra of blazars, then the acceleration mechanisms that are
considered to be responsible for the underlying particle spectra.

3.1 Photon production scenarios

Extensive multifrequency observations of blazars have been performed in the last
years, revealing that the broadband continuum spectra of blazars consist of two
components. In the leptonic photon production scenarios, these components are
explained by synchrotron radiation of electrons (for the low energy component) and
inverse Compton scattering of soft photons (for the high energy component). The
one-zone synchrotron self-Compton (SSC) model is very successful in describing
the observed multifrequency spectra: Here the synchrotron photons also act as seed
photons for the inverse Compton scattering in one common emission region. This
model has become the standard method for fitting the multiwavelength spectra of
blazars.

In the following subsections, the basic assumptions of the SSC model are pre-
sented, giving emphasis on the physics of synchrotron emission and inverse Comp-
ton scattering. Other photon production scenarios are discussed afterwards.

3.1.1 Synchrotron radiation

A non-relativistic charge moving through a homogeneous magnetic field follows a
helical path around the magnetic field lines. The motion consists of two compo-
nents: one is parallel to the magnetic field lines, the other is rotation about them
at the frequency of Larmor precision:

v, = — sin ¢ (3.1)
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with e the unit charge, B the magnetic field strength, ¢ the inclination angle
between the direction of the magnetic field and the velocity vector of the charge
and me the restmass of the charge. The charge radiates like a dipole with frequency
vy, in the charge rest frame [Wee03].

At relativistic energies, the radiation is more complex since the radiation is
beamed into a cone of angle § ~ m.c?/E. Instead of occurring at a single frequency,
the radiation shows a continuum spectrum distributed about the characteristic
frequency v, at which the maximum power is emitted [Wee03]:

3 5 3

B .
ve=GrLy” = Emec’}g sin ¢ (3.2)

with ~ the Lorentz factor of the moving charge. For the characteristic energy

follows:
3h eB

E.=hv. = y—
€

'y sin ¢. (3.3)

3.1.2 Inverse Compton (IC) scattering

The scattering of a photon off an unbound electron is known as Compton scat-
tering. The inverse Compton (IC) process, the collision of a high energy electron
with a low energy photon, is physically the same as Compton scattering and can be
described by a coordinate transformation to the rest frame of the electron [Wee03|.
In this frame, the stationary electron scatters an energetic photon.

The cross section of this process is known as Klein-Nishina cross section [Lon11]:

1 2 (o + 1) 1 4 1
2
= — 1—————= ) In(2 1 e e 3.4
OKN Wea(( = >n(a+)+2+a 2(2a+1)2> (3.4)

with rcthe classical electron radius and a = £, /mec? (E): photon energy in the
electron rest frame!, me: electron restmass). In the classical limit (B!, < mec?)
this reduces to the Thomson cross section
8
ot = —7r2. (3.5)
3
In the ultrarelativistic case (E% > mec?), the cross section can be expressed by
the Klein-Nishina approximation

51 1
OKN R T~ <1n 2+ 2) (3.6)

In the initial frame, the photon acquires considerable energy and this process
can be seen as energy boosting for the photon. In the extreme relativistic case

!The photon energy in the electron rest frame transforms from the energy in the initial sys-
tem E, according to the relativistic Doppler shift formula E!, = vE, (1 + (v/c) cos 9) with the
Lorentz factor v of the frame translation, the relative frame velocity v and the angle of incidence

6.
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(v > 1, with v the Lorentz factor of the frame translation (which is here the
Lorentz factor of the electron in the initial frame)), the relativistic beaming is
strong and most of the scattered photons are nearly parallel to the initial velocity
vectors of the electrons. The maximum energy which the photon can acquire
corresponds to a collision in which the photon is sent back along its original path
(head-on) [Lonll|. In the Thomson limit, the maximum energy of the photon in
the initial frame is then

EymaxT = 47 Ey (3.7)

with E,( the energy of the photon in the initial frame before the scattering. The
energy change due to electron scattering in the Thomson limit can be viewed as the
result of two successive Doppler boosts: one from the initial frame into the electron
rest frame, and the other one back to the initial frame. In the Klein-Nishina limit
the energy change is o« ym,. This means that the electron gives all its energy to
the photon in a single interaction [Kro99].

3.1.3 Synchrotron self~-Compton (SSC) scenario

The photon production in the one-zone synchrotron self-Compton (SSC) scenario
is based on synchrotron radiation of relativistic electrons and IC scattering of
these soft synchrotron photons off the same population of electrons [Jon74, Mar85,
Mar92|. Further assumptions and parameters of the model are:

e The emission region is one zone with the characteristic size R. Electrons and
photons are isotropic in this region.

e The emission region is moving with relativistic velocity 5 = v/c.

e The magnetic field B in the emission region is homogeneous in the rest frame
of the emission region.

e The injected electron spectrum basically is of a power law form:

NPI(y) = gey™ for Ymin < 7 < Ymax (3.8)

with g, the normalisation factor (often denoted as injection rate), v the elec-
tron Lorentz factor, s the power law index and Y, and ymax the minimum
and maximum Lorentz factor value respectively. The motivation for a power
law form injection spectrum is stochastic escape from the acceleration pro-
cess, see sec. 3.2.

The time evolution of the electron distribution N,(vy,t) is then given by:

aNe(Vvt) __ p7inj 9 1 1 Ne(Vvt)
o e (tsyn(v)+tlc(v)> Nl == B9

with ey, and #1¢ the characteristic timescale for the synchrotron and inverse
Compton energy losses (cooling timescale) and tes. the effective escape time
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Figure 3.1: Scheme of the relativistic electron injection spectrum for an one-zone synchrotron
self-Compton (SSC) model. The electron energy spectrum Ni™(v) ranges from the minimum
Lorentz factor ymin to the maximum Lorentz factor ymax. Additionally, a so-called break value
Ybr 18 introduced: Here the spectral index of the power law spectrum changes due to radiative
cooling, which decreases the number density of electrons. Adapted from [Kin02].

of the electrons (identified as the timescale of adiabatic expansion losses
[Mas97]).

Modified SSC models use variations in the injection spectrum, for in-
stance by applying the maximum Lorentz factor to the spectrum itself
(N () = gey~* e~/ Mmax [Kin02]), or by introducing one or more break val-
ues Ypr, for which the spectral index changes below and above these values
(these break values are motivated by radiative losses for the injection spec-
trum). A scheme of a suchlike injection spectrum is shown in fig. 3.1.

e The beaming (Doppler) factor of the jet is given by 6 = 1/[I'(1 — [ cos8)],
with I' the bulk Lorentz factor of the emission region and 6 the angle between
the line of sight and the direction of the relativistic jet.

A scheme of the typical multifrequency spectrum produced by an one-zone SSC
model is shown in fig. 3.2. Besides the two components arising from synchrotron
emission and IC scattering, several features originating from the model parame-
ters Ymin, Ymax and v, are shown. The influence of synchrotron self absorption is
also indicated: If the intensity of synchrotron radiation becomes sufficiently high,
re-absorption of the radiation by the synchrotron emitting electrons becomes im-
portant and modifies the spectrum. In the TeV regime, the Klein-Nishina suppres-
sion, related to the drastic decrease of the scattering cross section with increasing
energy, is significantly reducing the photon flux.
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Figure 3.2: Scheme of the typical multifrequency spectrum produced by an one-zone SSC
model. The multifrequency spectrum shows the two components of the synchrotron emission
and the upscattered inverse Compton photons. The influences of vYmin and ymax are also shown.
Corresponding to the break in the electron spectrum (y1,), a break feature appears in the syn-
chrotron spectrum. The effect of self-synchrotron absorption is also indicated. Around the TeV
energy region, the Klein-Nishina effect (significant decreasing of the cross section) suppresses the
flux compared to the Thomson regime. Adapted from [Kin02|.

3.1.4 Other leptonic scenarios

In the leptonic scenarios, the low energy component of the blazar spectra originates
from synchrotron emission of high relativistic electrons, while the high energy
component is due to IC scattering of soft photons. In the SSC model, as introduced
in detail above, the soft photons from the synchrotron emission act also as seed
photons for the IC scattering.

In other models, the sources of these soft photons are external: In the ECD
(External Comptonisation of direct Disk radiation) model, the ultraviolet to soft
X-ray emission from the accretion disk is entering the jet directly [Der93], whereas
in the ECC (External Comptonisation of radiation from Clouds) model the accre-
tion disk photons are reprocessed in surrounding gas regions before they enter the
jet [Sik94, Bla95|.

3.1.5 Hadronic scenarios

Besides the above introduced leptonic scenarios, the photon spectra of blazars
might also be produced in hadronic mechanisms. In the proton induced cascade
(PIC) model, py interactions with ambient photons lead to the production of
secondary e® pairs or mesons like 7% and 7°. The 7% mesons eventually decay
into e* and neutrinos, the 7% mesons decay into photons and, up to a certain
percentage, into photons and e*. The e® from these processes can then produce
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high energy photons by synchrotron emission and IC scattering. The resulting
photons, together with the photons from the 7 decay, might either escape from the
jet or produce new pairs in 7y — eTe” interactions, which radiate a new generation
of photons [Man91, Man93, Rac00|. The efficiency of this model significantly
increases with proton energy, therefore the postulation of extremely high energy
(EHE, E > 10'% V) protons is required in the PIC scenario. In compact 7-ray
production regions of the jet with characteristic sizes less than 10'® cm, protons
are accelerated to such high energies only in the presence of large magnetic fields,
B > 1 G [Aha00].

Another scenario is the proton-synchrotron model: Here, the high energy com-
ponent of blazar spectra is due to synchrotron radiation of accelerated protons,
while most of the low energy component is due to synchrotron radiation of co-
accelerated electrons [Aha00, Mue00, Mue03]. As in the PIC scenario, this model
requires extremely high proton energies (E > 10 eV) and highly magnetised
(B ~ 30— 100 G) emission regions [Aha00|. This can lead to an overlap of con-
tributions from the PIC and from the proton-synchrotron scenario: High-energy
radiation is then produced through photomeson production, proton and muon syn-
chrotron radiation and subsequent synchrotron-pair cascading [Mue03].

Also pp interactions can contribute to the high-energy emission of blazars. In
such scenarios, protons are accelerated and interact with protons either in collision
zones of the jet with surrounding gas [Rac00]| or — after beeing emitted from the
acceleration region — in gas regions of the broad line region (“clouds”, see fig. 2.4)
near the line of sight [Dar97|. In the latter case, VHE ~-ray flux variations are
produced when the clouds cross the line of sight close to the black hole.

3.1.6 Comparison of scenarios

In summary, various scenarios are able to explain the multifrequency spectra and
variability of blazars. The most powerful and self-consistent scenario is the leptonic
SSC model: It has much less free parameters than other scenarios, particularly
hadronic scenarios. Pure hadronic models are also less successful in explaining the
observed correlated variability of the X-ray and TeV regime due to their prediction
of a rather constant spectral index in the ~-ray band. For these reasons, the
one-zone SSC model is clearly favoured and also used for interpretations in this
thesis.

A combination of hadronic and leptonic scenarios offers an interesting expla-
nation for the observed strong variability due to intrinsic instabilities [Rac00]:
Here, protons might be responsible for the injection of energetic electrons, which
then produce the observed photon emission, for instance by the SSC mechanism
|[Kir92, Kaz92|. This indeed requires large densities of relativistic protons in the
jet, but only moderate proton energies.

Another combination is the synchrotron-self proton induced cascade (SS-PIC)
mechanism, in which high energy protons and electrons are co-accelerated in the
same process. The protons then interact with synchrotron photons emitted by the
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electrons, leading to y-ray emission via the PIC scenario. As a consequence, the
~-ray emission due to the PIC process is in competition with the SSC emission of
the electrons and its hard to distinguish the origin of the y-ray photons [Rac00].
A clear evidence for hadronic processes would be the detection of neutrino
emission from the corresponding source (neutrinos are also produced within the
PIC cascade). But since the sensitivity of current neutrino telescopes is relatively
low, this possible demonstration of evidence can not be expected in the near future.

3.2 Particle acceleration in the jet

Since the detection of non-thermal emission of jet-type astrophysical objects, it
is conjectured upon its origin. Today, the acceleration of radiating particles by
magnetised plasma is currently most favoured. Great importance is attached to
the Fermi acceleration processes, wherein the charged particles obtain energy from
the bulk motion of the plasma, i.e. kinetic energy of the plasma, via particle-
wave interactions. In these processes, first denoted by [Fer49|, the particles (with
velocity v) are repeatedly reflected (magnetic scattering) in magnetic turbulence
structures moving with velocity u. Under the assumption of energy conservation
in the comoving scattering frame, the energy change of a particle due to reflection
is given by:

2
AE = Ey — Ey = 2I'? <Eg —p1- u) (3.10)
with T’ = (1—u?/c?)~/2 the Lorentz factor of the magnetic turbulence, p = Ev/c?
the particle momentum and the indices 1 and 2 denoting the particle properties
before and after scattering [Rie06]. An important property of Fermi acceleration
is that the processes are collisionless in terms of interactions between particles,
which would prevent acceleration because of collisional energy loss [Fer49, Gai90].

Depending on the particular process, one distinguishes between two types of
Fermi acceleration: First order, taken place in astrophysical shock waves, and
second order Fermi acceleration, taken place in the environment of magnetised
molecular clouds. A special case is the acceleration due to shear flows in the
magnetic structure, called shear acceleration. These acceleration types will be
described in the following subsections. Then, the maximum achievable energy of
the various processes and observational constraints are discussed.

3.2.1 First order Fermi acceleration or shock acceleration

A plasma of energetic particles (v & ¢) is disturbed by a non-relativistic shock front
moving through it (e.g. caused by plasma shells of different velocities (internal
shock model), see sec. 2.3.1). In the rest frame of the shock, the velocity ahead
of the shock (upstream, wu,) is much higher than the velocity behind the shock
(downstream, uq). In the frame of the upstream plasma, the downstream plasma
approaches with the resulting velocity u = u, — uq and also in the frame of the
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downstream plasma, the upstream plasma approaches with the same velocity u.
The two regions can be regarded as two converging flows and in first order there
is only head-on magnetic scattering for particles crossing the shock front [Rie06].
Crossing the shock, regardless from which side, always leads to a gain in energy
for the crossing particles. The energy gain (eq. 3.10) becomes

AE u
— X — A1
E1 > & (3 )

and therefore first order in u/c [Rie06]. After crossing the shock, the momen-
tum direction distribution of the accelerated particles isotropises in the upstream
and downstream plasma, respectively, and the particles can undergo several shock
crossings. This process is basically the same also in the case of relativistic shocks
[Web87|. Due to stochastic escape from the acceleration region, this shock accel-
eration produces power law particle spectra:

N(E) x E~* (3.12)

with s = (p+2)/(p — 1) and p = uy/uq the shock compression ratio. For strong
shocks, a power law index of s &~ 2 is obtained |[Dru83]. Non linear effects,
for instance strong shock modification, lead to values s < 2 [Ber99|, whereas a
non-uniform magnetic field with non-static field lines leads to disturbance in the
stochastic transport of the particles and therefore to values s > 2 up to s = 2.5
[Kir96|.

The efficiency of the first order Fermi acceleration depends on the initial en-
ergy of the accelerated particles. To reach the observed values, the particles have
to be pre-accelerated to considerably high energies. A possible solution for this
injection problem gives [McCO1|: Electrostatic waves (ESW), excited by streaming
ion beams, carry the charged particles across a magnetic field. Here, the Lorentz
force can principally accelerate the charged particles to ultrahigh energies. This
process is called ESW surfing acceleration. Another solution — which might also
take place in combination with the ESW surfing — is the acceleration due to the
collapse of ESW [Die04].

3.2.2 Second order Fermi acceleration

In the case of a strong shock, the scattering of the charged particles is always
head-on when crossing the shock front. This leads to first order Fermi accelera-
tion, see above. In the absence of a shock front, the particles undergo head-on
scattering as well as following (overtaking) scattering in the magnetic structure,
for instance a magnetised molecular cloud. The particles gain and lose energy dur-
ing these stochastic scattering processes. After many scatterings, the bulk motion
of the particles corresponds to the bulk motion of the cloud. When the particles
escape from the cloud, the gain in energy averaged over all momentum directions
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is positive and second order in u/c [Fer49|:

AE) (9>2. (3.13)

Eq

Second order Fermi acceleration leads to particle spectra N(E) o< E~° with
typical values of s < 2 [Vir05] and the energy gain is rather small compared to
first order Fermi acceleration.

3.2.3 Shear acceleration

Shear acceleration is considered to take place in magnetic turbulence structures
with regions of gradual shear flow. Particles crossing the shear undergo scattering
in regions of different local velocities u,, with u, the characteristic region velocity
in shear flow direction. The average energy gain per scattering becomes

2 N
(AE) o <8u2> 2= <E> (3.14)
FE ox c
with 4 = (Ou,/0x)\ the characteristic relative velocity of the scattering centres,
A =~ ¢ the particle mean free path and 7 the mean scattering time [Jok90, Rie06].
Similar to second order Fermi acceleration, this process is second order in @/c. In
general, the mean free path of electrons is much smaller than the mean free path
of protons emitting at the same frequency. Therefore, shear acceleration is much

more favourable for protons than for electrons [Rie04]. The resulting local particle
spectra follows a power law N(E) o< E~% with typical values of s > 1 [Ber81|.

3.2.4 Maximum achievable energy

The maximum achievable particle energy depends on the acceleration timescale
and the timescale, at which the particles lose their energy. Depending on the type
of energy loss, this loosing timescale is denoted as escape timescale (where the par-
ticles leave the acceleration region) or cooling timescale (where the particles “cool”
by radiative processes). Generally, acceleration timescale (tacc) and escape/cooling
timescale (fesc/cool) are functions of the particle energy. The maximum energy of
an acceleration process is reached for that energy, for which the escape/cooling
timescale becomes larger than the acceleration timescale, i.e. for that energy, for
which the acceleration is not sufficient anymore to compensate for the losses.

In the first order Fermi acceleration process, the acceleration timescale #15¢
depends on the residence times ahead (upstream) and behind (downstream) the
non-relativistic shock [Dru83|. The assumptions of quasi-parallel shocks and quasi-
linear magnetic fields (|[0B| < B) lead to

2
H“>6kﬁf(0> (3.15)

acc ~v e B us
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with 7. the particle Lorentz factor, m the particle mass and ug the shock velocity
measured in the upstream frame [Rie06]. For second order Fermi acceleration, one
can derive the typical acceleration timescale by assuming the relativistic particles
scattering off forward and reverse propagating Alfvén waves® [Rie06]:

omd < 9 [ € 2
tace 2 Z <a) T (3.16)
with v the Alfvén speed (representing the motion of the magnetic turbulence)
and 7 the mean scattering time. Since va < us, second order Fermi acceleration is
typically a factor of (us/va)? slower than first order Fermi acceleration. For shear
acceleration, the expression for the acceleration timescale is more complicated than
for the first and second order Fermi acceleration, since geometrical information
of the shear has to be included. But as important result one finds here that
the acceleration timescale is inverse proportional to the particle Lorentz factor:
tshear oc 1/, [Rie06].

For the loosing timescale at blazar jets, radiative losses due to synchrotron
radiation are the dominating constraints. The synchrotron cooling timescale is
characterised by

sync 9m3 ¢d

cool 47@ A B2 (317)
1st

Equating ¢}%% and ¢7"] and taking into account the Hillas criterion (the gyro

radius of the particle is smaller than the acceleration region) leads to the maximum
Lorentz factor for diffusive shock acceleration (first order Fermi acceleration) inside

a blazar jet:
1G\'2 /'m U,
1st 6 s
Tmax = 5 - 10 ( B> (me> <0.1c) (3.18)

with m, the electron mass as normalisation [Rie06|. For second order Fermi accel-
eration, this gives (under the assumption that the mean scattering length is of the
size of the gyro radius):

1G\"? /'m VA
2ndg 1105 [ =2 — . 3.19
Tmax B me ) \0.001¢ (3.19)

For shear acceleration, the acceleration timescale scales with the particle Lorentz
factor in the same way as the cooling timescale. This means that the synchrotron
losses are not able to compensate the acceleration once it has started to work
efficiently. This effect starts for sufficiently strong shears, i.e. for shears, that have
a linear decreasing flow profile from relativistic to non-relativistic velocities of the

size |Rie06]:
2 3/2
Ar<3-107% <ﬂ> (£> pe. (3.20)

Me B

2The Alfvén wave is a concept of magnetohydrodynamics, considering the particle plasma as
vibratory medium [Alf42]. The waves velocity is given by va = B/y/4mp with p the plasma
density.



3.2. Particle acceleration in the jet 23

3.2.5 Observational constraints

The observed synchrotron and IC emission properties of AGN jets require under-
lying particle spectra of the type N(F) o E~*% with spectral indices s ~ 2. Here,
first order Fermi acceleration naturally delivers these power law particle spectra
and is an efficient and sufficiently fast mechanism. This interpretation is supported
by the observational facts that structures inside the jets (knots) can be identified
as regions of strong shock formation and that the detected fast variabilities (con-
nected to tace and/or teoo1) can be explained self-consistently within the first order
Fermi process [Kir98|.

Although shock acceleration seems to be dominating, some features of AGN
jets can not be explained by first order Fermi acceleration alone. High resolu-
tion observations show that for instance in the case of 3C 2732 the variations of
infrared to ultraviolet spectral indices are rather smooth along jet [Jes01, Jes05].
This implies that the physical conditions vary correspondingly smoothly all along
the jet. This is contrary to the scenario of dedicated regions of shock accelera-
tion (knots) and therefore suggesting additional continuous re-acceleration along
the entire jet. Here, second order Fermi and/or shear acceleration are natural
candidates to explain these observations [Rie06].

33C 273 is a so-called quasar (quasi-stellar radio source) in the constellation Virgo. Tt is the
273 object in the 3" Cambridge-Catalogue of Radio Sources. The jet inclination to the line of
sight is estimated to be rather small, i.e. of the order 10° — 30° [Mik10, Sta04].






Chapter 4

The Imaging Atmospheric
Cherenkov Telescope (IACT)
technique

Many astrophysical objects are known to produce high energy ~-rays. For energies
below ~ 30 GeV, satellite or balloon borne instruments are used to detect the -
ray emission directly. The collection area of these instruments is of the size of the
detector (< 1 m?). For higher energies, a much larger collection area is required,
since the ~-ray flux is decreasing exponentially with increasing energy. Imaging
Atmospheric Cherenkov Telescopes (IACT), using the atmosphere of the Earth
as an intrinsic part of the detection technique, are achieving collections areas of
~ 10° m? [Nak10]. Therefore, IACT are well suited to observe y-ray fluxes from
~ 50 GeV to several tens of TeV. In this chapter, the basic principles and the
underlying physics of the IACT observation technique are introduced.

4.1 Air showers

High energy cosmic rays incident on the atmosphere of the Earth induce a particle
cascade, called air shower. Cherenkov radiation, generated by relativistic charged
particles in the cascade (see sec. 4.2), is then used to detect, identify and trace the
primary cosmic ray particle.

4.1.1 Photon and electron energy losses

Incident on the atmosphere, photons at low energies primarily lose energy by the
photoelectric effect, although other processes (Compton scattering, Rayleigh scat-
tering, photonuclear absorption) contribute. As the energy of the photon increases,
pair production becomes the dominating process for photon energy losses. For elec-
trons and positrons, ionisation dominates at low energies, although Mgller scatter-
ing, Bhabha scattering and et annihilation also contribute. While ionisation loss
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rates rise logarithmically with energy, bremsstrahlung losses rise nearly linearly
(fractional loss is nearly independent of energy) and dominates above a few tens
of MeV in most media [Nak10].

In the pair production interaction, the incident ~y-ray is completely annihilated
with its energy transferred to an electron-positron pair which is created, given
that the photon energy is greater than 2m.c?. To hold the conservation laws of
momentum and energy, this interaction takes place in the electric field of a nucleus!'.
Since the pair is strongly beamed forward in case of E(v) > 2m.c?, the trajectory
of the ~-ray can be inferred from the trajectories of the electron and positron
[Wee03|. Together with generating high energy photons by bremsstrahlung, an
electron-photon cascade (electromagnetic shower, see sec. 4.1.2) is started.

The mean distance that a y-ray travels before it undergoes pair production is

given by
9
)\pp - ?XO (41)

with X the radiation length (the characteristic distance in the traversed matter).

In the bremsstrahlung process, a charged particle is deflected in the electric
field of a nucleus and emits electromagnetic radiation. In the classical treatment,
the acceleration causing the deflection is proportional to Ze? /m, for a particle of
charge e and mass m. and a nucleus of charge Ze. The amplitude of the emitted
radiation is proportional to this acceleration [Wee03].

The relativistic bremsstrahlung energy losses are of exponential form
—dE/dz < E and it is therefore possible to define the radiation length X as
the mean path, over which the charged particle loses a fraction (1 -1/ e) of its
energy:

-dE F
dr X,

(4.2)

4.1.2 Electromagnetic and hadronic air showers

Depending on the constitutes of the induced particle cascade, one distinguishes
between electromagnetic and hadronic air showers.

An electromagnetic cascade is initiated when a high energy photon, elec-
tron or positron is incident on an absorber (here the atmosphere of the Earth).
Bremsstrahlung and pair production exponentially generate more electrons,
positrons and photons with lower energy (see left panels fig. 4.1). The shower
consists exclusively of these particles and is therefore called electron-photon cas-
cade or electromagnetic shower. The longitudinal development is lead by the high
energy part of the cascade and therefore scales as the radiation length in the ma-
terial [Nak10]. As the electron energies fall below the critical energy E. ~ 83 MeV
for generating more shower particles, they will rather dissipate their energy by ion-
ization and excitation. In addition, with decreasing energy, the production cross

!The interaction can also occur in the field of an electron but the cross section is much smaller
and the energy threshold is higher.
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Figure 4.1: Simulation of a y-ray (left side) and proton (right side) induced air shower. Both
showers are simulated with a 100 GeV primary particle in CORSIKA. The upper panels show the
vertical, the lower panels the lateral development (top view in the direction of the shower axis).
Red colour represents positron, electron and «-ray particle tracks, blue colour represents hadron
particle tracks and green colour represents muon particle tracks. In general, hadronic showers
show a much higher lateral spread due to the transverse momentum of pions, produced in strong
interactions. From [Sch11].
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section for eTe™ pairs decreases until it becomes of the same order as that for
Compton scattering and photoelectric absorption. Thus, the shower reaches its
maximum development when the average energy of the cascade particles is about
FE.. The maximum number of generated photons and particles is proportional to
Ey, the energy of the initial particle. At larger depths, the number of particles
falls off because of ionisation losses, which become dominant once the electrons
become non relativistic [Lon11].

A hadronic cascade is produced by a high energy hadron such as a nucleon
(e.g. proton), pion or atomic nucleus incident on an absorber. These particles in-
teract with a nucleus of the absorber via the strong force and secondary hadronic
particles are produced (see right panels fig. 4.1). Since some of the primary parti-
cles carry electric charge, parts of the hadronic showers are also electromagnetic.
Hadronic cascade processes are characterized by relatively few high energy parti-
cles being produced (in contrast to electromagnetic cascades). In general, hadronic
showers show much higher lateral spread due to the transverse momentum of pi-
ons, produced in strong interactions. The lost energy of the primary particle and
the 70 — ~v fraction highly differ from event to event [Nak10].

In cases where the incident particle is relativistic, also the secondary particles
of air showers (electromagnetic and hadronic) tend to travel with relativistic ve-
locities. This means that the secondary particles exceed the speed of light in the
absorber medium and Cherenkov radiation is produced. This effect is subject of
the next section.

4.2 Cherenkov radiation

Cherenkov radiation occurs when a charged particle travels through a dielectric
medium with a velocity greater than the velocity of light in the medium. The
particle interacts electrically with the molecules in its immediate vicinity and dis-
turbs their neutrality. The induced polarisation causes the molecules to radiate. A
slow moving particle is inducing a symmetrical disturbance around and along the
particle trajectory (see fig. 4.2 (left)). In this case there is no residual electric field
and therefore no detectable radiation [Wee03|. For a particle moving at relativistic
velocity, the radial symmetry is still preserved but a dipole field results along the
trajectory, which produces detectable effects (see fig. 4.2 (right)). As the particle
traverses the dielectric medium, each finite element radiates a short electromag-
netic pulse. In the forward direction, the wavefront from each path element will
interfere positively (see fig. 4.3) [Wee03|. The angle ¢ of the resulting Cherenkov
radiation relative to the particles direction is

1
cos o = e (4.3)
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Figure 4.2: Sketch for the local polarisation in a dielectric medium during the passage of a
slow moving charged particle (left) and a charged particle that exceeds the speed of light in the
medium (right). The arrow represents the trajectory and the black dot the current location of
the charged particle. The circles represent the molecules of the medium. For the slow moving
particle the induced polarisation is symmetrical around and along the trajectory whereas it is
resulting in a dipole field along the trajectory for the relativistic particle. Adapted from [Wee03].
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Figure 4.3: Sketch on the propagation of Cherenkov radiation. The shown spherical waves are
caused by the electric field of a charged particle traversing a dielectric medium with a velocity
exceeding the speed of light in the medium. For v > ¢/n a wavefront is formed, that is propagating
in the direction determined by the Cherenkov angle 0¢.
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with n the refractive index of the medium and 3 = v/c the particle velocity over the
vacuum speed of light. The threshold velocity for Cherenkov radiation is therefore

1
Bin = —

. 4.4
. (14)
From this follows that the radiation will only occur for particle velocities that
exceed the speed of light in the medium (v > ¢/n) and for refractive indices n > 1
(which covers the optical region for most media). The maximum Cherenkov angle

is given for g = 1:
1
oS 0 max = — - (4.5)
n

4.3 Cherenkov radiation by air showers

The condition for Cherenkov light emission can be translated into a condition for
the energy of the charged particle as a function of its rest mass my:

m002

Vi—n-2

From this equation follows that electrons and positrons with their comparatively
small masses govern the Cherenkov light emission in air showers.

A y-ray induced air shower starts roughly at the point of first interac-
tion (=~ 20 — 25 km altitude) and extends down to several km. The cumulative
Cherenkov light of the air shower electrons and positrons forms a thin disk travers-
ing the atmosphere along the shower axis. Since the Cherenkov angle ¢ is a
function of the refractive index n, the characteristic emission angle increases as
the particles move deeper into the atmosphere (the refractive index n rises with
decreasing altitude). At the shower maximum (&~ 10 km altitude), the common
characteristic Cherenkov angle is close to 1° [Hil96]. On ground level (a typical
altitude of TACT locations is =~ 2 km due to its proximity to the shower maxi-
mum), the Cherenkov light of all emitting regions of a shower superimposes to a
nearly uniformly illuminated region, called Cherenkov light pool. The lateral dis-
tribution of the Cherenkov photon density is shown in fig. 4.4 for a 100 GeV v-ray
air shower. The characteristic hump at ~ 120 m distance from the shower axis
arises from the focussing effect of the increasing emission angle. Up to this dis-
tance, mainly shower core particles contribute to the Cherenkov light. For higher
distances, mainly halo particles contribute to the light emission.

Fig. 4.5 shows the differential photon density inside the Cherenkov light pool at
~ 10 km and =~ 2 km altitude, resulting from +-ray air showers of varying primary
energy. The differential density dN/d\ is increasing with smaller wavelengths of
the Cherenkov light.

The total photon density inside the Cherenkov light pool is proportional to the
energy of the primary cosmic ray, since nearly a constant fraction of the primary
energy is converted into Cherenkov photons. This correlation is a key feature of

Ey, = (4.6)
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Figure 4.4: Lateral distribution of the Cherenkov photon density at ~ 2 km altitude for a
100 GeV ~-ray air shower (0° inclination). The dependence of the emission angle on the re-
fractive index and therewith on the altitude leads to an focussing effect (Cherenkov light pool),
resulting in a characteristic hump at » ~ 120 m. Up to this distance, mainly shower core particles
contribute to the Cherenkov light. For higher distances, mainly halo particles contribute to the

light emission. Adapted from [Bar98, Wag06].
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Figure 4.5: Spectra of Cherenkov light emission from air showers induced by ~-rays of varying
energy (0° inclination). The solid lines represent the spectra at ~ 10 km altitude, the dashed
lines represent the corresponding spectra at &~ 2 km altitude, affected by absorption processes.

From [Wag06|.
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the TACT technique: It allows to determine the energy of the primary cosmic ray
by measuring the Cherenkov light intensity of the corresponding air shower.

The Cherenkov light induced by cosmic ray air showers underlies several at-
tenuation processes while travelling through the atmosphere. Dominantly, the
Cherenkov light is affected by Rayleigh scattering, for which the photons scatter
off air molecules (d < A). Since the scattering cross section is proportional to A4,
mainly the high energy part (UV /blue) of the spectrum is significantly attenuated.
Also Mie scattering off aerosols (d &~ \) has an effect on the Cherenkov light spec-
trum. The cross section is proportional to A~(1=25) and therefore Mie scattering
is attenuating the whole Cherenkov photon spectrum. Additionally, light with
A < 280 nm (UV) is attenuated by absorption of O3 (ozone) molecules and light
with A > 800 nm (infrared) is attenuated by absorption by HoO (water) and CO2
(carbon dioxide) molecules [Wag06|. All these effects lead to a total attenuation
of the Cherenkov light at ground level (2200 m) as shown in fig. 4.5. The resulting
spectra peak in the UV /blue wavelengths (300 — 350 nm).

The emitted Cherenkov light is very faint: it has a density from 100 to sev-
eral 100 photons/m? for 1 TeV primary 7-ray photon, depending on the altitude
[AhaO4a]. For these reasons, Cherenkov telescopes must have a large optical re-
flector and the camera must be sensitive to the corresponding wavelength range.
Since the Cherenkov light flash lasts only a few ns at ground level, the read-out
system has to be sufficiently fast at the order of ~ 10 ns.

4.4 Imaging technique

The general setup for stereoscopic IACT observations is shown in fig. 4.6. The
imaging is based on a projection of the air shower to the telescope camera (see
fig. 4.7). The image in the camera is of elliptical shape and light from the inception
of the shower is projected to the head of the image, while light from the ending of
the shower is projected to the tail. The image shape gives information on the type
of the primary particle (discrimination of 7-ray induced events against background)
and its orientation gives information on the arrival direction. The intensity of the
shower image is a measure of the primary energy.

The concept of stereoscopic observations is based on simultaneous imaging of
air showers in different projections by two IACT telescopes (see fig. 4.6). Compared
with monoscopic observations, where the inclination of the shower is inconclusive in
the shower-telescope-plane, the stereoscopic concept enables a full determination of
the arrival direction with an accuracy of ~ 0.1°. In addition, the coincidence trig-
ger of two telescopes and more precise determination of shower attributes enlarge
significantly the discrimination power for y-ray induced events against hadronic
background and light of different origin (night sky background). This leads to an
improved flux sensitivity compared to single telescope observations. And finally,
the improved determination of the shower maximum and shower core position
enables to reduce the energy resolution to 15 — 20 %.
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Figure 4.6: Scheme of IACT setup for stereoscopic observations (not to scale). A y-ray induced
air shower starts roughly at the point of first interaction (& 20 — 25 km altitude) and extends
down to several km. At the shower maximum (&~ 10 km altitude), the common characteristic
Cherenkov angle is close to 1°. The Cherenkov light pool on the ground has a radius of &~ 120 m
at the typical altitude of IACT sites (= 2 km).
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Figure 4.7: Scheme of air-shower projection to the camera of an IACT telescope (not to scale).
The Cherenkov light is emitted under the altitude-dependent emission angle fc. The image in
the camera is of elliptical shape and light from the inception of the shower is projected to the
head of the image, while light from the ending of the shower is projected to the tail. Since the
projection is not linear, the image is slightly deformed and light from the shower middle is not
centred in the image but shifted to the head.
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The MAGIC telescopes

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes (see
fig. 5.1) are a system of two IACT, located at the Canary Island of La Palma at
2200 m a.s.l. The first telescope, MAGIC-I, is in operation since 2004, the second
telescope, MAGIC-II, has been successfully commissioned in 2009. Since autumn
2009, regular stereoscopic observations with both telescopes are performed.

In this chapter, the main components of the two telescopes are introduced. Fo-
cus is laid on the camera of MAGIC-II and its control software, whose installation
and maintenance was a relevant part of this thesis.

5.1 Reflectors

Both MAGIC telescopes, located at a distance of 85 m of each other, are built using
a light-weight carbon-fibre structure to provide a mirror dish of 17 m diameter.
Each MAGIC telescope has a total weight of 60 tons and a positioning time of
only 20 s (180° turn). The camera of each telescope is placed in the focus of the
parabolic reflector at a distance of 17 m from the mirror surface.

The reflector of each telescope provides a total mirror area of 236 m?
(MAGIC-I) and 247 m? (MAGIC-II) respectively. The mirror elements have a
curved shape to approximate a paraboloid for the total reflector [Dor08]. This
parabolic shape preserves the time structure of the shower signal. Each reflector
consists of 964 (MAGIC-I) and 247 (MAGIC-II) mirror elements respectively. For
MAGIC-I, each element is consisting of a diamond-milled aluminium surface. The
point spread function (PSF) of the adjusted MAGIC-I reflector is of ~ 10 mm di-
ameter in the focal plane. For MAGIC-II, two different mirror types are used: 143
mirror elements, placed in the centre of the reflector, consist of diamond-ground
aluminium mirrors (as in MAGIC-I). The outer elements of the reflector (104 el-
ements) are made of 2 mm glass plates, stabilised by an aluminium honeycomb
structure in between. The reflecting surface itself is made of an aluminium layer.
The adjusted reflector of MAGIC-IT shows a PSF of ~ 9 mm. The reflectivity of
the all-aluminium mirrors is &~ 80 % and for the glass-aluminium mirrors ~ 85 %.
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Figure 5.1: The MAGIC telescopes at the Roque de los Muchachos, Canary Island of La Palma.
Picture credit: R. M. Wagner.

For both telescopes, an active mirror control (AMC) system compensates for
dish formations by adjusting the mirror positions depending on the elevation angle
[Bil07]. The focus of both reflectors is at distance of 10 km, where the maximum
of v-ray induced air showers is expected. The pointing position of the telescopes
is tracked with a charge-coupled device (CCD) camera (starguider camera), in-
stalled at the centre of the mirror dish. With this system, a pointing accuracy of
< 1.5 arcmin is achieved [Bre09].

5.2 Cameras

The MAGIC-I camera consists of 577 hexagonal shaped photomultiplier tube
(PMT) pixel with an angular size (diameter) of 0.1° in the inner and 0.2° in
the outer part of the camera, respectively. The MAGIC-II camera is equipped
uniformly with 1039 pixels with an angular size of 0.1°. Both cameras are covering
a total field of view of 3.5°.

The PMT of the MAGIC-I telescope are equipped with a wavelength shifter
coating to increase the sensitivity in the UV waveband (in which the Cherenkov
light of air showers is mainly emitted) and to enhance the quantum efficiency
(QE) in the wavelength range 300 — 650 nm [Geb04|. With this configuration, the
MAGIC-I PMT show a QE value of &~ 30 % at a wavelength of 350 nm (where the
Cherenkov light of air showers has its highest intensity) [Bor09]. The MAGIC-II
PMT are operated without coating and show a QE value of ~ 32 %.

In order to observe also under moderate moonlight conditions, the used PMT



5.2. Cameras 37

of both telescopes are of a six dynode configuration and are operated at a rather
low gain (at the order of 104). Additionally, the PMT are equipped with hexagonal
shaped light guides (Winston cones [Win70]) to minimise the dead area between
the spherical PMT [Ost00].

The amplified electronic signal of the PMT is converted into an analogue optical
signal by a vertical-cavity surface-emitting laser (VCSEL) diode. The light output
is transmitted by optical fibres to the counting house, where it is converted back
to analogue electronic signals.

In the following subsections, the control program of the MAGIC-II camera is
introduced and explained. The implementation of the control program into the
central control software of MAGIC and the addition of security routines (to fulfil
work safety necessities and to protect the camera against accidental misuse) was
an active constituent of this thesis.

5.2.1 MAGIC-II camera control

Each pixel of the MAGIC-II camera consists of a six dynode PMT, a Cockcroft-
Walton high voltage (HV) supply, an capacitive (AC) coupled high bandwidth
preamplifier to compensate the low gain of the PMT, a vertical-cavity surface-
emitting laser (VCSEL) diode to convert the PMT signal into an optical signal to
be transmitted by an optical fibre to the counting house, an anode current monitor,
a pulse injector, temperature sensors and a monitor diode for the VCSEL light
output. The camera electronics is powered by two 5 V power supplies mounted in
two boxes placed on the lower part of the camera, outside of the housing. Every
seven pixels are grouped in a hexagonal configuration to form one cluster.

The camera is controlled by a slow control cluster processor (SCCP). A SCCP
board installed in each cluster controls the operations of the camera and reads
several parameters. The HV of each pixel can be set individually and the PMT
current, the HV and the temperature at the VCSEL can be continuously monitored.
A test-pulse generator board installed in each PMT to test the electrical chain is
also controlled at this stage. In addition, the camera control program operates the
lids in front of the plexiglas window that protects the PMT and steers the power
supplies of the camera.

The SCCP has a flash programmable processor with 12 bits resolution digital-
to-analogue converter (DAC) in the voltage range 0 —1.25 V and 12 bits resolution
analogue-to-digital converter (ADC) in the range 0 — 2.5 V. Each SCCP board is
connected to a VME! board in one of the two VME crates in the upper and lower
part of the camera.

The VME crates are connected to the camera control PC in the counting house
via an optical PCI?-to-VME link (see fig. 5.2).

Versa Module Eurocard (VME) is a multi-user bus system widely used in process con-
trol applications. It is standardised by the International Electrotechnical Commission (IEC)
as ANSI/IEEE 1014-1987.

?Peripheral Component Interconnect (PCI) is a bus standard used for attaching hardware
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Figure 5.2: Scheme of the MAGIC-II camera control chain. 7 PMT (pixels) are controlled by
one Cluster SCCP. 22 Cluster SCCP are connected to a motherboard, 4 motherboards at a time

are adjunct to a VME interface crate. 4 optical fibres link the two used VME crates to the control
PC.

The camera control program is written in the visual programming language
LabVIEW by National Instruments. The main components of the program are
the Central Variables File and the Command Control Routine (see fig. 5.3). User
commands can be given either via the graphical user interface (GUI) itself or via
the supervising central control program. In addition, the camera control program
disposes a security control routine, which checks permanently external and internal
parameter and reacts, when necessary, autonomously without any user interaction.

Central Variables File

All available read-out information of each pixel, such as HV, direct current (DC),
VCSEL temperature and monitor diode current, and general read-out information
about the camera, such as camera temperature and humidity, temperature and
humidity of the low voltage (LV) power supply boxes, is written to the Central
Variables File (see fig. 5.3). It also contains the desired values of the HV, VCSEL
bias, attenuators and test pulse generators as given in the user settings together
with the lid status and the active mirror control (AMC) and starguider light-
emitting diodes (LED) intensity.

The Central Variables File provides the GUI display, the report routine to the
supervising central control program and the logbook with the relevant information.
Also the Camera Security Control System is provided by the Central Variables File.

devices in a computer.
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Figure 5.3: Scheme of the MAGIC-II camera control program.
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Command Control Routine

The Command Control Routine permanently checks the user input and the Camera
Security Control System. If any changes are given, the Command Control Routine
sets the desired values, such as HV, VCSEL bias, pulse generator, attenuators,
AMC or starguider LED intensity, or actions, such as lid operation or switching
on/off the LV power supply (see fig. 5.3). In addition, the Command Control
Routine writes the new information to the Central Variables File.

Camera Security Control System

The camera control program includes a safety routine, which shall protect the
camera from misuse by accidental commands, from bad weather conditions and
from hardware errors. This Security Control System is permanently checking the
pixel and camera parameter and the external weather information, such as wind
speed, temperature and humidity. If a parameter exceeds the predefined limits,
the Security Control System reacts without any user interaction by sending the
necessary commands to the Command Control Routine (see fig. 5.3). For instance,
an exceeding windspeed leads to an automatically closing of the camera lids.

Single Hot Pixel Reduction

The Single Hot Pizel Reduction is a routine to protect the PMT from light irradi-
ation of high intensity, originating from bright stars in the field of view. It reacts
autonomous if the DC current limit (20 pA) is exceeded for a single pixel or a set
of pixel for more than 10 s. In this case, an iterative reducing of the HV of the
corresponding pixel(s) in steps of 50 V is started. This reducing stops when the
DC current is below the limit. The time between the iteration steps is 15 — 25 s.

Since the relevant stars move in the camera plane with elapsing time, the
affected pixels change during the operation. To take this into account, the HV
of the reduced pixel(s) will be set back automatically after 15 min (individual
counting for each pixel) in iterative steps of 50 V. The set back will stop, when the
DC current exceeds the limit again (in this case another waiting time of 15 min is
started) or the HV reaches the former starting value (the value before the reduction
started).

User input (from the central control program or directly from the camera con-
trol program) concerning the HV of the reduced pixel(s) has priority and is there-
fore overwriting the automatic set back of this/these pixel(s).

Any change of the position of the telescope (change to different wobble position
or to another source) will lead to an automatic set back of the HV of the reduced
pixel(s) to the former starting value (the value before the reduction started).

An ongoing single hot pixel reaction is stated at the GUI display and the
affected pixels are shown on a special list (HP list). If necessary, the HV for all
the reduced pixels can be set back to the former starting value (the value before
the reduction started) by user intervention. Also the routine itself can be stopped
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by the user in case of necessity. The alert reaction on the mean DC current is not
affected by stopping the single hot pixel routine.

The Single Hot Pixel Reduction is an autonomous circuit protecting the cam-
era hardware with a minimum of interference. The input/output is user-friendly,
every step and action of the circuit is displayed. The operator can take over con-
trol at every stage of the routine, if necessary. Otherwise the routine will work
autonomously without any user interaction.

Automatic working safety circuit

When the tower of MAGIC-II is in access position, the PC control of the camera
is disabled automatically. This was introduced to enlarge the safety arrangements
for works at the MAGIC-II camera, for instance maintenance works. In this way,
accidental activating of the camera, for instance opening the camera lids, can not
harm workers in the access tower.

Interaction with the central control program

The global control of the telescope is the supervising central control program. The
camera control program is an independent subsystem of the global control chain.
User commands given via the central control program are sent to camera control
via ASCII? text string. This string is processed within the camera control program
and leads to the same actions as if the commands were given directly via the camera
control GUI interface.

Camera control permanently sends a report string to the central control pro-
gram out of the Central Variables File. So central control gets all essential infor-
mation about the camera and is able to sufficiently monitor the camera.

5.2.2 Monitoring of MAGIC-II camera parameters

The permanent reading of camera parameters as described above allows a con-
sequent monitoring of important camera parameters. The PMT used in the
MAGIC-II camera have to be operated in a small temperature range to give stable
response to Cherenkov light signals. Therefore, the MAGIC-II camera is equipped
with a cooling system, providing a constant temperature of 18° C. This cooling
system is integrated into the mounting device of the pixels, the so-called cooling
plate. Also, a too humid camera inside might cause damage due to the high voltage
applied to the PMT. Thus, the monitoring of camera temperature and humidity
gives vital information for regular operation. For that purpose, 6 temperature and
4 humidity sensors are installed in the MAGIC-II camera.

% American Standard Code for Information Interchange (ASCII) is a 7 bit character encoding-
scheme used in computers and other communication devices.
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Figure 5.4: MAGIC-II camera temperatures during operation 15/07/2010 — 17/07/2010. These
nights represent typical operation conditions during summer. The 4 temperature sensors close
to the cooling plate show a stable temperature of (18 £ 0.5)° C, which represents the nominal
cooling temperature of 18° C. The switching on and off of the cooling system is indicated by the
regular up and down of the values of these sensors (saw tooth structure). The sensors located at
the rim of the camera chassis show higher temperature variations ((14 — 18)° C, blue and grey
lines). These sensors are not close to the cooling plate and therefore the outside temperature has
a bigger influence here, also due to thermal connection.

Temperature monitoring

Fig. 5.4 shows the values of the 6 MAGIC-II temperature sensors during operation
15/07/2010 — 17/07/2010. These exemplary nights represent typical operation
conditions during summer. The 4 temperature sensors close to the cooling plate
show a stable temperature of (18 4+ 0.5)° C, which represents the nominal cooling
temperature of 18° C. The switching on and off of the cooling system is indicated
by the regular up and down of the values of these sensors (saw tooth structure).
The sensors located at the rim of the camera chassis show higher temperature
variations ((14 — 18)° C). These sensors are not close to the cooling plate and
therefore the outside temperature has a bigger influence here, also due to thermal
connection.

Fig. 5.5 shows the MAGIC-II camera temperatures during operation
06/01/2011 — 08/01/2011. These nights represent typical operation conditions
during winter. The temperature sensors close to the cooling plate show a stable
temperature of (17 £0.5)° C. Due to the reduced outside temperatures in winter,
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Figure 5.5: MAGIC-II camera temperatures during operation 06/01/2011 — 08/01/2011. These
exemplary nights represent typical operation conditions during winter. The temperature sensors
close to the cooling plate show a stable temperature of (17+0.5)° C. Due to the reduced outside
temperatures in winter, this value is 1° C lower than the nominal cooling temperature. The low
outside temperature is indicated by chassis sensors temperatures (thermal connection), ranging
from 5.5° to 11° C.
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Figure 5.6: MAGIC-II camera humidities during operation nights 01/01/2011 — 08,/02/2011.
This period represents typical operation conditions during humid winter season. The humidity
sensors in the front part and in the top part of the camera show stable values in the range
17 — 30 % rel. The sensor located at the rear bottom left (blue line) has a higher value compared
to the other sensors and shows an increasing humidity during the period. This position in the
camera is more affected by low outside temperatures (thermal connection) and condensation
water. For all sensors, the deviations originating from nightly switching on and off of the camera
can clearly be identified (small-scale up and down behaviour).

this value is 1° C lower than the nominal cooling temperature. The low outside
temperature is indicated by the temperatures of the chassis sensors, ranging from
5.5° to 11° C.

In summary, the temperature near the cooling plate and therefore near the
technical important components of the PMT is stable in the demanded range of a
few © C around 18° C for both summer and winter conditions.

Humidity monitoring

Fig. 5.6 shows the values of the 4 MAGIC-II humidity sensors during operation
01/01/2011 — 08/02/2011. This exemplary period represents typical operation
conditions during humid winter season. The humidity sensors in the front part
and in the top part of the camera show stable values in the range 17 — 30 % rel.
The sensor located at the rear bottom left has a higher value compared to the
other sensors and shows an increasing humidity during the period. This position
in the camera is more affected by low outside temperatures (thermal connection)
and condensation water. For all sensors, the deviations originating from nightly
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switching on and off of the camera can clearly be identified (small-scale up and
down behaviour).

One can conclude that the humidity of the camera is stable near the techni-
cal important components of the PMT (HV generation) and does not exceed the
operation threshold of 50 % rel. also in humid winter season. Condition is a well
closing camera and no brought-in humidity, for instance by opening the camera
for maintenance during high outside humidity.

5.3 Trigger system

The trigger area of the MAGIC-I telescope covers an inner camera section of radius
0.95°, whereas the trigger area of MAGIC-II has a size of 1.25°. The trigger
areas are consisting of a logical combination of 19 overlapping macro-cells, each
containing 37 pixel. A different distribution of macro-cells leads to the increased
trigger area size of MAGIC-II (factor 1.7) and results in an increased sensitivity.
The configuration of the trigger cells are shown in fig. 5.7.

In the stereoscopic mode, only events triggering both telescopes are recorded.
As trigger condition for the individual telescope serves the so-called 3NN trigger:
Each telescope must have 3 pixels above a certain threshold (level-0 trigger) in
a compact next-neighbour (NN) topology in order to become a telescope trigger
(level-1 trigger). The stereo trigger makes a time coincidence between both tele-
scopes with respect to the delay due to the relative position of the telescopes and
their pointing direction. The individual telescope trigger rates are of the order of
several kHz, the stereo trigger rate lies in the range of 150 — 200 Hz with a few Hz
being accidental triggers |Carll].

5.4 Data acquisition (DAQ) system

The data acquisition (DAQ) system of MAGIC-I is based on multiplexed flash
analogue-to-digital converter (FADC). One FADC is successively digitising 16 read-
out channels, for each of them the signals are delayed corresponding to their read-
out order [Goe07]. For MAGIC-II, Domino Ring Sampler 2 (DRS2 |Rit04]) chips
are used to store the analogue signals before digitisation. This multi-capacitor
buffer is read out when positive trigger feedback is given and the signals are digi-
tised by a 12-bit analogue-to-digital converter (ADC). The maximum rate of the
data acquisition is ~ 150 MByte/s, corresponding to an event rate of 1 kHz [Tes09].

5.5 Calibration

In order to convert the read-out values from the FADC (MAGIC-I) and DRS2
ADC (MAGIC-II) into number of photoelectrons (phe), corresponding conversion
factors have to be obtained from dedicated calibration procedures: In MAGIC-I,
three different colour light-emitting diodes (LED, emitting at 370 nm, 460 nm
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Figure 5.7: Trigger cells for the MAGIC-I (at top) and MAGIC-II (at bottom) telescope camera.
The camera size is not to scale, since for MAGIC-I only the inner part including the 577 0.1° pixel
(PMT) is shown, while for MAGIC-II the complete camera with its 1039 0.1° pixel (PMT) is
depicted. The trigger areas are consisting of a logical combination of 19 overlapping macro-cells,
each containing 37 pixel. The trigger area of MAGIC-I has a size 0.95°, the one of MAGIC-II
has a size of 1.25°. A different distribution of macro-cells leads to the increased trigger area size
of MAGIC-II (factor 1.7) and results in an increased sensitivity.
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Figure 5.8: Sketch for the wobble observation mode. Two points 0.4° off the source and at
opposite direction are tracked alternately with the camera centre for 20 min. The signal region
is moving on a ring with radius r = 0.4° from the camera centre. The corresponding background
control region is rotated by 180°.

and 520 nm) are used to uniformly illuminate the camera with ultrafast pulses
(3—4 ns FWHM) in different intensities. In MAGIC-II, a Nd-YAG laser* operated
at 3" harmonic (355 nm) in combination with several filters is used to produce fast
pulses (700 ps), covering the full dynamic range of the PMT. An integrated Ulbricht
sphere diffuses the laser emission to uniformly illuminate the camera. By measuring
the deviations in the PMT signals from a Poisson distribution (the number of phe
obtained from the LED pulses is expected to follow Poisson statistics), the number
of phe corresponding to a certain signal amplitude can be estimated (ezcess noise
factor or F-factor method). Details on the calibration, performed during dedicated
time slots (calibration runs) as well as during regular data taking (interleaved
calibration), can be found in [Gau05| and [Bor09].

5.6 Observation mode

The data taking for this thesis was performed in the so-called false source or wobble
mode. In this observation mode, two points 0.4° off the source and at opposite
direction are tracked alternately with the camera centre for 20 min [Fom94, Dau97].
The signal region is moving on a ring with radius » = 0.4° from the camera centre
(see fig. 5.8). The corresponding data for the background control analysis are taken
from the same dataset, but 180° rotated with respect to the camera centre. The
changing of the source position every 20 min, and therefore also the changing of
the background position, compensates for possible camera inhomogeneities. The
two wobble positions are denoted as wobble 1 and wobble 2.

1A Nd-YAG laser is a solid-state laser using a neodymium-doped yttrium aluminium garnet
(Nd:Y3Al5012) crystal as emitting medium.






Chapter 6

The MAGIC analysis chain

The standard analysis of MAGIC data uses a package of ROOT-based [Bru97|
programs written in C++, called MARS (MAGIC Analysis and Reconstruction
software). The analysis chain is divided into several steps, each of which is per-
formed by an independent program which takes as input the output of one or more
of the previous stages [Lom11, Mor09|. In this chapter, these analysis steps are
introduced.

6.1 Signal extraction and calibration

For extracting the signal of each camera pixel, an integration around the peak of
a cubic spline built from the raw digitized pulse is applied (after subtraction of
pedestal offsets). Since the pixels show differences in gain, the signals are equalised
in a flatfielding procedure. Additionally, the arrival time of the pulse is determined
as the position of the rising edge of the spline at 50 % of the peak value. Relative
offsets are introduced to correct for deviations. The corresponding correction num-
bers are calculated from dedicated pedestal and calibration events, obtained from
calibration runs or during regular data taking (interleaved). To convert the signal
amplitudes into a physical meaningful unit (number of photo electrons, phe), the
F-factor method is applied for absolute calibration (see sec. 5.5) [Mor09].

6.2 Image cleaning

After the calibration, an image cleaning procedure is applied in order to select
only that pixels, which contain Cherenkov light. In this procedure, the pixels of
an image have to fulfil certain criteria: Firstly, their signal amplitude has to be
above a lower threshold of 6 phe (MAGIC-I) and 9 phe (MAGIC-II) respectively.
Secondly, these pixels have to have at least one next-neighbour pixel above the
same threshold in a time coincidence of 1.5 ns. Pixels fulfilling these conditions
are called shower core pixels. Additionally, adjacent pixels (so-called boundary
pixels) are allowed to pass into further analysis if their signal amplitude is above
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Figure 6.1: Typical stereo y-ray shower image in MAGIC-I (left) and MAGIC-II (right) camera.
The signal (S) is linearly colour coded in arbitrary units (au) and the shower main axes are
indicated by red lines. The different sets of photomultiplier tubes are also represented (see
sec. 5.2).

a lower threshold of 3 phe (MAGIC-I) and 4.5 phe (MAGIC-II) respectively. The
arrival time of the boundary pixels must be within 4.5 ns of the mean arrival time
of the core pixels [Lomll|. Fig. 6.1 shows a typical image of a ~-ray induced
air shower, as obtained with the MAGIC-I and MAGIC-II cameras after image
cleaning.

6.3 Parametrisation

The basis for the analysis and interpretation of shower images is the set of Hillas
parameters calculated from the second moments of an image [Hil85]. These param-
eters, itemized below, are used for event discrimination and reconstruction. The
reference frame for calculating the Hillas parameters is a two dimensional coordi-
nate frame (z- and y-axis) in the camera plane with the nominal source position
as origin.

The first moments of a shower image are defined as:

Zi qi " Tq
722' " (6.1)

with ¢; the charge of the pixel ¢ and x; its z-coordinate in the camera frame. With
analogue denomination:

T

— ZZ qi * Yi
v ZZ qi (6:2)

= 2idi T (6.3)
Do
— g -2
3 Lidiy (6.4)

y =
Zi qi
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TG = > i Ti Y
Zi qi
The pair (Z,7) is called centre of gravity (CoG) of the shower image. It corresponds

to the position of the weighted mean signal along the x-axis and y-axis of the
camera frame, respectively. For the variances (second moments) holds:

(6.5)

ol =(z—7)% =22 -7 (6.6)

N}

oy =W-9'=p-7 (6.7)

Oy =(z—F)(y—7)° =Ty —F-7. (6.8)

The Hillas parameters are now given by:

e Size: Total charge contained in the image, defined as
Size = Z%‘ (6.9)
i

The Size is roughly proportional to the primary particle energy for a given
impact parameter.

e Length: RMS value of the photon distribution along the major image axis,
defined as
o2 +os+z

Length =
eng 2

(6.10)

with z = ((o7 —07)* + 404,)'/2. For a given Size, the Length is smaller (on
average) for y-ray images than for hadronic images and therefore provides

strong discrimination power.

o Width: RMS value of the photon distribution along the minor image axis,
defined as

02+ 02—z
%. (6.11)

Width =
Like the Length, the Width is on average smaller for ~-ray images than for
hadronic images (for a given Size). This is due to the smaller average trans-
verse momentum in the pure electromagnetic shower induced by y-ray pho-
tons. Therefore, the discrimination power of the Width is also strong.

e Conc(n): Set of concentration parameters defined as ratio between the total
charge of n pixels with the strongest signal and the total charge of the image

(Size):
Z?:1 a;j Z?:1 qj
Conc(n) = S o S (6.12)
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with j indicating the n pixels with the strongest signal and ¢ indicating all
pixels of the image. This parameter is also used for discrimination, since
~-ray induced showers show a higher light concentration (higher Conc(n))
than hadronic showers.

e Distance: Angular distance between CoG of the image and nominal source

position, defined as
Distance = \/T? + 7. (6.13)

This parameter is a measure for the impact parameter of the shower event
and is used for improving the energy estimation of the primary particle.

e Leakage(n): Ratio between the charge in the n outermost pixel rings of the
camera and the total charge of the image (Size):

Z?:l 4 Z?:l 4j
Soai  Size
with j indicating the k pixels of the n outermost pixel rings and 7 indicating
all pixels of the image. This parameter is used to reject events, for which
significant parts of the image lie outside the camera. Particularly for large
shower images (high energy events), this rejection improves the reliability of

the energy estimation.

Leakage(n) = (6.14)

A scheme of the parameter definitions is shown in fig.6.2.

6.4 Data quality selection

Data runs to be used in the analysis have to fulfil several quality criteria. If one or
more of these criteria are not fulfilled, the corresponding data are discarded. The
main quality parameter is the stereo trigger rate, for which optimal values are in
the range 150 — 200 Hz (see sec. 5.3). The cut parameter for this work was the
stereo trigger rate after a Size-cut of 100, denoted as Ratejgg. Due to the Size-cut,
the values of this parameter are reduced but more stable compared to the standard
stereo trigger rate. Data subruns with Ratejgg values of 55 — 105 Hz were generally
accepted for this work (a subrun is the smallest unit within the data acquisition
(DAQ) and refers to a few minutes observation time, according to the DAQ rate).
Additionally, each accepted subrun has to show a Ratejgy value within a £15%
range around the mean value of the individual observation (exemplarily shown
for the Markarian (Mrk) 421 observation 14/01/2010 in fig. 6.3). Lower trigger
rates can be brought about by bad weather conditions or hardware problems of
the detector. Reasons for a higher trigger rate can be bright stars in the field of
view, moonlight or passing cars. The differences in the Ratejgg values between the
telescopes originate from different image cleaning procedures (see sec. 6.2). This
results in different Size distributions for the telescopes, leading to different event
distributions above a certain Size value.
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Figure 6.2: Definition of the basic Hillas parameters for a v-ray image: Width, Length, Distance.
Shown is also the image from the second telescope to illustrate the geometrical-based source
position reconstruction. The angular distance of nominal and reconstructed position is called 6.
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Figure 6.3: Application of Rateioo cut (stereo trigger rate of each telescope above Size=100)
exemplarily shown on Mrk 421 14/01/2010 observation. Each dot depicts the Rateioo value of
one subrun. The mean rate is (84.9 £ 0.4) Hz for MAGIC-I and (80.3 £ 0.3) Hz for MAGIC-II,
resulting in an Rateioo acceptance range of 72 — 98 Hz (MAGIC-I) and 68 — 92 Hz (MAGIC-II).
The red lines depict the upper and lower limit. Differences in the Rateioo values between the
telescopes originate from different image cleaning procedures (see sec. 6.2). Note that different
Size cuts are used for the signal analysis.
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Additionally, a parameter describing the amount of clouds in the
sky, called Cloudiness, is used for quality selection. It is defined as
Cloudiness = a Ty — Ps(ZA) — b H — cThir, with Ty, the sky temperature mea-
sured by a pyrometer, Ps(ZA) a factor regarding the zenith angle (ZA) of the
observation and H the humidity and T,; the air temperature at telescope level.
The normalisation constants a, b and ¢ are empirical and describe the influence of
each addend. Data subruns with Cloudiness < 50 were accepted. Also the number
of identified stars in the field of view of the observation is used as quality selection
parameter. Typically, the number of identified stars is ~ 20 (depending on the
star field). Data subruns with a number of identified stars < 15 were discarded,
pointing to a significantly reduced integral transmission of the atmosphere.

6.5 Stereo parameters

After the parametrisation of the individual telescope images, the two separate
telescope data streams are merged into one single data file, containing the stereo
events with the information of the two telescopes. Additionally, a set of stereo
parameters is attributed to the combined stereo event, using the main axis and
centroid position of both telescope images: Impact (reconstructed distance from
each telescope to the shower axis in the plane perpendicular to the shower axis)
and MazHeight (reconstructed height of the shower maximum above the telescopes)
[Car1l]. Compared to the monoscopic observation, the Impact parameter signifi-
cantly improves the energy reconstruction and the MaxHeight parameter increases
the background rejection. Particularly for the rejection of muon induced showers
at low distance above the telescope (< 4 km), which have a similar image dis-
tribution as low energy ~-ray events, the MaxHeight parameter is important and
increases the sensitivity of the system at low energies.

For reconstructing the direction of the primary particle, the crossing point of
the main axes of the shower images is combined with the DISP method [Les01].
While the crossing point of the axes is a pure geometrical result, the DISP pa-
rameter (distance from the shower image centre to the estimated source position)
is obtained from a random forest (RF) classification method [AlbO8b]. The cor-
responding DISP-RF is trained on Monte-Carlo (MC) datasets of simulated y-ray
events. The DISP method delivers one individual estimation of the DISP param-
eter for each telescope. The combination of the geometrical information from the
axes crossing point plus the two estimations from the DISP method provides a
unique source position estimation or rejects the event if the individual positions
do not agree, which provides additional background rejection [Carll].

The angular distance between nominal and reconstructed source position of the
event is called 6 and is defined as

0= 22+ v} (6.15)

with ¢ and yg the coordinates of the reconstructed source position. This param-
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eter is also shown in fig. 6.2. For convenience, the squared angular distance (62)
is used in the signal determination, since the #? distribution is flat for background
events! and shows a peak at #? = 0 for signal events from the nominal source
position.

6.6 Separation between ~v-ray and hadron induced
showers

In MARS, the separation between y-ray and hadron induced shower images is based
on a random forest (RF) classification method [AlbO8b|. This algorithm uses the
image parameters from each telescope (Size, Length, Width, Conc(n)) as well as the
stereo parameters (Impact, MazHeight) and timing information to create one single
parameter called Hadronness. Its value ranges from 0 to 1, for which 0 represents
an ideal v-like event and 1 represents an ideal hadron-like event. This parameter
is used to separate - from hadron-like events by a dedicated Hadronness-cut (see
sec. 6.9).

The RF classification is trained on MC datasets of simulated ~-ray events
and real MAGIC data without a dedicated «-ray source and therefore containing
exclusively background events.

6.7 Energy reconstruction

The energy reconstruction is based on the direct proportionality of the event energy
and the number of secondary particles at the maximum of the corresponding air
shower. In MARS, an atmospheric model is used for computing the amount of
light produced from an incident v-ray of given energy for given zenith angle. MC
simulated events are then used to fill look-up tables with the information of the
simulated event energy, Fi,ye, and the corresponding parameters Size, Impact and
MazHeight. The energy of a real event is then calculated individually for each
telescope using these MC tables. The final energy estimation, Feg, is the weighted
average value obtained from both telescopes.

The energy resolution can be calculated as the standard deviation of the
(Fest — Firue)/ Etrue distribution of MC simulated ~-ray events. In the medium
energy range (from 300 GeV to 2 TeV), the energy resolution is as good as 16 %.
For higher energies (above 2 TeV), it slightly worsens (< 20 %) due to the large frac-
tion of truncated images, showers with high Impact parameters and worse statistics
in the training sample. At low energies (below 300 GeV), the energy resolution
also slightly worsens (< 24 %), here due to lower photon numbers, higher relative
noise, and worse estimation of the arrival direction, which spoils the precision of
the Impact parameter reconstruction [Alellal.

'For a homogeneous distribution of N background events in a circle of radius 6 around the
nominal source position (AN = k; 27 #df) holds: dN/df? = k2, with k; and k2 being constants.
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6.8 Calculation of Spectra and Lightcurves

The spectrum (differential flux) is defined as:

dF (E) dN,,
dE  dEdAg dtons

(6.16)

with N, the number of excess events, A.g the effective area and t,,s the effective
observation time. N, is given by the direct measurement of y-ray events, Aeq is
obtained from MC simulation and t,.s from the arrival time distribution from all
measured events (see below).

The effective area A.g characterises the detection efficiency of the telescopes.
It is calculated by MC simulated y-ray events, the so-called test sample. In this
sample, v-rays of various energy are simulated homogeneously in a circular area of
radius r. The simulated ~-rays undergo the same signal analysis chain and signal
cuts as real data events. Agg is then obtained from the ratio of triggered, cut
surviving events Nyicsignal to the total number of simulated events Nyic an:

2 NMC signal

A = mr
Nuvcan

(6.17)
Aegr depends on technical quantities (trigger efficiency, mirror reflectivity and field
of view) and on observation-typical quantities (zenith angle), which enter the simu-
lation. Fig. 6.4 shows typical values of the effective area as a function of estimated
energy. Due to the little amount of Cherenkov light for low energy events and
therefore a low trigger probability, A.g shows a steep rise at low energies. This
gives a limitation to the accuracy of flux calculations in that energy region: A
small offset in the estimated energy can lead to a huge error in the value for Aqg.

The effective observation time ¢ is obtained by fitting an exponential function
to the arrival time distribution. The arrival time At is defined as the time difference
between two successive events. The distribution follows an exponential decrease

of the following form:

dN
E :kefrt (618)

with NV the number of events and k a constant. The fit parameter r is called signal
rate. Fig. 6.5 shows a typical arrival time distribution. The effective observation
time is then calculated from the exponential fit parameter 7:

N,
tobs = t;tal (619)

with Niota1 the total number of events.
The integral flux is defined as:

> {F (E) /00 dN.
F(E>F _/ dE= [ — " 4p 6.20
( 0) 5, dE 5y AE dAgg dtgns (6.20)
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Figure 6.4: Typical values of the effective area A.g as a function of estimated energy. Aeg is
shown before and after applying signal separation cuts (see sec. 6.9) to the MC test sample. For
low energies, the effective area shows huge differences between adjacent energy bins (steep rise).
The shown sample was used for the analysis of Mrk 421 14/01/2010 data, average zenith angle
of this sample is 18°.

with Fy the energy above which the integral flux is calculated. The representation
of F'(E > Ey) versus time is called lightcurve.

Since the integral flux is calculated as an integration of all energies above Fj,
Aegr can not be represented in energy bins anymore (as done for the differential
flux). For this reason, Aeg is calculated as an average effective area for events
with an assumed power law spectrum with spectral index of —2.2. Therefore, the
selection of Ey becomes important: The systematic uncertainty of a lightcurve is
dominated by the uncertainty of the events and A.g at the lowest energies. To
avoid huge errors in the integral flux, Ey can not be set arbitrary low. To guarantee
reliable results, Fy = 200 GeV was chosen for this work.

6.9 Signal cuts

The cuts on the data sample used to discriminate signal from background are called
signal cuts and refer to cuts in Hadronness and 6%. The expression “tight cuts”
describes Hadronness- and §%-cuts close to 0, i.e. close to the ideal values for y-ray
events from the aimed source. The expression “loose cuts” describes cuts far away
from the ideal value 0. The selection of the signal cuts has a significant relevance:
Too loose signal cuts result in a bad background discrimination and therefore a bad
significance for a signal. If the signal cuts are too tight, the statistical significance
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Figure 6.5: Typical arrival time distribution (logarithmic y-axis). The arrival time At is defined
as the time difference between two successive events. From the exponential fit (blue line) the
effective observation time topbs is calculated using eq. 6.19. The shown arrival time distribution
was obtained from Mrk 421 14/01/2010 data.

may be good, but the systematic error in A.g may rise due to possible differences
between the MC simulated y-ray events (used to calculate A.g, see sec. 6.8) and
real data. Too tight signal cuts will identify only that events as ~y-ray induced,
which look most similar to the MC simulated events. So the dependence on the
MC simulation rises with tightening the signal cuts. The way to find the right set
of signal cuts is calibration on a well known source. For this work, the signal cuts
were optimised on data of the Crab nebula (see chapter 8). This set of cuts was
then applied to the Mrk 421 data.

In the next-to-last step of the MARS analysis chain, the signal cuts are applied
to the data sample and the effective area A.g and the effective observation time
tobs are calculated. With this information, a preliminary spectrum of the signal
in bins of the estimated energy Fest and a lightcurve is calculated. To correct the
estimated energy of the events for the detector response, a dedicated unfolding has
to be applied. This procedure is described in the next section.

6.10 Unfolding

Measurements of physical quantities are often systematically distorted due to non-
ideal detectors (i.e. biases, finite resolution). The process to correct the measure-
ments for these distortions is called unfolding. In the case of the MAGIC telescopes,
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Figure 6.6: Typical migration matrix. The number of MC simulated events is plotted in the
plane of estimated energy Ees (calculated energy after the standard analysis process) and true
energy FEirue (initial simulated energy). The migration matrix is is used in the unfolding process
as quantity for the detector response. The shown migration matrix was derived for the analysis
of Mrk 421 14/01/2010 data.

the distorted quantity is the estimated energy of each event. Here, the unfolding
is needed to derive the correct distribution of events in true energy out of the
distribution in estimated energy.

The measured distribution Y (y) of events as a function of estimated energy is
given by

Y (y) = / M(x.y) S () (6.21)

with M (x,y) the detector response and S (z) the true distribution as a function
of true energy. In matrix notation this quotes:

Y=MxS§. (6.22)

The goal of the unfolding process is to derive S from a given Y and M. M, called
migration matriz, is obtained from MC simulations: Simulated events undergo the
same analysis process as real events (see sections above). Then, these events are
filled in a two-dimensional histogram with the basis of estimated energy (calculated
within the analysis process) and true energy (the initial simulated energy). A
typical migration matrix is shown in fig. 6.6.

For the unfolding process itself exist various approaches. The most obvious
solution is to invert the matrix M, called deconvolution. This is technically correct,
but often does not lead to useful results: Large correlations between adjacent
bins of the migration matrix imply large fluctuations of their contents. Other
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Figure 6.7: Typical quantities of the unfolding process: measured event distribution as a
function of estimated energy Fest (left) and unfolded event distribution as a function of true
energy Firue (right). The blue vertical lines represent the unfolding limits in Fest. The shown
quantities were derived from the analysis of Mrk 421 14/01/2010 data.

approaches aim to avoid this effect. The most common approaches are methods
with regularisation. Here two additional parameters are introduced: x3, describing
the degree of agreement between M xS and Y, and Reg, describing the smoothness
of S. The solution for S is then found by minimizing the expression

X2 = % x X3 + Reg. (6.23)
The fixed parameter w is called regularisation parameter and represents the influ-
ence of the regularisation. A large w leads to a suppressed regularisation, which
results in a noisy unfolded distribution .S, but which is perfectly fitting the mea-
sured distribution. A small w leads to an overemphasized regularisation: S is
smooth, but shows larger deviations from the data. The used unfolding methods
in this thesis vary in the determination of the regularisation parameter w and
are following the methods by Bertero [Ber89|, Schmelling [Sch94| and Tikhonov
[Tik79]. Fig. 6.7 shows the measured distribution Y (left) and the unfolded dis-
tribution S (right) of events from Mrk 421 14/01/2010 data unfolded with the
Tikhonov method. The blue vertical lines in the measured distribution represent
the unfolding limits in Feg chosen for this particular analysis. For technical details
of the implementation to MARS reference is made to [Alb07d].

6.11 Systematic uncertainties

The Earth’s atmosphere, as a crucial part of an TACT detector, shows changing
conditions, small deviations of the density profile from the one assumed in simu-
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lations, as well as non-perfectly known atmospheric transmission. This introduces
uncertainties in the absolute energy scale, which are estimated to be < 10 %
[Alella]. Uncertainties in the amount of light focused by the mirrors are also
estimated to produce a systematic error on the energy scale of about ~ 8 %. Un-
certainties in the conversion coefficient of photons to detectable photo electrons are
thought to introduce additional systematic errors, as there are uncertainties in the
light collection of the Winston cone (= 4 %), in the electron collection efficiency
of the first PMT dynode (= 5 %), in the PMT quantum efficiency (=~ 4 %) and
finally in the F-factor value of the PMT calibration (=~ 10 %, see sec. 5.5) [Alella).

A =~ 6 — 8 % systematic error on the energy scale and event rate can be
introduced by the flatfielding procedure, which is performed to homogenise the
camera response and is equalising the product of the quantum efficiency of the
PMT for the wavelength of the calibration light pulser with the gain of the PMT-
FADC chain. Non-linearities in the analogue signal chain and the small residual
non-linearity of the DRS2 chip can produce a systematic uncertainty of about 0.04
in the index of power-law formed energy spectra. The deadtime of the read out
(=~ 10 %, corrected in the analysis) leads to a negligible systematic error (< 1 %)
on the effective observation time [Alella].

Also mispointing of one or both telescopes can influence the analysis. The
typical mispointing of the individual MAGIC telescopes is < 0.02° [Bre09]. One
can conclude from MC simulations that the corresponding systematic error on the
v-ray efficiency is < 4 % [Alella).

Discrepancies between data and MC introduce a slight dependence of the re-
constructed spectra on the applied signal cuts (< 15 % at energies below 300 GeV,
< 10 % at energies above 300 GeV). Also the unfolding procedures (see sec. 6.10)
are introducing systematic uncertainties in the indices of power law form spectra
of the order of 0.1 [Alb07d].

Uncertainties introduced by the overlap of the non-circular trigger regions of
the two telescopes are studied and discussed in detail in chapter 7.

In summary, the total systematic uncertainty in the absolute energy scale is
found (by muon calibration and intertelescope cross-calibration) to be ~ 17 %
at energies below 300 GeV and ~ 15 % at energies above 300 GeV respectively.
The total systematic uncertainty in the slope of power law form energy spectra
is estimated to be 0.15. At energies below 300 GeV, the total error on the flux
normalisation (without the energy scale uncertainty) is estimated to be ~ 19 %,
at energies above 300 GeV it is estimated to be ~ 11 % [Alella].






Chapter 7

Stereo trigger inhomogeneity

In 2009, regular data taking of MAGIC was switched from monoscopic to stereo-
scopic observation strategy. It was an important question, if the observed ~-rate is
effected by the new trigger scheme. A detailed study on that question, particular
in the Markarian (Mrk) 421 case, is presented in this chapter.

7.1 Appearance of a stereo trigger inhomogeneity

Each MAGIC telescope uses the signal information of a logical combination of
camera pixels to trigger on air shower events (level-1 trigger, see sec. 5.3). In the
monoscopic observation mode, the level-1 trigger was the last trigger level and lead
to event recording. For the stereo system, a new trigger level was introduced: The
stereo trigger is a coincidence trigger of the level-1 trigger of the single telescopes.
Therefore, it is sensitive to events seen by both telescopes. In consequence, the
stereo trigger probability rises for events that take place in an area between the
two telescopes (see fig. 7.1). In the camera plane, the centre of gravity (CoG, see
sec. 6.3) distribution of triggered events (primarily hadronic background events)
becomes asymmetrical and indicates the area of increased trigger probability. This
area, called stereo spot, is schematically shown in fig. 7.2 for the two MAGIC
cameras and different observations (Zd-Az-positions). Additionally, the pointing
of the telescopes in the wobble mode (see sec. 5.6) is shown. The CoG of y-ray
events from the source arrange in a ring shape structure around the intended source
position. The overlay of this structure with the CoG of all triggered events varies
with the source position (wobble 1 and 2) and Zd-Az-position (position of the
stereo spot). This means that the same amount of 7-ray events from a source may
have different trigger probabilities, depending on the geometrical conditions. This
may lead to a deviation of the observed ~-rate and therefore to a misinterpretation
of flux levels.
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Figure 7.1: Scheme of the stereo trigger region (not to scale). The stereo trigger is a coincidence
trigger of the single telescope trigger (level-1). In consequence it is sensitive to events seen by
both telescopes, i.e. that are situated in an area between the two telescopes.
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Figure 7.2: Scheme of the stereo trigger inhomogeneity (not to scale). Illustrated are the centre
of gravity (CoG) distributions of all triggered events (primarily hadronic background), indicating
the areas of increased trigger probability (stereo spot). Shown are the stereo spot areas for the two
MAGIC cameras and different observations (Zd-Az-positions), corresponding areas are indicated
by same colour. Additionally, the pointing of the telescopes in the wobble mode is shown. The
CoG of v-ray events from a source arrange in a ring-shaped structure around the intended source
position. The overlay of this structure with the CoG of all triggered events varies with the source
position (wobble 1 and 2) and Zd-Az-position (position of the stereo spot).
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Wobble 1 Wobble 2
E, <200 GeV 26402 46+04
E,>200 GeV 45+04 4.7+03

Table 7.1: ~-rates (y-ray events per minute) for Crab nebula observations on
13/11/2009 — 15/11/2009 (Zd-range (6 —30)°), broken down by wobble position and ~-ray energy
below and above 200 GeV (signal cuts: Hadronness < 0.3 and 6 < 0.02). For energies below
200 GeV, the vy-rates differ significantly for the two wobble positions.

7.2 Methodology of test

To study the effect of the trigger inhomogeneity, the following tests were performed:
Firstly, possible y-rate variations were studied on data with source signal. For this,
datasets from the Crab nebula (see sec. 8) and Mrk 421 were broken down by wob-
ble position and v-ray energy. In this way, v-rate variations can be associated to
certain observation conditions. Secondly, the influence of the background positions
(wobble positions) was studied on a dedicated dataset without source signal. In
this way, the contribution of the background estimation can be separated from the
contribution of the source signal.

7.3 Test on Crab nebula November 2009 data

Fig. 7.3 shows the CoG of all triggered events (E > 50 GeV, no Hadronness- and
§%-cut) for Crab nebula observations on 13/11/2009 — 15/11/2009. The observa-
tions covered the entire Zd-range (6 — 30)° (the culmination of the Crab nebula
is at 6°). The total effective observation time was 190 min, the wobble positions
were +035° (wobble 1) and +215° (wobble 2) in camera coordinates. The corre-
sponding stereo 7-rates (vy-ray events per minute) are listed in tab. 7.1. For ~-ray
energies above 200 GeV, the ~-rates of the two wobble positions are similar. But
for energies below 200 GeV, the rates differ significantly.

7.4 Test on Mrk 421 January 2010 data

Fig. 7.4 shows the CoG of all triggered events (E > 50 GeV, no Hadronness- and
6%-cut) for a Mrk 421 observation on 14/01/2010. The observation covered the
entire Zd-range (8 —30)° (the culmination of Mrk 421 is at 8°). The total effective
observation time was 156 min, the flux level was ~ 2.7 Crab units (see sec. 9.3).
The wobble positions were 0° (wobble 1) and +180° (wobble 2). The corresponding
stereo ~-rates are listed in tab. 7.2. In contrast to the Crab observations presented
above, the ~-rates do not differ for the two wobble positions. The differences
between the rates below and above 200 GeV can be explained by the spectral
behaviour of Mrk 421 for that particular flare activity (see sec. 9.5).
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Figure 7.3: CoG distribution of all triggered events for Crab nebula observations on
13/11/2009 — 15/11/2009 (Zd-range (6 — 30)°, 190 min total effective observation time, E > 50
GeV, no Hadronness- and #*-cut). Additionally, the source positions during the observation are
marked (black stars). For the MAGIC-II camera, wobble position 1 is more outlying the CoG
spot (stereo spot) than wobble position 2. This might explain the reduced «-rate in this position.

Wobble 1 Wobble 2
E, <200 GeV 74£03 79%03
E,>200 GeV 11.3+04 11.3+£0.5

Table 7.2: ~-rates for a Mrk 421 observation on 14/01/2010 (Zd-range (8 — 30)°), broken down
by wobble position and v-ray energy below and above 200 GeV (signal cuts: Hadronness < 0.3
and 6% < 0.02).
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Figure 7.4: CoG distribution of all triggered events for a Mrk 421 observation on 14/01/2010

(Zd-range (8 — 30)°,

6*-cut). Additionally, the source positions during the observation are marked (black stars).

156 min total effective observation time, E > 50 GeV, no Hadronness- and

In

contrast to the Crab observations, the y-rates do not differ for the two wobble positions.
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7.5 Comparison of tests

For the Crab nebula observations the v-rates differ for energies below 200 GeV,
while they do not differ for the Mrk 421 observations. The explanation for this
behaviour is in the geometrical condition for the two observations: In the Crab
case, the two wobble positions were situated in camera areas of different trigger
sensitivity (see fig. 7.3). While the source was observed in wobble position 1, the
corresponding background was taken in wobble position 2 and vice versa. Wobble
position 1, situated at the edge of the stereo spot, has a reduced trigger probability,
while wobble position 2, situated within the stereo spot, has an increased trigger
probability. This leads to a reduced number of observed events in wobble position
1 in combination with an increased number of background events taken in wobble
position 2. In total, both effects add up and decrease the v-rate for wobble position
1. When the source was observed in wobble position 2 and the background was
taken in wobble position 1, the geometrical condition had the opposite effect: An
increased number of observed events in wobble position 2 and a decreased number
of background events in wobble position 1. This increases the vy-rate in wobble
position 2.

In the Mrk 421 case, both wobble positions were situated in camera regions
of similar trigger sensitivity (see fig. 7.4). Here the number of source events and
background events were taken in positions of comparable trigger probability and
therefore the y-rates do not differ.

The energy dependence of the trigger inhomogeneity effect is explained by
the correlation of primary particle energy and image Size: High energy particles
have large images in the camera, while low energy particles have small images.
Therefore, the overlap of the images of the two telescopes in the stereo trigger
region is larger in case of high energy particles, while it is smaller for low energy
particles. The threshold at which this effect becomes critical is 200 GeV.

Since the path of a source in the night sky (Zd-Az-position) and the positions of
the telescopes are constants, the presented study on the Crab nebula and Mrk 421
~-rates is valid for all observations of that sources in the studied Zd-range from
culmination to 30° and the corresponding Zd-Az-positions. For the Crab nebula,
only equal amount of data taken in wobble 1 and wobble 2 guarantees a correct flux
estimation below 200 GeV: In that case, the effects demonstrated above cancel out.
For Mrk 421 even an unequal number of data taken in the two wobble positions
does not lead to wrongly estimated fluxes. This is an important information on
calculating differential spectra on short timescales as in this thesis.

7.6 Test on background calculation in different posi-
tions

To study the influence of one or more background positions to estimate the back-
ground flux for energies below 200 GeV, the following test was performed: A
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Figure 7.5: CoG distribution of all triggered events for Off dataset 17/11/2009 and 19/11/2009
(78 min total effective observation time, E > 50 GeV, no Hadronness- and 0*-cut). The fake
source, declared at +4° in declination from the camera centre, is marked by black stars.

Hadronness-  fake source /  fake source /  fake source /  fake source /

cut 1 background 3 background 1 background 3 background
normalised normalised
0.1 1.32 1.28 0.97 1.13
0.2 1.20 1.18 0.91 1.04
0.5 1.18 1.11 0.94 0.99
1 1.24 1.14 1.09 1.07

Table 7.3: Signal ratio of fake source and different background positions under varying
Hadronness-cuts for events with E < 200 GeV.

dataset without a dedicated y-source was chosen! and a “fake” source position
was declared at +4° in declination from the camera centre (see fig. 7.5). The
chosen dataset was taken on 17/11/2009 and 19/11/2009 and provides 1.3 h of
data. In fig. 7.6, the 2 distribution of the fake source and 3 different background
positions (90°, 180° and 270° with respect to the fake source position) under vary-
ing Hadronness-cuts is presented for events with energies below 200 GeV. The
distributions are not congruent with each other, which is clearly demonstrating
the presence of the trigger inhomogeneity. Collecting the events in the #?-range
0 — 0.04 for each position holds the numbers listed in tab. 7.3. Shown is the ra-

!These datasets are called “Off’-data and are meant to be used for the analysis of so-called
“On”-analysis data, where the source is located at the camera centre, i.e. where signal and back-
ground estimation are made from different datasets.
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Figure 7.6: 02 distribution of the fake source and 3 different background positions (90°, 180°
and 270° with respect to the fake source position) under varying Hadronness-cuts for events with
E < 200 GeV. The distributions are not congruent with each other, demonstrating the trigger

inhomogeneity.
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Hadronness- o o
cut fake source /  fake source /

1 background 3 background

normalised normalised
0.1 -0.22 +1.19
0.2 +1.22 +0.59
0.5 +1.42 -0.14
1 4.27 4.30

Table 7.4: Fake detection risk for different background positions under varying Hadronness-cuts
for events with E < 200 GeV. A signal generated by the trigger inhomogeneity effect is called
fake signal. The significance o is calculated following eq. 17 in [Lia83|. In general, the threshold
for a signal detection is 5 o.

tio between the signal of the fake source and the antisource background position
(fake source/1 background) and the ratio of the fake source and the 3 background
positions (fake source/3 background) under varying Hadronness for events with
an energy below 200 GeV. The effect of the trigger inhomogeneity results in an
excessive increase of the fake source signal by up to 32 % for a Hadronness-cut of
0.1. This effect can be corrected by normalising the background distribution in the
6%-range 0.1 — 0.5 with respect to the fake source distribution, the resulting num-
bers are also listed in tab. 7.3. In this way, the effect can be reduced to max. 13 %
for a Hadronness-cut of 0.1. This means that signal to background ratios at the
order of 10 % might be produced by the trigger inhomogeneity effect.

The important question in this context is about the risk to generate a signal
just by the trigger inhomogeneity effect. Such a signal (in absence of a real signal
originated by a «-ray source) is called fake signal, and the significance of a suchlike
signal is called fake signal risk. Tab. 7.4 lists the fake signal risk for events with
energies below 200 GeV of the above introduced dataset. The significance o is
calculated following eq. 17 in [Lia83]. Since the threshold for a signal detection
generally is 5 o, one can conclude that there is no fake detection risk for reasonable
Hadronness-cuts well below 1.

7.7 Conclusion

From the above described studies the following conclusions can be drawn:

1. Depending on the Zd-Az-position of an observation, the y-rates may differ
significantly for two different wobble positions. This holds for events with
energies £ < 200 GeV. Combining exactly the same amount of data from the
two wobble positions provides a compensation for this effect. In the case of
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Mrk 421, the geometrical condition of the observations prevents in general
from the effect of trigger inhomogeneity.

. The overall scale of the #? distribution varies with different background po-

sitions up to ~ 30 % for E < 200 GeV. A correction by normalising with
respect to the source distribution reduces this effect to ~ 10 %.

. There is no fake signal risk as long the signal to background ratio is well

above 10 % and a reasonable Hadronness-cut well below 1 is applied. In
other words: The systematic flux error for energies below 200 GeV is 10 %
of the background rate.



Chapter 8

Reference analysis of the Crab
nebula

In this chapter, the reference analysis of the Crab nebula — the “standard candle”
for IACT — is presented. Such a reference analysis allows to test the analysis chain
and to verify the applied signal cuts.

8.1 Crab nebula

The Crab nebula is a remnant of a supernova, which took place in the year 1054 at
a distance of ~ 2 kpc [Col99]. Its central object is a neutron star with a rotation
frequency of & 30 Hz (the Crab pulsar). The Crab nebula is one of the best studied
non-thermal objects in the night sky, with observations ranging from radio band
(10 eV) to y-rays (= 10'* &V) [Alb08a).

Particles accelerated in the pulsar are considered to build up a particle wind
moving away from the acceleration region. This acceleration region might be lo-
cated either near the polar caps of the pulsar (polar cap model, [Stu71, Rud75|) or
in the outer regions of the magnetosphere (outer gap model, [Che86, Chi92]). On
its way through the ambient medium, the particle wind sweeps up interstellar ma-
terial until a critical mass is reached and a termination shock is formed. Here, the
wind ram pressure balances the total pressure of the nebula. The wind particles
are additionally accelerated in the shock and subsequently loose their energy by
synchrotron emission [Alb08a]. This synchrotron radiation is dominating the spec-
trum of the Crab nebula in the radio to X-ray wavebands. The same population of
accelerated particles (electrons and positrons) is considered to be responsible for
the y-ray emission by inverse Compton (IC) scattering of soft photons. In the syn-
chrotron self-Compton model (SSC, see sec. 3.1.3), the synchrotron radiation serves
as soft photon field for the upscattering. But also other photon fields are believed
to contribute to the inverse Compton scattering, such as the cosmic microwave
background or far-infrared excess' [Aha04b]. Additionally, it is believed that also

!The far-infrared excess describes the excess of infrared radiation compared to normal black-
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Figure 8.1: Spectral energy distribution (SED) of the Crab nebula from LE to VHE y-rays.
The MAGIC data are monoscopic data from [Alb08a]. The synchrotron component was fitted
using the COMPTEL and Fermi LAT data (green line). Predictions of the inverse Compton
spectra are overlaid for assuming a synchrotron self-Compton (SSC) model and three different
values of the mean magnetic field: 100 G (dashed red line), 200 uG (dashed green line) and
300 pG (dashed blue line) [Ato96]. From [Abd10b].

the hadronic component of the wind contributes to the VHE ~-ray emission at TeV
energies and beyond due to decaying 7 [Ato96, Bed97a, Bed03].

The Crab nebula, detected in 1989 as the first VHE ~-ray source [Wee89],
shows a strong and stable emission of VHE ~-ray photons. Therefore, it became
the reference source for all observations using the IACT technique. Fig. 8.1 shows
the spectral energy distribution (SED) of the Crab nebula from LE to VHE 7-rays.
Clearly, the two components of the considered synchrotron and inverse Compton
emission can be seen. Assuming a SSC model (see sec. 3.1.3), the IC component
can be modelled as a function of the mean magnetic field.

8.2 Data sample

The data for this reference analysis were taken in November 2009 and January 2010.
After applying quality selections (see sec. 6.4), data from 7 nights with a total
observation time of 452 min (& 7.5 h) were analysed. The zenith angle ranged
from 6° to 30°.

body radiation. It is mainly due to circumstellar dust, which is absorbing optical radiation,
heating up and re-emitting in the infrared waveband.
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Figure 8.2: 6? distribution of signal- (blue points) and background-events (grey points) of
the Crab nebula dataset 11/11/2009 — 11/01/2010 for event energies above 200 GeV. The total
effective observation time is 452 min, the significance of the signal is 56.9 o.

8.3 Results

8.3.1 Total signal

Fig. 8.2 shows the #? distribution of signal- and background-events for energies
above 200 GeV. The applied cuts are listed in app. B.1. In the signal region
(62 = 0 —0.02 deg?) 4066 events are counted. With the fitted background events
of (479 £ 21.9), this leads to an excess of (3587 + 21.9) events and to a signal of
significance 56.9 o (according to eq. 17 from [Lia83]). The corresponding ~y-rate is
(7.94 £ 0.05) min~!, the corresponding background rate is (1.05 £ 0.05) min~".
The sensitivity is (0.95 £ 0.03) % of the Crab nebula flux in 50 hours at 5 o level,
i.e. a source emitting a flux of 0.95 % of the Crab nebula flux is detected with 5 o
significance after 50 hours of observation.

8.3.2 Flux stability

Fig. 8.3 shows the integrated flux above 200 GeV for each observation night. The
applied cuts are listed in app. B.2. The mean value and its statistic error range
are also shown ((2.36 +0.04) cm~2 s71). The reference value of the Crab nebula
flux and its statistic error range are obtained from integrating the differential
flux function from MAGIC-I [AlbO8a| for energies above 200 GeV. The mean flux
value from this analysis agrees with the reference value within error ranges. The
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Figure 8.3: Integrated flux (lightcurve) for energies above 200 GeV of the Crab nebula dataset
11/11/2009 — 11/01/2010, total effective observation time 452 min. Shown are daily measure-
ments of the Crab flux (blue points), the mean value and its statistic error range (blue dashed
line and light-blue area). The reference Crab flux and its statistic error range (grey dashed line
and light-grey area) are obtained from integrating the differential flux function from MAGIC-I
[Alb08a| for energies above 200 GeV.
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Date Niignal Nigd tobs F(E >200 GeV) o
[min]  [1071%cm 257!
11/11/2009 308 43 £+ 6.6 35 2.10 £ 0.15 15.0
13/11/2009 394 46 £+ 6.8 44 249 £ 0.15 17.8
14/11/2009 812 76 + 8.7 82 2.57 £ 0.10 26.7
15/11/2009 513 75 + 8.7 59 2.31 £0.13 19.1
16/11/2009 618 72+ 85 78 2.12 £ 0.10 22.2
19/11/2009 227 27 £ 5.2 24 2.40 £+ 0.19 13.4
11/01/2010 1194 140 £ 11.8 130 2.36 £ 0.08 30.9
Total 4066 479 £ 21.9 452 2.36 £ 0.04 56.9
MAGIC-I
reference - - - 2.19J_r8:%§ -

Table 8.1: Integrated flux (lightcurve) values (E > 200 GeV) for each observation night of the
Crab nebula dataset 11/11/2009 — 11/01/2010. Ngignar and Npga denote the number of events
in the signal and background region (fitted) respectively, tons denotes the observation time. The
Crab reference flux and its statistic error range are obtained from integrating the differential flux
function from MAGIC-I [Alb08a| for energies above 200 GeV.

dedicated numbers for each observation night are listed in tab. 8.1.

8.3.3 Spectral energy distribution (SED)

Fig. 8.4 shows the results of the differential flux analysis (spectral energy distri-
bution, SED) in the energy range 50 GeV to 8 TeV for three different unfolding
methods (see sec. 6.10): Bertero, Schmelling and Tikhonov method. The applied
cuts are listed in app. B.2 and the corresponding values for each energy bin are
listed in app. C.1. The shown SED can be fitted with a simple power law, a power
law with exponential cutoff and a curved power law:

dF EN\”

Simple power law: E2d—E = E%fy <?> (8.1)
dF EN\“

Cutoff power law: E2d—E = FE%f, <?> e~ E/Eo (8.2)
dF E a+blogo(E/r)

Curved power law: EQE = F*f, <?> . (8.3)

The results of the fits are shown in tab. 8.2. The three unfolding methods agree
within their error ranges and confirm consistency. For further analysis in this
thesis, the Tikhonov method will be used. While the fits with a curved power law
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Figure 8.4: Spectral energy distribution (SED) of the Crab nebula dataset

11/11/2009 — 11/01/2010 in the energy range 50 GeV to 8 TeV. Shown are the results of
three different unfolding methods: Bertero (green points), Schmelling (red points) and Tikhonov
method (blue points). The three methods agree within error ranges for each data point.
Additionally, a curved power law is fitted to the data (solid lines in corresponding colours, fit
values see tab. 8.2).

and a power law with exponential cutoff result in acceptable values of y?/NDF
(NDF = number degrees of freedom), the simple power law has much higher values
of x?/NDF. Therefore, the curved and the cutoff power law are favoured for fitting
the SED. Since the curved power law fit gives the best value of x2/NDF, it is used
for further analysis of this datasample and additionally shown in fig. 8.4 for each
unfolding method.

Fig. 8.5 shows the current analysis of the Crab nebula unfolded with the
Tikhonov method and fitted with the curved power law in comparison with pre-
vious measurements of IACT: HEGRA [Aha04b|, H.E.S.S. [Aha06] and MAGIC-I
[Alb08a]. In the low energy region (50 GeV < E < 600 GeV), the current analysis
agrees well with the MAGIC-I measurement, while it follows the measurement of
the H.E.S.S. telescopes in the high energy region (600 GeV < E < 8 TeV). The
resulting curvature seems to be smaller than measured with MAGIC-I, however
the effective spectral slope is still within the statistical error (see tab. 8.2). This
effect is also reported by other analyses of MAGIC stereoscopic observations of the
Crab nebula [Carll, Zanll]. It is commonly accepted within the MAGIC collab-
oration that the improved sensitivity of the stereoscopic system is responsible for
this effect.
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Figure 8.5: Crab nebula SED of the current analysis (blue points and blue solid line, unfolded
with the Tikhonov method and fitted with a curved power law) in comparison with previous
TACT measurements. The resulting curvature seems to be smaller than measured with MAGIC-I,
which is also reported by other analyses of MAGIC stereoscopic observations of the Crab nebula
[Carll, Zanl1l]. It is commonly accepted within the MAGIC collaboration that the improved
sensitivity of the stereoscopic system is responsible for this effect.

8.4 Conclusion

The shown analysis of the Crab nebula gives results in good agreement with the
reference values of previous measurements. Therefore, the integral (lightcurve)
and differential (SED) flux analysis can be stated as confirmed and the used set of
signal cuts (see app. B) can be applied to the analysis of Markarian (Mrk) 421. Ad-
ditionally, the three unfolding methods Bertero, Schmelling and Tikhonov showed
comparable results. The Tikhonov method is chosen to be applied to the further
analysis.
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Unfolding Simple power law
method E2§—§ = E2%f, (%)a
fo r a - x%/NDF
[10719 TeV! em™? 1] [GeV]

Bertero 5.51 £ 0.09 300 -2.33 £ 0.02 - 23.87/9
Schmelling 5.48 £ 0.06 300 -2.33 £ 0.02 - 23.53/9
Tikhonov 5.41 £ 0.09 300  -2.35 £ 0.02 - 23.56/9

Cutoff power law
B24E g2y, (%)O‘ e—E/Eo
fo r a Ey x%/NDF
[10719 TeV! em™? s [GeV] [TeV]

Bertero 5.88 £ 0.16 300  -2.24+0.03 748 £272 13.74/8
Schmelling 5.87 £ 0.16 300 -2.24+0.03 735+ 265 13.34/8
Tikhonov 5.88 £ 0.17 300  -2.24+0.03 7.07+218  8.44/8

Curved power law
E23_§ — E%f, <§>a+b10g10(E/r)
fo r a b x%/NDF
[10719 TeV! em™? s [GeV]

Bertero 5.77 £ 0.12 300  -2.28 +£0.02 -0.13+0.04 11.07/8
Schmelling 5.75 £ 0.11 300 -2.29+0.02 -0.12 +0.04 11.47/8
Tikhonov 5.82 £ 0.14 300 -2.28 +£0.02 -0.154+0.04 6.69/8
MAGIC-I
reference 6.0 £ 0.2 300 -2.31 £0.06 -0.26 £ 0.07 -

Table 8.2: SED fit results of the Crab nebula dataset 11/11/2009 — 11/01/2010 for three differ-
ent unfolding methods (Bertero, Schmelling and Tikhonov) and simple power law, cutoff power
law and curved power law fit. Additionally, the fit for the MAGIC-I measurement (curved power
law, [AlbO8al) is shown.



Chapter 9

Analysis of MAGIC Mrk 421
observations January 2010

In this chapter, the analysis of the Markarian (Mrk) 421 dataset January 2010 is
presented. These measurements mark the first stereoscopic observations of Mrk 421
with the MAGIC telescopes during high source activity and form the basis of this
thesis.

9.1 Motivation: Markarian 421

Markarian! (Mrk) 421, located at RA 11:04:27 and DEC +38.21, is a high-
frequency BL Lac (HBL) object and one of the brightest sources in the VHE
~v-ray sky. It is detected and studied at basically all wavelengths of the electro-
magnetic spectrum. With a redshift of z = 0.031 (which corresponds to a distance
of ~ 500 million lightyears), it is the closest known and one of the best explored
VHE ~v-ray emitting blazars.

In 1992, Mrk 421 was the first extragalactic source detected in the VHE regime
[Pun92|. The wide-range SED of Mrk 421 shows the characteristic two-component
structure of blazars. The first component extends from radio to X-rays with a peak
in the soft to medium X-ray range, the second component extends up to the GeV
to TeV energies with a peak around 100 GeV [Fos08]. The currently most complete
SED was measured during a multiwavelength campaign in 2009 [Abd11b| and is
shown in fig. 9.1.

The first SED component is thought to arise from synchrotron radiation of
high-energy electrons, while the origin of the second component is still uncer-

'The name Markarian originates from one of the first optical colour surveys on AGN, per-
formed by Benjamin Markarian in 1981 [Mar81]. Because of their broadband continuum emission,
AGN show different spectral shapes than ordinary stars or galaxies. Therefore, the ratios of the
fluxes in different bands (“colour”) distinguishes between AGN and other objects. In the Markar-
ian survey, &~ 1500 objects with characteristic UV emission were listed as AGN, the position in
this catalogue specifying the name of the object.
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Figure 9.1: Averaged spectral energy distribution of Mrk 421 from a multifrequency campaign in
2009 (19/01,/2009 — 01/06,/2009), measured by the denoted instruments. The characteristic two
component structure for blazars is clearly visible. This measurement marks the most complete
SED ever collected for Mrk 421 or for any other BL Lac object. From [Abd11b].
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tain. Possible scenarios include inverse Compton scattering of synchrotron (syn-
chrotron self-Compton scenario (SSC), see sec. 3.1.3) or ambient photons (ex-
ternal Compton scenario (EC), see sec. 3.1.4) off a single electron population,
accounting for the similarities in the spectral shape of the two SED compo-
nents [Der92b, Fos08, Mar92, Mas97, Tav98, Sik94]. Alternative scenarios include
hadronic components, in which high-energy protons produce the v-ray emission ei-
ther directly by synchrotron radiation (proton-synchrotron scenario) or indirectly
by synchrotron radiation from secondary electrons produced in cascades induced
by interactions of the high-energy protons with ambient photons (proton induced
cascade scenario, PIC), see sec. 3.1.5 [Boe04, Mue03|.

Additionally, flux variations by more than one order of magnitude [Fos08] and
occasional flux doubling times as short as 15 min have been observed [Alel0].
Several groups reported variations in the hardness of the VHE ~-ray spectrum
during flares and that the high-energy peak can move to higher energies in such
phases [Aha0O5c, Fos08, Kre02]. Mutifrequency observations also showed hints for
a correlation between the X-ray and v-ray fluxes [Bla05, Fos08, Hor09, Kat03].
Since hadronic scenarios generally do not include intrinsic explanations for this
correlated variability [Fos08], the leptonic scenarios, primarily the SSC scenario,
are most favoured to explain the emission of Mrk 421. Some datasets require
modifications of these simple models, for instance multiple SSC components or
additional external seed photons, to successfully model the SED [Bla05, Fos08].

While the measurements in the radio, optical/UV and X-ray regime have al-
ready been performed with high sensitivity on short timescales in the past, the
measurements in the v-ray regime required averaging of particularly long time pe-
riods to achieve acceptable precision for spectral studies. For instance, the VHE
~-ray measurement by MAGIC for the SED shown in fig. 9.1 averages over 27.7
hours of effective observation time, spanned over &~ 4.5 months [Abd11b]. With the
beginning of scientific operation of the MAGIC stereoscopic system in late 2009, an
improved quality in short time measurements also in the VHE ~-ray regime could
be achieved. In the following sections, the first MAGIC stereoscopic observations
of Markarian 421 during high source activity are analysed. The new sensitivity due
to the stereoscopic observation mode makes this data set particularly valuable and
important. It will allow unprecedented insight into emission mechanisms, since
with this data set also the high energy SED component is sufficiently covered on
short timescales.

9.2 Data sample and quality selections

In January 2010, Mrk 421 was observed on 16 nights from 08/01/2010 to
26/01/2010. These data were taken within the monitoring program of Mrk 421,
which foresees nearly daily observations with short duration (typically 15—20 min).
These observations were extended up to ~ 2 h on days with extraordinary high
flux states (flares).
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Figure 9.2: Application of direct current (DC) cut of 1500 nA exemplarily shown on 26,/01/2010
data of Mrk 421 (left) and on 20/09/2010 data of the Crab nebula used for the twilight test.
Shown is the mean DC value for each subrun of MAGIC-II. At the beginning of the two datasets,
observation conditions were “dark night” with the typical mean DC value of 500 — 700 nA for the
night sky background (NSB). The transition from dark night to twilight by the rising sun can
clearly be identified by the steep rise of the DC value at the end of the datasets.

For this thesis, also data taken during twilight condition were used. Present
twilight (rising or setting sun) or moonlight leads to a general rise in the direct
current (DC) of all camera photo multiplier tubes (PMT). This results in a de-
creased power of v-ray event detection and allows a satisfactory operation of the
telescope only during dark conditions. A cut in the mean DC value of all PMT was
used to separate dark from bright observation conditions. In [Bri09] it is studied,
up to which DC threshold an observation condition can be treated as dark and
delivers sufficient results. The conclusion is that data with a mean DC value up to
2.5 times of the night sky background (NSB) value can be treated as dark. Since
the NSB leads to a mean DC value of =~ 500— 700 nA in the absence of twilight and
moonlight, the threshold for separating dark from bright conditions in this thesis
was set to 1500 nA. The cut was applied to the data by calculating the mean DC
value for each subrun and subruns with a mean DC higher than 1500 nA were
rejected.

Fig. 9.2 (left) shows exemplarily the application of the DC-cut to the dataset of
Mrk 421 from 26/01/2010, a typical day of monitoring observation (20 min) during
twilight. At the beginning of the dataset, observation conditions were “dark night”
with the typical mean DC value of 500 — 700 nA for the NSB. The transition from
dark night to twilight by the rising sun can clearly be seen by the steep rise of the
DC value at the end of the dataset.

In order to judge on the quality of these twilight monitoring data, a test on data
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Test sample Reference value [Alb08a]
Integral flux E>200 GeV
[ph em™2 571 (2.02+0.24) - 1071 (2.11 +0.14 — 0.13) - 10719
Differential flux fit fo-(E/r)~® fo-(E/r)=®
fo [ph em=2 s7t TeV~1]  (2.89 £0.70) - 10~ (2.88 £0.10) - 10~
r [TeV] 1 1
« 2.51+0.24 2.48 £0.03

Table 9.1: Results of the Crab nebula twilight test (20/09/2010). The total effective observation
time is 16 min, the significance of the signal is 9.4 . Due to reduced statistics, a simple power
law was chosen for fitting the differential flux (spectrum). The reference Crab flux and its
statistic error range are obtained from integrating the corresponding differential flux function
(simple power law) from MAGIC-I [Alb08a] for energies above 200 GeV. The results agree with
the reference values and confirm the applicability of short twilight observations for monitoring
purpose (typical duration 15 — 20 min).

of the Crab nebula with the same conditions was performed (a detailed reference
analysis of the Crab nebula including an introduction to the source is presented in
chapter 8). Fig. 9.2 (right) shows the chosen test data from 20/09,/2010. For the
test, the DC-cut of 1500 nA was applied in addition to a time cut, which extracted
only the subruns including the rising part of the mean DC value. In this way,
it was possible to judge exactly on that part of the data, which was affected by
twilight condition. 16 min of data remained for the test, which is of the same order
as the typical monitoring data. The results for this dataset are given in tab. 9.1,
the significance of the signal is 9.4 o. Due to reduced statistics, a simple power
law was chosen for fitting the differential flux (spectrum)?. The reference Crab
flux and its statistic error range are obtained from integrating the corresponding
differential flux function (simple power law) from MAGIC-I [AlbO8a| for energies
above 200 GeV. The results agree well with the reference values and allow to draw
the following conclusion: Twilight data of the timescale 15 — 20 min (monitoring
timescale) in combination with a DC-cut of 1500 nA are applicable for reasonable
results.

After applying the described DC selection in combination with the general qual-
ity selection discussed in sec. 6.4, data from all nights (08/01/2010 — 26,/01,/2010)
were analysed, giving a total observation time of ~ 12 h. The observation time
before and after quality selection for each observation day and each telescope is
listed in tab. 9.2. The mean Ratejgy values of the accepted data is also listed. The
zenith angle of the accepted data ranges from 8° to 39°.

2For data samples with higher statistics, a curved power law is favoured, see chapter 8.
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MAGIC-1 MAGIC-II MAGIC-1 MAGIC-II

Date Ty T, T Ty Mean Rateigg Mean Ratejgg ZA

[min| [min| [min| [min] [Hz] [Hz| [°]
08/01/2010 185 37 185 133 62.9 £ 0.7 57.7 £ 0.3 20-30
11/01/2010 112 109 112 105 81.6 £ 0.5 74.8 £ 0.2 9-27
12/01/2010 19 19 19 19 81.4 +£ 0.5 77.0 £0.2 16-20
13/01/2010 38 38 38 33 79.6 £ 0.7 771 £ 0.7 17-29
14/01/2010 163 161 159 157 84.9 + 0.4 80.3 + 0.3 8-29
15/01/2010 89 67 89 69 81.3 £ 1.0 76.3 £ 0.6 15-30
16/01/2010 30 18 30 19 81.3 £ 2.1 78.0 £ 1.3 18-31
18/01/2010 22 11 22 11 62.9 + 3.1 59.8 £ 1.5 26-29
19/01/2010 38 25 38 22 61.4 + 2.6 60.1 £ 14 25-34
20/01/2010 178 157 178 171 85.2 + 0.5 92.5 + 0.3 7-30
21/01/2010 33 27 33 29 80.5 + 2.1 7T £ 1.1 21-35
22/01/2010 12 12 12 11 66.9 £ 1.7 67.8 £ 1.2 33-36
23/01/2010 30 20 31 20 80.8 £ 1.9 79.9 £ 1.2 18-23
24/01/2010 39 27 39 32 75.7+£13 73.7 £ 0.6 26-37
25/01/2010 120 113 110 106 80.3 £ 0.5 87.6 £ 0.5 16-38
26/01/2010 20 15 19 15 689 £ 1.5 66.1 = 0.6 36-39

Table 9.2: Quality selection for Mrk 421 January 2010 data. The observation time before (T)
and after quality cuts (7a) is listed for each observation day and each telescope. Also the mean
Rateioo for each telescope and the zenith angle (ZA) range of the accepted data is listed.
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Figure 9.3: Integrated flux (lightcurve) for energies above 200 GeV of the Mrk 421 dataset
08/01/2010 — 26/01/2010. Shown are daily measurements of the Mrk 421 flux (blue points) and
the Crab flux level (red dashed line, obtained from integrating the differential flux function from
MAGIC-I [Alb0O8a] for energies above 200 GeV). To guide the eye, the daily measurements are
connected with a line. Two distinct flares were observed on 14-15/01/2010 and 20/01/2010.
These flares are denoted as analysis period F1 and F2 (“F” stands for flare), while the periods
before, in between and after the flares are denoted as P1, P2 and P3 (“P” stands for pre-/post-
flare).

9.3 Integral flux (lightcurve)

Fig. 9.3 shows the integrated flux above 200 GeV for each observation night. The
applied cuts are listed in app. B.2. The dedicated numbers for each observation
night are listed in tab. 9.3. Total effective observation time after dead time cor-
rection is 722 min.

Two distinct flares were observed on 14-15/01/2010 and 20/01/2010, reaching
a flux level of 2.7 c.u.? and 2.6 c.u. respectively. The periods immediately before
and after the flares show comparatively low flux levels (= 0.5 — 1.5 c.u.), which is
making the flares prominent and good candidates for studying the flare production
mechanisms. In the further analysis, the flares are denoted as analysis period F1
and F2 (“F” stands for flare), while the periods before, in between and after the
flares are combining several days and are denoted as P1, P2 and P3 (“P” stands for

A Crab unit (cu.) is marking the flux state of the Crab nebula above 200 GeV
(2197015 107" em ™2 s71)
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Date Period  Ngignal Nigd tobs F(E >200 GeV) cu. o
[min]  [1071%cm™2s7!]
08/01/2010 - 637 32 £ 5.7 33 4.70 £+ 0.20 2.1 259
11/01/2010 - 1666 102 4+ 10.1 89 5.12 £ 0.14 2.3 409
12/01/2010 P1 229 12 + 3.5 17 3.69 £ 0.26 1.7 155
13/01/2010 P1 359 33 £ 5.7 29 3.02 £+ 0.18 1.4 17.8
14/01/2010 F1 2935 161 &£ 12.7 138 5.86 £+ 0.12 2.7 55.0
15/01/2010 Fla 1106 68 £+ 8.2 56 4.79 £+ 0.16 2.2 333
16/01/2010 P2 164 22 + 4.7 15 2.40 £ 0.23 1.1 11.1
18/01/2010 P2 55 10 + 3.2 10 1.16 £ 0.21 0.5 59
19/01/2010 P2 262 18 + 4.2 18 3.25 £+ 0.22 1.5 16.0
20/01,/2010 F2 3008 172 + 13.1 137 5.60 £ 0.11 2.6 554
21/01/2010 P3 349 30 £ 5.5 24 3.35 £ 0.20 1.5 17.8
22/01/2010 P3 108 94+ 3.0 10 2.13 £ 0.23 1.0 9.9
23/01/2010 P3 143 17+ 4.1 17 2.03 £+ 0.20 0.9 10.7
24/01/2010 P3 399 48 + 6.9 24 3.35 £ 0.20 1.5 17.7
25/01/2010 - 1216 135 4+ 11.6 91 2.95 4+ 0.10 1.3 315
26/01,/2010 - 226 34+ 5.8 14 2.86 4+ 0.24 1.3 12.6

Table 9.3: Integrated flux (lightcurve) values (E > 200 GeV) for each observation night of
the Mrk 421 dataset 08/01/2010 — 26/01/2010. Ngigna and Npga denote the number of events
in the signal and background region (fitted), respectively, tobs denotes the effective observation
time after dead time correction and c.u. the flux in Crab units. Each observation night shows a
significant detection (o > 5). The affiliation with the analysis periods (flare (F) or pre-/post-flare
(P)) is also listed.
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pre-/post-flare). Since the F1 flare lasts two days (14/01/2010 and 15/01/2010)
and each day having sufficient data for an individual analysis, the F1 flare is divided
into two parts: The main flare on 14/01/2010 (F1, 138 min effective observation
time) and the decreasing part of the flare on 15/01/2010 (Fla, 56 min). The flare
on 20/01/2010 comprises an effective observation time of 137 min, the combined
periods P1, P2 and P3 comprise 46 min (P1), 43 min (P2) and 75 min (P3).

9.4 Intranight variability

Fig. 9.4 shows the lightcurves for energies above 200 GeV of the extended obser-
vations on 14/01/2010 (F1), 15/01/2010 (Fla) and 20/01/2010 (F2) in a 10 min
binning.

The data points were fitted with a constant function (mean value, see
tab. 9.3). A x2-test of that function for each observation night resulted in
x%/NDF = 26.02/17 for F1, x?/NDF = 12.29/6 for Fla and yx?/NDF = 23.02/15
for F2, with NDF the degrees of freedom. The probability for the data points to
be distributed uniformly around the mean value is 7.4 % for F1, 5.6 % for Fla
and 8.4 % for F2. Thus, the constant function can not be rejected as fit and
an intranight variability can not be claimed. Since variability is only seen be-
tween the observation days, a conservative estimation on the variability timescale
is tyar = 1 day.
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Figure 9.4: Intranight lightcurves for energies above 200 GeV of Mrk 421 14/01/2010 (F1),
15/01/2010 (Fla) and 20/01/2010 (F2) observations. Shown is the 10 min binned measurement
of the Mrk 421 flux (blue points), the mean flux (grey dashed line) and the Crab flux level (red
dashed line). To guide the eye, the measurements are connected with a line.
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9.5 Spectral energy distribution (SED)

Figs. 9.5 and 9.6 show the results of the differential flux analysis (spectral energy
distribution, SED) of the Mrk 421 flares F1 and F2 and their adjacent analysis
periods (Tikhonov unfolding, see sec. 6.10 and 8.3.3). The SEDs of periods P1,
F1, Fla, P2 and P3 range from 80 GeV to 5 TeV, the SED of period F2 extends
to 8 TeV. The applied cuts are listed in app. B.2 and the corresponding values for
each energy bin are listed in app. C.2.

The SEDs of the flare periods F1 and Fla contain a higher flux than the SEDs
of analysis periods P1 and P2, corresponding to the results from the integral flux
analysis. The time development of the SEDs can be followed via the colour coded
points in fig. 9.5: First the pre-flare period P1, then the flare F1, then — one day
later — the second flare measurement Fla and at the end the post-flare period P2.

The SED of flare period F2 contains a higher flux than the SEDs of analysis
periods P2 and P3 (see fig. 9.6). The time development can also be followed: First
the pre-flare period P2, then the flare F2 and at the end the post-flare period P3.

The shown data points can be fitted with a curved power law and a power law
with exponential cutoff (see eq. 8.1). The corresponding fit values are listed in
tab. 9.4. The goodness of the curved power law fit (x?/NDF = 3.26/6 — 5.27/6
and x2/NDF = 2.95/7, respectively) is slightly better than the goodness of the
power law with cutoff fit (x?/NDF = 3.63/6 — 7.29/6 and x?/NDF = 7.97/7, re-
spectively). Thus, the curved power law fit is shown in figs. 9.5 and 9.6 for each
analysis period.

A simple power law fit of the form E?(dF/dE) = E? fo (E/r)® is excluded
for flare F1 and flare F2 with high probability (x?/NDF = 63.89/7 (F1) and
x2/NDF = 115.78/8 (F2)). This demonstrates that the VHE ~-ray spectra of the
flares show a very clear curvature. Due to the low energy threshold and high
sensitivity of the MAGIC stereoscopic system, the precision of this curvature mea-
surement (parameter b in the curved power law fit) is improved by a factor of 3
compared to preceding works on comparable timescales (e.g. [Alel1b]). Also the
other periods show comparatively high x?/NDF values for a simple power law fit
(11.14/7 for P1, 15.81/7 for Fla, 6.74/7 for P2 and 14.81/7 for P3).

9.6 Apparent two-peak structure in periods P1, Fla
and P2

The SEDs of the observation periods P1, Fla and P2 show a hint for a two-peak
structure (see figs. 9.5 and 9.6). This three periods have in common that each of
them is comprised of single, separated observations with small effective observation
times of ~ 10 — 20 min (period Fla consists of two discontinuous observations
taken on one day, see fig. 9.4). To reach an effective observation time of the order
of 1 hour, these single observations had to be combined (an individual view of
each single observation did not lead to satisfactory results). Spectral features of



92 Chapter 9. Analysis MAGIC Mrk 421 January 2010

—— Pre-flare (P1)
B — Flare (F1)

—— Flare (F1a)
—— Post-flare (P2)

E(dF/dE) [TeV cm? s™]
S

it

/1

10"

3
10? 10 E [GeV]

Figure 9.5: Spectral energy distribution (SED) of the Mrk 421 flare period F1 (blue points) and
its adjacent analysis periods P1 (grey points), Fla (red points) and P2 (green points) (Tikhonov
unfolding). A curved power law is fitted to the data (solid lines in corresponding colours, fit

values see tab. 9.4).
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Figure 9.6: SED of the Mrk 421 flare period F2 (blue points) and its adjacent analysis periods
P2 (green points) and P3 (red points) (Tikhonov unfolding). A curved power law is fitted to the
data (solid lines in corresponding colours, fit values see tab. 9.4).
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Period Cutoff power law
B2 — g2y, (%)aefE/Eo
fo r e Ey x2/NDF
[10710 Tev! em™2 57! [GeV] [TeV]
P1 9.58 + 1.19 300 -2.144+£0.13 2.11 £1.21 6.39/6
F1 15.81 + 0.57 300 -1.87+0.05 216 +0.36  5.56/6
Fla 11.98 £ 0.54 300 -2.024+0.06 4.69 + 1.88 7.29/6
P2 6.98 + 0.64 300 -2.06 +0.13 3.60 +£2.52  3.93/6
F2 15.14 £+ 0.51 300 -1.77 £0.05 2.13 +£0.31 7.97/7
P3 8.42 £+ 0.63 300 -1.76 £0.11 1.59 £ 0.43 3.63/6
Curved power law
pE _ gy, (%>a+blog10(E/r)
fo r a b x%/NDF
[10719 TeV! em™? 571 [GeV]

P1 8.76 £+ 0.49 300 -2.294+0.06 -0.384+0.15  3.26/6
F1 14.29 £+ 0.29 300 -2.03 +0.03 -0.354+0.05 4.57/6
Fla 11.66 £+ 0.36 300 -2.08 +0.04 -0.21 +£0.07 5.27/6
P2 6.60 £+ 0.33 300 -2.154+0.08 -0.224+0.14 3.67/6
F2 13.99 £+ 0.25 300 -1.91 +0.03 -0.43 +0.05 2.95/7
P3 7.31 +0.28 300 -1.94 +0.07 -0.50 +£0.12  3.64/6

Table 9.4: SED fit results of the Mrk 421 analysis periods for cutoff power law and curved

power law fit.
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the single observations, introduced by source effects or statistical fluctuations, may
therefore manifest as multi-peak structures in the SEDs, particularly if none of the
single observations dominates the combined dataset.

The x?-test of the shown curved power law fit to the P1, Fla and P2
SEDs resulted in x2/NDF = 3.26/6 for P1, x?/NDF =5.27/6 for Fla and
x2/NDF = 3.67/6 for P2 (see tab. 9.4). The probability for the data points to
be distributed uniformly around the curved power law function is 77.6 % for P1,
51.0 % for Fla and 72.1 % for P2. Thus, the curved power law function can not
be rejected as fit. The probability for the data points to be distributed uniformly
around the cutoff power law fit is 38.1 % for P1 (x?/NDF = 6.39/6), 29.5 % for
Fla (x?/NDF = 7.29/6) and 68.6 % for P2 (x?/NDF = 3.93/6). Thus, the cut-
off power law function can also not be rejected as fit, but it shows slightly worse
probabilities than the curved power law function.

Observation period P3 does not show a two-peak structure in its SED. Although
this period is also comprised of single, separated observations of small timescales,
the single spectral features do not lead to a multi-peak feature in the combined
SED. This might be due to the reduced source activity after the second flare, which
might have resulted in a more constant spectral shape.

9.7 Extragalactic background light (EBL) correction

On their way from the source to the observer, VHE ~-rays can suffer significant
absorption losses due to interaction with the extragalactic background light (EBL).
This soft photon field consists of photons from starlight (optical and ultraviolet
wavelengths) and reprocessed starlight (infrared wavelengths) [Ven09|. Here, VHE
~-ray photons suffer significant attenuation due to pair production. Since the EBL
photon field is of low intensity, the EBL absorption feature scales with the distance
of the source. Although Mrk 421 is located at small distance (z = 0.031), the EBL
absorption has to be taken into account for a detailed interpretation of the spectral
shape of this source.

To deduce from the presented results to the spectral shape at the y-ray produc-
tion site, a correction of the EBL absorption has to be applied. To compensate for
the absorption, the Franceschini EBL model [Fra08| was used in this thesis. With
this model, energy dependent attenuation factors corresponding to the redshift of
Mrk 421 were calculated and applied to the data.

Fig. 9.7 exemplarily shows the effect of EBL correction on the F2 flare. Shown
is the F2 SED without and with EBL correction. Since the pair production cross
section rises with increasing ~-ray energy, the effect of the EBL correction rises
with increasing energy.



9.8. EBL corrected SEDs 95

b;"’ - —— No EBL correction
g L —— Franceschini
>
() L
=
g
~N
"-c'E 10° —
W
10-11 _| 11 | 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1

3
10? 10 E [GeV]

Figure 9.7: SED of the Mrk 421 F2 flare without (blue points) and with EBL correction
calculated by the Franceschini model (red points). A curved power law is fitted to the data (solid
lines in corresponding colours).

9.8 EBL corrected SEDs in comparison with historical
data

Fig. 9.8 shows the SEDs of all analysis periods after EBL correction in comparison
with historical data. The SED values of all analysis periods after EBL correction
are listed in tab. C.4 and C.5. The corresponding values of a curved power law fit
and a power law with cutoff fit are listed in tab. 9.5.

The results obtained in this work clearly extend to energies lower than previ-
ously measured (only the long-term (several month) averaged MAGIC SED from
2009 shows the same energy span as the SEDs from this work [Abd11b]). These
data points from 80 to 300 GeV play an important role in model constraints, since
the curvature of the SED is particularly prominent in this low energy region. The
flux states from this work do not represent exceptionally high or low flux levels of
the source. But all SEDs seem to be harder than historical SEDs with comparable
flux levels. The Whipple high state measurement from 2000 — 2001 shows a com-
parable spectral shape to the ones from this work, although at an approximately
six times higher (for the pre- and post-flare periods) and two times higher (for
the flare periods) flux level, respectively. For a discussion of the spectral shape
within a synchrotron self-Compton (SSC) emission model, please see the following
chapters.

Particularly worthy of mention is the fact that the SEDs from this work are
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Figure 9.8: SEDs of all analysis periods after EBL correction in comparison with historical
data [Abd1lb, Alb07b, Alel0, Don09]. A curved power law is fitted to the data (solid lines in
corresponding colours). Note that the historical data from [Alb07b| were EBL corrected using
the model of [Pri05], those from [Alel0] and [Don09] were corrected using the model of [Kne08|
and those from [Abd11b] and from this work were corrected using the model of [Fra08].
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Figure 9.9: VHE v-ray peak positions as a function of their spectral energy density at 1 TeV
and in comparison with peak positions from literature [Alb07b, Alel0].

obtained from observation timescales of 1 — 2.5 hours and show comparatively
small errors. For instance, the MAGIC 2009 SED, obtained from monoscopic
observations, includes averaged observations of several months. This demonstrates
the improved sensitivity of the MAGIC stereo system, which makes high precision
studies of emission variations on short timescales (as in this thesis) possible for the
first time.

9.9 Peak position

The curved power law fits of the SEDs allow to locate a peak in the EBL corrected
spectra at Epeax = r102=®/(2b) [Ale10]. The results for each analysis period
are listed in tab. 9.6 along with the energy density at the peak and at 1 TeV.
Fig. 9.9 shows the peak positions as a function of their spectral energy density
at 1 TeV and in comparison with historical data. The results from this work
confirm the previously suggested correlation between flux level and peak position
[Alb07b, Alel0]: For increasing fluxes, the peak shifts to higher energies.
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Period Cutoff power law
B2 — g2y, (%)aefE/Eo
fo r ! Ey x%/NDF
[10710 Tev'! em? 57l [GeV] [TeV]
P1 9.93 + 1.14 300 -2.07 +£0.13 3.01 £ 2.25 4.44/6
F1 16.72 £ 0.58 300  -1.78 £ 0.06 2.67 £ 0.51 5.22/6
Fla 12.87 + 0.58 300  -1.92+£0.07 6.77 £ 4.02 7.43/6
P2 7.40 £ 0.65 300  -1.97 £ 0.13 5.19 £ 4.97 3.82/6
F2 16.21 4+ 0.51 300 -1.67 £ 0.05 2.47 £ 0.40 5.45/7
P3 8.91 + 0.64 300 -1.66 £0.11 1.82 £ 0.54 3.11/6
Curved power law
pE _ g, (%>a+blog10(E/r)
fo r a b x%/NDF
[10719 TeV! em™? 571 [GeV]
P1 9.37 £ 0.52 300 -2.18 +£0.06 -0.28 +£0.15  2.52/6
F1 15.36 = 0.30 300 -1.924+0.03 -0.28 +0.05 7.62/6
Fla 12.58 + 0.38 300 -1.97 +0.04 -0.15 4+ 0.07 4.64/6
P2 7.10 £+ 0.35 300 -2.04 +£0.08 -0.154+0.14 3.87/6
F2 15.09 + 0.27 300 -1.79 +0.03 -0.37 £ 0.05 5.61/7
P3 7.86 £ 0.30 300 -1.824+0.07 -0.43 £0.12 4.05/6

Table 9.5: SED fit results of the Mrk 421 analysis periods for cutoff power law and curved

power law fit after EBL correction.
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Energy density

Period Epeax at peak at 1 TeV
|GeV| [10719 TeV ecm=2 571 [10710 TeV em=2 57|
P1 143.1 £ 66.8 0.90 £ 0.25 0.569 + 0.032
F1 416.8 £ 57.0 1.40 £ 0.16 1.276 + 0.025
Fla  377.7 £ 1228 1.14 4+ 0.24 1.068 + 0.032
P2 220.7 4+ 149.5 0.64 £+ 0.65 0.554 £ 0.029
F2 576.6 + 74.1 1.45 £ 0.08 1.385 £ 0.025
P3 485.8 + 112.1 0.74 £ 0.12 0.670 £ 0.027

Table 9.6: Peak positionsE}c. and corresponding spectral energy densities at the peak and at
1 TeV.






Chapter 10

January 2010 multiwavelength
(MWL) SEDs and modelling

The data used in this thesis were taken as part of an extensive multiwavelength
(MWL) campaign on Markarian (Mrk) 421. It aimed a regular and dense obser-
vation, covering all wavebands of the SED with several instruments over several
months. The January 2010 flare observations are an extract of this campaign.
In this chapter, firstly the instruments and wavebands offering simultaneous data
with the particular MAGIC analysis periods are introduced. Secondly, the SEDs
resulting from the MWL observations and their modelling within a one-zone syn-
chrotron self-Compton (SSC) framework are presented.

10.1 MWL instruments

10.1.1 Radio waveband

Simultaneous radio data were taken by the single-dish telescopes of the University
of Michigan Radio Astronomy Observatory (UMRAO, 26 m dish diameter, mea-
sured energy 8 and 14.5 GHz, simultaneous with observation periods Fla, P2 and
P3 (as defined in sec. 9.3)), the Owens Valley Radio Observatory (OVRO, 40 m,
15 GHz, simultaneous with F1, P2 and P3) and Metséhovi (14 m, 37 GHz, si-
multaneous with P3). For these instruments, Mrk 421 is pointlike and unresolved.
Consequently, these measurements denote the total flux density of the source in-
tegrated over the whole source extension, including blazar emission as well as the
radio emission of the host galaxy. Therefore, the flux measurements of these in-
struments are treated as upper limits for the MWL blazar SEDs. Details of the
particular observations used in this thesis are listed in app. D.1. For details of the
data reduction please see [All85], [Ric10| and [Ter98|.
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10.1.2 Optical waveband

The coverage at optical frequencies was provided by the telescopes in the GASP-
WESP program [Vil08, Vil09](Abastumani, Lulin, Roque de los Muchachos (KVA),
St. Petersburg and Talmassons, R band, simultaneous observation at each obser-
vation period), the New Mexico Skies telescopes (V and R band, simultaneous
with observation period P2) and the Bradford Robotic telescope (BRT, V' band
simultaneous with P2, R band simultaneous with F2). For calibration, the stars
reported in [Vil98] were used and the Galactic extinction was corrected with the
coefficients given in [Sch98|. The flux from the host galaxy was estimated using
the flux values at the R band from [Nil07] and then subtracted from the measured
flux [Abd11b|. Details of the particular observations used in this thesis are listed
in app. D.1.

10.1.3 Swift/UVOT and -/XRT

The Ultraviolet/Optical Telescope (UVOT, [Rom05]) on board the Swift satellite
performed observations during all the analysis periods defined in chapter 9. It
cycled through each of three ultraviolet passbands (UVW1, UVM2, UVW2), cov-
ering an energy range of 1.05 — 1.93 PHz. Photometric calibration was done as
presented in |[Poo08], the flux measurements were corrected for galactic extinction
[Sch98, Fit99]. The X-ray Telescope (XRT, [Bur05]), on board the same satellite,
also performed simultaneous observations with all the analysis periods of this the-
sis. It is covering an energy range of 0.3 — 9.6 keV, details on the data extraction
can be found in [Abd11b|. Details of the particular observations used in this thesis
are listed in app. D.1.

10.2 Used synchrotron self-Compton (SSC) model

The simplest leptonic model typically used to describe the emission from blazars
like Mrk 421 is the one-zone synchrotron self-Compton (SSC) scenario, see
sec. 3.1.3. To model the Mrk 421 MWL SED from January 2010, the SSC model
described in |Tak10] was applied: The electron injection spectrum is parametrised
with two or three power law functions of the form

o —91 for n <<
R T
Qe Vo~ €Tmax YT emmax for gpr <y < Ymax
or
qe v ! for  Ymin <7 < Yor1
Nénj (’Y) = de P)/brlsgis1 7782 for Yort <V < Ybr2

Tbr2 s -y
€ Ymax Y 3 @ Ymax for Ybr2 < Y < Ymax

S2—S81 S§3—S82
Qe Vbr1 Yor2

with all quantities measured in the comoving frame of the emission region. These
injection spectra have one or two break values at the corresponding electron Lorentz
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factors Yp, or Ypr1 and e, respectively, which are free parameters of the model.
Broken injection spectra are motivated by radiative losses (cooling), which become
significant above a certain electron Lorentz factor (break value vy, and ~p,9 in the
corresponding models). Break value 71,1 in the double-broken spectrum is moti-
vated by acceleration-intrinsic effects, leading to the broken shape. For meaning
and interpretation of the break values, please see sec. 11.1.2. Depending on the
demanded shape of the fit, the simple-broken or double-broken injection spectrum
was chosen. The double-broken injection spectrum allows to fit two different slopes
in the rising edge of the synchrotron emission below and above the corresponding
break. This was required to include the optical/UV measurements into the model
fit. The normalisation factor q., representing the number density of relativistic
electrons, the electron Lorentz factors v and ~max, representing the edges of
the injection spectrum, and the spectral indices s; and so or s1, so and sz are also
free parameters of the model. Additional general parameters (corresponding to the
assumptions discussed in sec. 3.1.3) are the size of the comoving emission region
R, the homogeneous magnetic field in the comoving emission region of strength
B and the beaming (Doppler) factor of the jet, given by 6 = 1/[I'(1 — [ cos8)],
with I' the bulk Lorentz factor of the emission region and 6 the angle between the
line of sight and the direction of the relativistic jet. The emission region can be
constrained by the timescale of flux variations from a simple argument: Assuming
a homogeneous one-zone emission region, flux variations of the timescale t,,, can
only occur in regions of sizes R, which are less or equal ty,, times the speed of light
c. Since the variations are measured in the observer frame, the beaming factor and
redshift have to be taken into account. This holds:

0 ctyar
142~

R< (10.1)

The following approach was used for the modelling itself: First, the spectral
slopes of the electron injection spectrum were adjusted according to the slopes of
the synchrotron emission component of the SED. The slopes below and above the
synchrotron peak therefore determine the slopes of the injection spectrum. Also
the slopes of the inverse Compton (IC) component are determined in this way, since
in the SSC scenario the IC emission is connected to the shape of the synchrotron
spectrum (see sec. 3.1.3). Then, the break Lorentz factor(s) vy, the magnetic field
B, the beaming § and electron number density ¢. were adjusted according to the
positions, distance and flux level of the synchrotron and IC peaks. Differences
in the slope of the rising edge of the synchrotron and IC components were then
balanced by adjusting the minimum Lorentz factor ymin.

From the model parameters, secondary information on the energetics of the
emission can be calculated. Such are the electron energy density

Ymax o
U, = mec? / dryy N (7). (10.2)
Y

min



104 Chapter 10. January 2010 MWL SEDs and modelling

the total electron energy

4
E. = = R'U., (10.3)
and the energy density of the magnetic field

32

:8_71_'

Up (10.4)
All three quantities are measured in the comoving frame.
For a detailed verification of the used code please see app. E.

10.3 MWL and model results

Figs. 10.1 — 10.6 show the MWL results containing MAGIC EBL corrected data
(as presented in chapter 9) and simultaneous observations of the above mentioned
instruments sorted by the specific MAGIC analysis periods (as defined in chapter
9). The values of the shown SEDs are listed in app. D.2. The two hump structure
of blazar emission is clearly visible for each analysis period: The first peak, caused
by synchrotron radiation in the synchrotron self-Compton (SSC) model, is clearly
resolved in the X-ray regime by the Swift/XRT instrument and its rising edge in
the optical/UV regime by the optical instruments and Swift/UVOT. The second
peak, caused by inverse Compton (IC) scattering in the SSC model, is resolved
by MAGIC (for the apparent two-peak structure in the MAGIC results of the
observation periods P1, Fla and P2 please see sec. 9.6).

10.3.1 Two-break SSC model

First, the MWL SEDs were modelled with the one-zone SSC model with double-
broken injection spectrum. Such an injection spectrum allows to fit two different
slopes of the rising edge of the synchrotron emission below and above the corre-
sponding break. This was required to include the optical/UV data into the model
fit. Also [Abdl1lb| uses a double-broken injection spectrum to fit the SED of
Mrk 421.

Each analysis period was modelled individually, the resulting model parameters
are listed in tab. 10.1. The resulting values of U, E. and Up are also listed. The
corresponding fits are shown in figs. 10.1 — 10.6.

An assumption for the model was an emission region of constant size, moti-
vated by the concept of one region of stable dimension, in which environmental
changes lead to the observed flux variations. This constant size was found to be
R =2.51-10'% c¢m (log;y R = 16.4). Since no significant intranight variability was
observed in the MAGIC datasets (see sec. 9.4), the variability timescale ty,, was
approximated to be of the order of 1 day (tya, = 8.64-10* s). According to eq. 10.1,
the variability timescale gives an upper limit on the size of the emission region de-
pending on the beaming factor §. For the smallest found value of § = 32, this leads
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to an upper limit of R < 8.04-10'¢ cm (log,q R < 16.91). The size of the emission
region used for the modelling fulfils this condition.

The found models describe satisfactorily the SED of each analysis period. Ra-
dio data were treated as upper limit, since these single dish measurements integrate
over a region that is orders of magnitude larger than the blazar emission region.
A slight weakening of the goodness of the fit had to be accepted in the low X-ray
and low VHE ~-ray data points. This is due to the required match of the fit to
the optical/UV data.

10.3.2 Omne-break SSC model

The two-break SSC model follows the MWL data points quite well, but also shows
deviations in the low energy X-ray and VHE ~-ray range. Particularly in the
analysis periods F1, Fla, P2 and F2, the curvature of the low energy X-ray data
points suggests a steeper slope of the SED in this region than the slope required
by matching the optical/UV data. In period P3, also the shape of the IC peak
strongly suggests a different model shape than the one matching the optical/UV
data. Under the assumption that most of the optical/UV emission is not correlated
with the X-ray and VHE 7-ray emission, the SEDs were also fitted treating the
optical/UV measurements as upper limits. In this case, a more simple, one-break
SSC model was sufficient to fit the X-ray and VHE ~-ray data. Each analysis period
was modelled individually, the resulting model parameters are listed in tab. 10.2.
The resulting values of U, E. and Up are also listed. The corresponding fits are
also shown in figs. 10.1 — 10.6. Radio data were again treated as upper limits.

Also in the one-break model, the emission region size was assumed to be con-
stant (R = 9-10' cm (log;y R = 15.954)). The upper limit on the emission region
size according to the approximated variability timescale of 1 day and following
eq. 10.1 (see above) holds R < 1.13 - 10'7 cm (log;q R < 17.05) for the found
beaming factor 6 = 45. As in the two-break model, the found emission region size
fulfils this condition.

The inserts of figs. 10.1 — 10.6, representing a zoomed-in view of the MAGIC
data range, clearly show that the difference between the two-break and the one-
break model in the VHE ~-ray regime rises with decreasing flux level: While the
difference is small for the flare periods F1 and F2, it increases over period Fla
to periods P1, P2 and P3. Here, the position of the IC peak is located at lower
energies in the two-break model than it is in the one-break model. This is a
consequence of the different shapes of the synchrotron peak, which were required
for including and excluding the optical/UV data in the two-break and one-break
model, respectively.

10.4 Sequential view and implications

Fig. 10.7 shows the time development of the MWL SEDs of flare F'1 and its adjacent
periods Fla, P1 and P2 in a zoomed-in view of the optical /UV, X-ray and VHE
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~-ray regimes. The best matching models are also shown (one-break model). While
the optical /UV measurements stay stable during the periods P1, F1, Fla and P2,
the flux of the X-Ray and VHE ~-ray regime shows huge fluctuations: The X-ray
and VHE 7-ray measurements rise from period P1 to period F1 (flare) and decrease
afterwards in period Fla and P2. Additionally, the peak positions, nicely covered
within these measurements, move to higher energies. A presented in sec. 9.9, the
~y-ray peak shows a general correlation with the flux level: For increasing fluxes,
the peak shifts to higher energies. Remarkably, the position of the X-ray peak does
not seem to be connected to the flux state, since it clearly shifts to higher energy
with each subsequent analysis period.

The time development of flare F2 and its adjacent periods P2 and P3 (see
fig. 10.8) also shows a flux increase in the X-ray and VHE 5-ray regime for F2
with respect to P2 and a subsequent decrease in P3. The peak position in the -
ray regime correlates with the flux level as stated in sec. 9.9, while the peak position
in the X-ray range again subsequently shifts to higher energies from P2 over F2 to
P3. Additionally and in contrast to F1, also the optical/UV measurements show
a variation: Here the flux decreases steadily from P2 over F2 to P3. This strongly
suggests that the flares in the X-ray and VHE ~-ray regime do not have connected
emission in the optical/UV range.

Fig. 10.9 shows the development of the non-constant two-break model param-
eters as a function of the analysis period. The beaming factor §, the magnetic
field strength B and the spectral indices sy and s3 seem to be correlated with
the flare periods, whereas the other parameters show variations but no correlation
with the flares. Fig. 10.10 shows the development of the energetic properties of the
two-break model. Since the magnetic field strength B seems to be correlated with
the flares, also the magnetic field density shows the same correlation. The electron
density and total electron energy show a decrease through the periods P1 — P2 and
a strong increase for flare F2.

Fig. 10.11 shows the development of the one-break model parameters as a
function of the analysis period. The only parameter correlated with the flares
seems to be g, which is increased for the flare periods (900 cm~3 for F1 and
Fla, 1030 cm™3 for F2) and decreased for the non-flare periods (800 cm~3 for P1,
650 cm~3 for P2 and 700 cm ™ for P3). The parameters correlated with the flares
in the two-break model (beaming 0, magnetic field strength B and the second
spectral index sg9) are not correlated with the flares in the one-break model. ¢
is constant at a value of 45, B decreases or stays constant from P1 to F2 and
increases again for P3. The spectral indices s; and so (comparable to ss and s3 in
the two-break model, since both indices characterise the injection spectrum around
the main break) also show no correlation.

Fig. 10.12 shows the development of the energetic properties in the one-break
model. The change in electron density and total electron energy for the flare
periods is obviously connected to the value change of ¢.. The magnetic field density
shows the same behaviour as the magnetic field itself.
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Figure 10.1: MWL SED for pre-flare period P1. Shown are the results of the dedicated instru-

ments and the SSC model fits.
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Figure 10.7: MWL SEDs (zoomed-in view of the optical/UV, X-ray and VHE ~-ray regimes) of
analysis periods P1, F1, Fla and P2, depicting the time development of the F'1 flare and adjacent
periods. Shown are also the best matching SSC model fits for each period.
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Chapter 11

Discussion

In the previous chapter, the MWL SEDs were fitted with two SSC models: One
with a double-broken, the other with a simple-broken power law electron injection
spectrum. For both models, the found parameter values of the injection spectrum
Qey Ybrls Ybr2, Ymin, Ymaxs S1, S2 and sg and of the general environment R, B and
0 are within the range of SSC parameters in the literature for HBL in general
[Cel08, Lefll, Tag08, Tav0l, Tav09, Tav10| and for Markarian (Mrk) 421 in par-
ticular [Abd11b, Alellb, Bed97b, Fos08, Ghi02, KatO6a, Kon03, Manl1, Mar99,
Tav98|. Since the double-broken injection spectrum was firstly used for Mrk 421 in
[Abd11b], there is no large set of comparative parameter values on the additional
break in the literature. But as the double-broken spectrum represents an injection
spectrum with additional spectral shape information, one can compare the double-
broken spectrum within the ranges of given simple-broken spectra. Here, the found
values do not exceed the limits set by previous works. Other parameters range in
the lower limits from literature values, as there are the magnetic field strength B
in both of the models (13 —40 mG two-break model, 32 —42 mG one-break model)
and the electron number density ¢, in the two-break model (90 — 130 cm™3). The
found size of the emission region R is an order of magnitude larger than in most
of the previous models (due to the comparatively large variability timescale), but
still within the range of all assumed emission region sizes so far for this source.

In the following sections, interpretation and physical consequences of the found
parameter values are discussed.

11.1 Injection spectrum

11.1.1 Minimum electron Lorentz factor

In both models, the low energy slope of the ~v-ray peak and therefore the small
width of the peak requires a large and varying value of ymin ((5 — 12) - 10® in
the two-break model, (3 — 6) - 10? in the one-break model). Fig. 11.1 exemplarily
shows the effect of yyi, variation for the F2 period (two-break model), for which
the largest Ymin was required (12 - 103). A large ymin parameter leads to a narrow
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Figure 11.1: Effect of ymin variation, exemplarily shown for the F2 period (two-break model).
Other model parameters are fixed. A larger ymin value bends the low energy edge of the IC
component, producing a narrow IC peak without influencing the slope of the fit right below the
synchrotron peak. But since the low energy edge of the synchrotron component gets truncated,
the optical data points give an upper limit on the size of min. Therefore, the best fit for the F2
two-break model uses Ymin = 12 - 10°.

inverse Compton (IC) peak without influencing the slope of the fit right below the
synchrotron peak (the low energy edge of the synchrotron gets truncated for large
~Ymin, but the slope below the peak does not change).

In the literature, large ymin values up to 10° are used to model hard y-ray spec-
tra [Kat06a, Lefl1, Tav09]. It is considered that the Fermi acceleration mechanism
starts up at this energy and that the electrons are accelerated up to this energy
by a pre-acceleration mechanism. If in addition the energy loss processes (cooling
processes, see sec. 3.1.3) are inefficient for the low energy electrons (close t0 Ymin ),
the electron distribution will not develop a low energy tail below i, [KatO6a].
This is particularly true for flares, where the cooling timescale is large compared
to the dynamic timescale (and this might point to an explanation, why the iy
is larger for the flares studied in this work as for the ground state described in
[Abd11b] (4 - 10% and 8 - 10?)). Also the comparatively small magnetic fields in
both models (B ~ 10 — 40 mG) support the picture of inefficient cooling processes
for the low energy electrons, since the synchrotron cooling timescale is proportional
to 1/B? (see eq. 3.17).

A conceivable pre-acceleration mechanism producing injection spectra trun-
cated at such large ymin values is magnetic reconnection |Tav09, Gia09]. Here,
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magnetic energy is occasionally converted to kinetic energy (particle acceleration)
by rearrangements of the magnetic topology (reconnection events). The accel-
eration of particles through this mechanism generally requires a highly magne-
tized jet with magnetic-to-kinetic energy ratios > 1 [Gia09|. For details on the
application of magnetic reconnection to blazars please see [Gia09], for instance.
Another possibility to produce truncated injection spectra is a process, in which
electrons are efficiently accelerated at the shock front up to some maximal en-
ergy. Subsequently, the electrons escape and cool. The cooling processes might be
compensated (re-heating, e.g. due to Fermi second order acceleration at magnetic
turbulences [Kat06b|) and the Lorentz factor where re-heating and cooling balance
might be identified with i, [KatO6a).

11.1.2 Spectrum shape and break values

For both model types, the break in the injection spectra at v, ~ 10° is commonly
interpreted as caused by cooling processes [Kin02, Kir98, Mar96, Zac10]. Following
the time evolution of the electron distribution (eq. 3.9), these cooling processes are
due to energy dependent synchrotron radiation and IC scattering. The break value
at Y, ~ 10° marks the electron Lorentz factor, at which the cooling processes
significantly effect the injection spectrum. In other words, this value separates
those electrons which cool within the source (7 > 41,) from those which do not
cool within the source (7 < ~p;) [Kir98|. The resulting change in the spectral slope
is found to be As = 1.45 — 1.75 for the double-broken and As = 2.0 — 2.2 for the
simple-broken injection spectrum model.

The peak flux of the synchrotron peak dominates over the flux of the IC peak
by a factor of 2 — 4. In the SSC model, this flux ratio directly reflects the ratio
of the corresponding cooling factors, i.e. the influences of the synchrotron and
IC energy losses [Sch10]. Hence, a dominating synchrotron peak implies that the
electrons mainly cool by synchrotron radiation.

The additional break at v, ~ 10* in the two-break model is commonly thought
to be related to the acceleration process itself [Abdlla, Abdl1lb]. Below this
break Lorentz factor, the acceleration process is effective and leads to a spectral
slope of 1.9. Above the break, the slope is softer (2.55 — 2.75). The spectral
slope resulting from first order Fermi acceleration is ~ 2 (see sec. 3.2.1). Non
linear effects, for instance strong shock modification, lead to values s < 2 [Ber99|,
whereas non-uniform magnetic fields with non-static field lines lead to disturbances
in the stochastic transport of the particles and therefore to values s > 2 up to
s = 2.5 [Kir96]. The found values of the spectral slope indicate such modifications.
Additionally, the slope-separating break value is not necessarily pointing to a strict
change in the acceleration process, but possibly is a first approximation of a curved
injection spectrum. Such curved injection spectra might be caused by an overlap
of the mentioned acceleration modifications, where the curved shape reflects a
smooth transition of acceleration efficiency. Also episodic acceleration can cause
curved electron spectra [Per05].
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Figure 11.2: Effect of ymax variation, exemplarily shown for the F2 period (two-break model).
Other model parameters are fixed. The max variation mainly influences the high energy part
of the synchrotron component, which is not sufficiently covered by the observations. From the
spectral slope right above the synchrotron peak one can conclude that the maximum Lorentz
factor is of the order Ymax 2, 107,

~

11.1.3 Maximum achievable energy

In both models, the maximum electron Lorentz factor is set to Ymax = 10%.
Fig. 11.2 exemplarily shows the effect of ~yax variation for the F2 period (two-
break model). It is visible that the observations can not exactly constrain on
this parameter, since the ~max variation mainly influences the high energy part
of the synchrotron component. But from the spectral slope right above the syn-
chrotron peak one can conclude that the maximum Lorentz factor is of the order
Ymax =, 107. For the SED described in [Abd11b], observations in the high energy
X-ray regime constrained ymax to be Ymax = 108. Since those observations mark
the most complete SED measurement of Mrk 421 so far, ymax = 10% was also used
in this work.

Maximum electron Lorentz factors of the order of 107 and 10% can only be
reached in effective acceleration mechanisms as the first order Fermi acceleration
(see sec. 3.2.4). Following eq. 3.18 for the maximum achievable energy in first order
Fermi acceleration, one can compute the maximum electron energy .5t for a given
magnetic field strength. Assuming a non-relativistic shock front (us = 0.1 ¢, with
us the shock velocity measured in the upstream frame [Rie06|) and using the found
range of magnetic field strengths B = 13 — 42 mG results in a maximum electron

Lorentz factor 7.5t = (2.4 —4.4) - 107. This range is smaller than the assumed



11.2. Parameter development in two-break model 121

value of Ymax = 10%, but fits to the lower limit of Yimax pe 107 as discussed above.
An acceleration mechanism with higher efficiency or a higher shock velocity wug
results in higher values of ypax as calculated from eq. 3.18. For instance, doubling
us to us = 0.2 ¢ also doubles the maximum achievable energy to vt = 8.8 - 107

(for the smallest magnetic field strength B = 13 mG), which is of the order of the
assumed fit value.

11.2 Parameter development in two-break model

In the two-break model, four parameters were found to be correlated with the
flares: The beaming factor 0, the magnetic field strength B and the second and
third spectral index of the electron injection spectrum s, and s3. A similar result
is found on an analysis of Mrk 421 data in [Manll]: The MWL SED of nine ob-
servation periods from 2001 — 2008 were fitted with a one-zone SSC model with
a simple-broken injection spectrum. Then, the found model parameters and their
corresponding flux states were compared with one another. Those results suggest
that the beaming factor and the electron spectrum break energy increase with
source activity, whereas the magnetic field strength decreases. The other parame-
ters turn out to be uncorrelated with source activity [Manl1|. This is consistent
with the correlation of § and B with source activity found in this work. The in-
crease of the break energy for high activity found in [Manll] can be interpreted
as an increase of high energy electrons. The decrease with source activity of so
and sz found in this work (the electron injection spectrum gets harder below and
above the second break) also reflects an increase of high energy electrons. In this
way, the increase of the break energy in [Manll| and the decrease of sy and s3 in
this work are related to the same physical effect in the injection spectrum.

This consistency seems to represent a general feature of the blazar emission
in Mrk 421. As [Manll| compares source activity over long time intervals (order
of years), this work compares the activity changes on a day-to-day basis. Both
analyses result in the same parameter correlations within the SSC framework.
Although this result might be biased by the choice of the model, it consolidates
the understanding of long- and short-term activities of Mrk 421.

11.2.1 Connection between B and §

As discussed, the two-break model shows a correlation of the flare periods with the
magnetic field strength B and the beaming (Doppler) factor 6. The magnetic field
strength B is decreased during the flare states and increased for the pre- and post-
flare states, while the beaming § is increased for the flare states and decreased for
the pre- and post-flare states. Both parameters can be connected in the framework
of a emission region which is moving down the jet (see fig. 11.3): In a conical jet,
the size of the emission region R scales with the distance to the black hole d as
R o d*/? [Manll, V1a04, Kom07]. If the magnetic flux in the emission region is
conserved, this consequently leads to B o< R™2 o< d~'. In this scenario, also the
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Figure 11.3: Sketch of a moving emission region in a conical jet (not to scale). The emission
region is moving with relativistic velocity 3 = v/c. The distance to the black hole is denoted as
d.

bulk Lorentz factor T' scales as I' oc d'/? [V1a04, Kom07]. From this one finds
B o 2. In the limit of § oc I' (which is valid for small viewing angles ), this
results in B o< 72 [Manl11]. Under these assumptions, large beaming factors 4,
occurring at large distances d from the black hole, call for small magnetic field
strengths B. Small beaming factors, occurring near the black hole and therefore
presumably closer to the formation of the emission region, call for large magnetic
field strengths. In this way, a just formed emission region (a “young” region), close
to the central black hole, results in a parameter set like the one used to model
the non-flare periods. This view is supported by the fact that the change in the
beaming parameter § is roughly by a factor of 1.5 from non-flare to flare state,
while the change in B is roughly by a factor of 0.4 ~ 1.572. This reflects the
expected proportionality B o< 6 2.

To the contrary, the emission region size R is found to be constant for all
the observation periods (log;g R = 16.4). In the framework discussed above, the
emission region scales as R o« B~'/2 and therefore should show a correlation with
the flare states (small R in the pre- and post-flare periods and larger R in the flare
periods). A possible explanation is that the variation of R is not resolved in the
current analysis and model accuracy since R is proportional to B~/2. A decrease
of B by a factor of 2 (as found in the two-break model) increases R only by a
factor of &~ 1.4. In this case, a constant R holds as a first approximation.

The distance of the emission region to the black hole can be approximated by
d~ R/a, with a = 1/T" &~ 1/ the jet opening angle [Abd11b] (this approximation
is valid for large distances compared to the gravitational radius of the black hole
(d > Ry)). For the Mrk 421 black hole mass of (2 —9) - 108M, [Bar03, Wu02],
the corresponding gravitational radius is Ry ~ (0.6 — 2.7) - 10! cm. This leads
to distances d ~ (3.0 — 13.4) - 103R, for the pre- and post-flare periods and of
d ~ (4.6 —20.9) - 103R, for the flare periods. This supports the picture of moving
emission regions down the jet.
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11.2.2 Connection between B, s, and s;3

The two-break model also shows a correlation of the flare periods with the magnetic
field strength B and the spectral indices so and s3. These values are decreased
during the flare periods and increased in the pre- and post-flare periods. The
decrease of s and sz results in a harder electron injection spectrum below and
above the second break, which means that the number of high energy electrons
is increased. This suggests a higher efficiency of the acceleration mechanism. In
the context of Fermi acceleration mechanisms, the acceleration efficiency can be
connected to the maximum achievable energy. As discussed in sec. 3.2.4, the
maximum achievable energy vax is proportional to the magnetic field strength B
for first and second order Fermi acceleration (see eq. 3.18 and 3.19): Yyax o< B~1/2
(in regions with smaller B, the electrons can be accelerated to higher energies,
since the synchrotron losses are less effective). This means that a decreasing B
results in an increasing ymax. If one associates the injection spectrum slope to the
efficiency of the mechanism and therefore to ymax, One can motivate a connection
between B and so and s3. In this way, the variations of so and sz are explained as
a result of the variations of B.

Contrary to this argumentation is the stability of ymax through all observation
periods (Ymax = 10%). But like in the case of R (see above), where the same
proportionality to B is predicted, the variations of yyax might not be resolved
(increase only by factor of 1.4 for halved B). In this case, ymax = 10% also holds
as a first approximation for all periods.

11.2.3 Scenario implications

In the framework of a moving emission region in a conical jet, the magnetic field
B, the beaming § and the hardness of the electron spectrum (spectral indices s9
and s3) are connected as described above. Fig. 11.4 shows the influence of these
correlated parameter changes for the total SED shape (scenario a): In this scenario,
the values of B, 0, so and s3 change as found for the two-break model, while the
other parameters are kept constant. For parameters which also show variations
during the observed periods in the two-break model, the mean values were taken
(Ymin = 8 - 103, Y1 = 3.5 - 10%, Y0 = 4.2 - 10* and . = 106). It is clearly visible
that this scenario can not satisfactorily explain the observed flux changes. This is
particularly seen in P2 and F2 period, where this scenario shows large deviations
from the observed spectral shape in both the synchrotron and IC component. This
implies that this scenario and the correlated variations of B, J, sy and s3 are not
exclusively responsible for the flux variations.

Scenario b, also shown in fig. 11.4, includes scenario a and additional variations
of the electron number density g. (as found for the two-break model). These
additional changes of ¢. can be motivated by changing local plasma densities in jet
regions overrun by the emission region. But also scenario b can not satisfactorily
explain the observed spectral changes, as is again particularly seen in period P2.
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Figure 11.4: Scenario comparison two-break model (zoomed-in view of the optical/UV, X-ray
and VHE ~-ray regimes). The best fitting two-break model is shown as blue line. Scenario a
(red line): Correlated variation of B, d, s2 and s3 as consequences of a moving emission region
in a conical jet. Other model parameters are kept constant (mean value in case of non-constant
parameters in the two-break model). Scenario b (green line): Scenario a plus variations of
the electron number density g.. Both scenarios can not satisfactorily explain the observed flux
variations.
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The failure of both scenarios in giving an explanation for the observed changes
in the SED points to a high dynamic system of the flare emission. All parameters
have to change in the way found for the two-break model. It is not a single pa-
rameter or a simple physics scenario, which is responsible for the main changes.
Additional to B, d, s2, s3 and ¢., also changes in the electron break Lorentz factors
are required to entirely fit the observed data. This shows that the electron injec-
tion spectrum underlies various influences, which lead to these changes. While 7,1
is connected to the acceleration process itself, vy,.9 is identified with the energy, at
which the cooling processes significantly influence the electron spectrum. There-
fore, changes in both values suggest variations both in the acceleration itself as in
the influence of the cooling processes.

11.3 Parameter development in one-break model

To better match the X-ray and VHE ~-ray measurements, the MWL data were
also fitted with a simple-broken injection spectrum. For these model fits, also
the optical/UV measurements were treated as upper limits. This assumption can
be motivated by the fact that the optical/UV emission does not show correlated
emission to the flux variation in the X-ray and VHE ~-ray band. A possible
way to explain this difference is the occurrence of an additional emission region,
responsible for the flare emission in the X-ray and VHE v-ray regime. In the one-
break model fits, the optical/UV emission is a factor of 2 to 3 smaller than the
measured emission. So, the additional region does contribute to the optical/UV
emission, but does not dominate it as in the X-ray and VHE ~-ray regime.

The only parameter showing correlation to the flares is the electron number
density ge. Its value of g, = 900 cm ™ and ¢, = 1030 cm ™3 during the flare periods
F1, Fla and F2 is decreased to ¢. = 800 cm™3, ¢, = 650 cm ™ and ¢, = 700 cm ™
during the non-flare periods P1, P2 and P3. This can naturally explain the presence
of the flares and the decreased flux before, in between and after: In the SSC model,
the flux of the synchrotron peak is directly proportional to ge (Fiyne  ¢e), while the
flux of the IC peak is proportional to ¢2 (Fic o ¢2). Fig. 11.5 shows the influence
of the electron number density changes on the total SED shape (scenario ¢): In this
scenario, only the g. parameter changes as found for the one-break model, while
the other parameters are kept constant. For parameters which also show variations
during the observed periods in the one-break model, the mean values were taken
(B = 37.8 mG, Ymin = 4.3-103, 43, = 2.35-10° and sy = 4.07). Although deviations
from the dataset are seen in period P1, this scenario can satisfactorily explain the
overall spectral evolution for periods F1-P3. Small deviations, as in F2 period for
instance, can be adjusted by the changes of the other parameters (fine tuning).
For period P1, the additional change in the break Lorentz factor (y,, = 1.6 - 10°)
and the magnetic field (B = 42 mG) adjust for the apparent deviation. Details of
the spectral changes, for instance the observed hint for a shift of the SED peaks
(see secs. 10.4 and 9.9), can not be explained in this scenario. However, the success
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Figure 11.5: Scenario comparison one-break model (zoomed-in view of the optical/UV, X-ray
and VHE ~-ray regimes). The best fitting one-break model is shown as blue line. Scenario ¢ (red
line): Correlated variation of the electron number density g.. Other model parameters are kept
constant (mean value in case of non-constant parameters in the one-break model). The changes
of parameter ¢. can satisfactorily explain the main flux variations.
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of this scenario to explain the main spectral evolution supports the interpretation
that the electron number density is responsible for the observed flux variations in
the framework of an additional flare-emission environment.

A variation of ¢, as found in the one-break model can be induced in an emission
region, which is overrunning jet regions of variable local plasma density. In this
picture, flares are expected to occur when the number of electrons injected into the
acceleration process increases, i.e. when the emission region overruns a jet region
with enhanced plasma density [Kir98|. Calculating the black hole distance of this
region in the one-break model holds d =~ (1.5 — 6.8) - 103 R,.

11.4 Energetics

In the two-break model, the electron energy density U, dominates over the mag-
netic field energy density Up by a factor of ~ 10 for the pre- and post-flare states
and by a factor of ~ 50 for the first flare (F1, Fla) and by a factor of ~ 110
for the second flare (F2). From this, one can conclude that the emission system
is not in equilibrium state concerning the kinetic energy of the electrons and the
magnetic field energy. This indicates that the emission timescale is smaller than
the equilibrium timescale. This particularly holds for the short flare periods.

In the one-break model, U, dominates over Ug by a factor of ~ 39 — 65 for
periods P1 — P2 and P3, and by a factor of &~ 90 for flare period F2. Also in this
model the emission system is not in equilibrium state. Particularly for the short
flare period F2, the ratio of U, over Up gives a large value (= 90).

The electron luminosity L. (measured in the source (black hole system) frame)
can be calculated from U, by

L.=U.vAT? (11.1)

with A the cross section of the emission region, v its velocity in the source frame
and T' the bulk Lorentz factor of the emission region. With A = 7R?, v ~ ¢
and I' &~ §, this holds L, ~ (4.1 — 4.6) - 10% erg s~! for the pre-/post-flare periods
and L. ~ (1.0 — 1.1) - 10* erg s~ for the flare periods in the two-break model. In
the one-break model, the electron luminosity is L. ~ (3.6 — 4.5) - 103 erg s~! for
the pre-/post-flare periods and L, ~ (5.4 — 5.6) - 10*3 erg s~! for the flare periods.
In both models, L. is increased for the flare states (by a factor of ~ 2.3 — 2.7
in the two-break model and by a factor of ~ 1.2 — 1.6 in the one-break model).
Interestingly, the values of the pre-/post-flare states are of roughly same size in the
two models, whereas the flare luminosities differ by a factor of ~ 1.8 — 2.0 between
the models.

All found values are by factor of 2.3 - 10> — 3.1 - 10® smaller than the
Eddington luminosity of the Mrk 421 black hole ((2 — 9) - 108Mg), which is
Lgaq ~2.5-10% —1.1-10%7 erg s71.

In cases for which the emission timescale is known, the luminosity can also be
calculated from the total electron energy F.. For the flare periods, this character-
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istic timescale can be approximated by the variability timescale ty,,:

E.T  ETI%(1+42)

L =
‘ 8 tyar

r— (11.2)
T (1+z) “var

with z the cosmological redshift of the source. With t, &~ 1 day, z = 0.031 and
I' & 6, this holds L. ~ (2.4 — 2.9) - 10*3 erg s~ for the flare periods F1, Fla and
F2 in the two-break model, and L. ~ (5.5 — 6.0) - 10*? erg s~! in the one-break
model. These values are smaller than the values found by calculation from U, (by
a factor of &~ 3.4 —4.6 in the two-break model and by a factor of ~ 9.0 —10.2 in the
one-break model), indicating that the real emission timescale is probably smaller
than the approximated timescale of 1 day.



Chapter 12

Summary and outlook

This work is about the first stereoscopic observations of Markarian (Mrk) 421 with
the MAGIC telescopes during high source activity. Mrk 421 is a constituent of
the blazar subclass of Active Galactic Nuclei (AGN), for which one of the two
relativistic particle jets perpendicular to the accretion plane points directly to the
observer. Mrk 421 is the closest known (z = 0.031) and one of the best explored
very high energy (VHE) ~-ray emitting blazars, making it a good candidate for
studying the acceleration and emission processes in AGN jets.

The broadband spectral energy distribution (SED) of Mrk 421 shows the typical
two-component structure of blazars: The first component extends from the radio
to the X-ray waveband with a peak in the soft to medium X-ray range, the second
component extends in the y-ray waveband up to GeV and TeV energies with a
peak around 100 GeV. Additionally, large and occasional flux variations (flares)
up to one order of magnitude have been observed for this source on short and
long timescales. Past observations also showed that the low- and high-energy peak
can move to higher energies during such flares. While measurements in the radio,
optical/UV and X-ray regime have already been performed with high sensitivity on
short timescales in the past, measurements in the vy-ray regime required averaging
of particularly long time periods to achieve acceptable precision for spectral studies.
With the beginning of scientific operation of the MAGIC stereoscopic telescope
system in late 2009, an improved quality in short time measurements in the VHE
~-ray regime could be achieved.

Before being able to use the MAGIC stereoscopic system for scientific oper-
ations, the second telescope, MAGIC-II, had to be commissioned. Therefore,
an important part of this thesis was the installation and maintenance of the
MAGIC-II camera control program. This included the development and implemen-
tation of safety routines, such as the automatic high voltage reduction of single or
grouped overexposed camera pixels. An additional important result was the proof
of operation condition stability, such as temperature ((18 £ 1)° C) and humidity
(17 — 30 % rel.) stability close by the pixels. Also studies on the influence of
stereo trigger inhomogeneities were performed within this thesis, proving the reli-
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ability of the Markarian 421 stereo data: It was found that in the case of Mrk 421
any amount of observation time taken at the two alternating camera source posi-
tions (wobble positions) delivers reliable results in the integral and differential flux
analysis.

The MAGIC stereoscopic data on Mrk 421 in this thesis were taken in Jan-
uary 2010 within an extensive multiwavelength (MWL) campaign. The data
collection comprised 16 observation nights with a total observation time of
722 min (= 12 h). The zenith angle ranged from 8° to 39°. The integral flux
analysis showed two distinct flares on 14-15/01/2010 and 20/01,/2010, reach-
ing a flux level of (5.86+0.12)-10'% cm=2 s=! (2.7 Crab units (c.u.)) and
(5.60 £ 0.11) - 10'% cm=2 57! (2.6 c.u.) above 200 GeV, respectively. The peri-
ods immediately before and after the flares showed comparatively low flux levels
(~ (1.2 -3.7) - 10" em™2 57! (0.5 — 1.5 c.u.)). No significant intranight variabil-
ity was detected for the flare states. The dataset was divided into 6 observations
periods, comprising the first flare (F1, 14/01/2010, 138 min observation time),
the decreasing part of the first flare (Fla, 15/01/2010, 56 min) and the second
flare (F2, 20/01/2010, 137 min), and the periods before the first flare (pre-flare
period P1, 12-13/01/2010, 46 min), between the two flares (post-/pre-flare pe-
riod P2, 16-19/01/2010, 43 min) and after the second flare (post-flare period P3,
21-24/01/2010, 75 min).

The differential flux analysis of the MAGIC data resulted in SEDs
for each observation period from 80 GeV to 5 TeV (P1, F1, Fla,
P2, P3) and 80 GeV to 8 TeV (F2). Each SED was fitted with
a curved power law function E?(dF/dE) = E?fo(E/r)*tt80(E/") (a3 power
law with exponential cutoff reached comparable fit quality, a straight
power law function was excluded). The fit parameters for flare F1 were
found to be fo = (14.29 £0.29) - 1071 TeV~! cm™2 571, a = (—2.03 £ 0.03) and
b= (—0.35+0.05) (the normalisation parameter was set to r = 300 GeV). The pa-
rameters for flare F2 were found to be fo = (13.99 4 0.25) - 10710 TeV—! cm=2 571,
a=(—1.91+£0.03) and b = (—0.43 £ 0.05) (r = 300 GeV). This demonstrates that
the VHE ~-ray spectra of the flares possess a clear curvature. Due to the low en-
ergy threshold and high sensitivity of the MAGIC stereoscopic system, this is the
first time that the spectral evolution in a broad VHE ~-ray range could be resolved
on these short timescales.

Afterwards, the SEDs were corrected for the extragalactic background light
(EBL) absorption with the model of Franceschini et al. 2008 [Fra08]. The position
of the y-ray peak after EBL correction was clearly resolved for the two flares:
(416.8 £ 57.0) GeV for F1 and (576.6 £ 74.1) GeV for F2. The peak positions for
the non-flare periods range from (143.1 £+ 66.8) GeV (P1) to (485.8 £ 112.1) GeV
(P3).

In order to improve the scientific interpretation of the MAGIC observations,
these results were embedded into a MWL framework. Simultancous observa-
tions were available for all observation periods from the GASP program (optical
waveband), Swift/UVOT (optical/UV waveband) and Swift/XRT (X-ray wave-
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band). Additional coverage was provided for some periods in the radio waveband
(UMRAO, OVRO and Metséhovi) and the optical waveband (New Mexico Skies
and BRT). With these MWL observations, a multifrequency SED for each observa-
tion period was produced. The typical two-peak structure of blazar emission was
clearly resolved. The high-activity states found with MAGIC in the VHE ~-ray
regime showed clear correlations with high emission activity in the X-ray regime,
which suggests that both emissions are produced in the same region by (possibly)
the same population of particles. Radio and optical/UV data did not show any
correlated emission.

The multifrequency SEDs of each analysis period were described with two one-
zone synchrotron self-Compton (SSC) models. SSC models are very successful
in explaining the observed multifrequency spectra of blazars and have become
the standard method for fitting the observational results. In these scenarios, the
low-energy SED component is explained by synchrotron radiation of a certain pop-
ulation of relativistic electrons, accelerated in an emission region moving along the
jet with relativistic bulk speed. The high-energy component is explained by in-
verse Compton scattering of the synchrotron photons off the same population of
electrons. The measurements of MAGIC played an important role in the mod-
elling process: As the only instrument covering the high-energy SED component
in this analysis, the quality of the MAGIC results was crucial in imposing model
constraints. With SEDs ranging from 80 GeV to 5 TeV and 8 TeV, respectively,
obtained from hour-scale observations, these results constitute a substantial im-
provement, compared to preceding works.

The first model aimed to explain the emission in the optical/UV, X-ray and
VHE ~v-ray regimes to originate from a common emission region. For this, a double-
broken electron injection spectrum was required. The first break in the spectrum is
connected to the acceleration efficiency, while the second break indicates the onset
of significant energy losses (cooling). Radio data were treated as upper limits,
since the radio flux is expected to arise from an extended region, which is larger
than the modelled blazar emission region. In this model, four parameters appear
to be correlated with the flares: The magnetic field strength of the emission region
(B) and the spectral indices of the electron spectrum below and above the cooling
break (s9 and s3) decrease with source activity while the beaming (Doppler) factor
of the jet (J) increases. The other parameters (electron number density, minimum
electron Lorentz factor and Lorentz factors of the break values in the electron
spectrum) show uncorrelated variations. The correlation between B, so, s3 and 0
can be explained as follows: In conical jets, emission regions are considered to be
accelerated (0 increases) and to grow in size while moving down the jet. Because
of magnetic flux conservation, the magnetic field strength B decreases and leads
to harder electron spectra. In this view, the observed variations of B, so, s3 and
¢ are manifestations of two moving emission regions. However, it was found that
this scenario alone can not be responsible for the flare emission. To explain the
observed flux variations, the variations of all the model parameters are required,
pointing to an emission system of high dynamics.
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The second model also used the optical/UV data as upper limits, since the
first model had problems in connecting the low-energy X-ray shape with the op-
tical/UV measurements. Under the assumption that the optical/UV emission is
not dominantly produced in the flare-causing emission region, only the X-ray and
VHE ~v-ray data were included in the modelling. This is also motivated by the
correlation between X-ray and VHE ~-ray emission and the lack of correlation
with radio and optical/UV emission. For this model, a single-broken injection
spectrum was sufficient, with cooling processes responsible for the break. Here,
only the electron number density seems to be correlated with the source activity.
Compared to the non-flare periods, its value is increased for the flares. It was
found that these changes can satisfactorily explain the main flux variations in the
X-ray and VHE ~-ray regime. In this framework, an increased electron number
density is responsible for a raised flux level, which can be explained by an emission
region overrunning a jet region with enhanced local plasma density, leading to an
increased number of electrons injected into the acceleration process.

In both models, the electron energy density dominates over the magnetic field
energy density. In the first model, the ratio is ~ 10 for the pre- and post-flare
states, ~ 50 for flare period F1 and = 110 for flare period F2. In the second
model, the ratio is ~ 39 — 65 for periods P1 — P2 and P3, and ~ 90 for flare F2.
From this, one can conclude that the emission system is not in equilibrium state
concerning the kinetic energy of the electrons and the magnetic field energy. This
indicates that the emission timescale is smaller than the equilibrium timescale,
particularly for the short flare periods.

The electron luminosity is found to be of the order of 103 — 10% erg s~!, which
is just a small fraction of the Eddington luminosity of Mrk 421 (0.3 — 4 %o). The
electron luminosity is increased for the flare states (by a factor of ~ 2.3 — 2.7 in
the first model and by a factor of ~ 1.2 — 1.6 in the second model).

The results lead to the question whether and to what extent the apparent
optical/UV emission is connected to the X-ray and VHE ~-ray flare emission.
Although mechanisms like the SSC model predict a broadband SED including
optical/UV emission, the dominant emission in that energy regime does not seem
to be correlated with the activity in the X-ray and VHE ~-ray band in the case
of the studied flares. This points to a kind of steady-state emission produced
in a different region, either also by the SSC mechanism (with the corresponding
X-ray and VHE ~-ray emission inferior to the observed flare emission) or other
mechanisms producing radiation in the optical/UV band. Future research has to
address this question, primarily with dedicated correlation studies of short-term
flux variations.

A better knowledge of the emission system before and after a flare would also
lead to a deeper understanding of flare evolution. Here, the VHE ~-ray measure-
ments are in demand, since in this regime low-activity states are usually covered
just by short, daily monitoring observations, while high-activity states trigger ex-
tended observations (like the MAGIC observations presented in this thesis). Obvi-
ously, it is not possible to know when a flare will happen and to schedule dedicated
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pre-flare observations. Past observations showed that Mrk 421 can be inactive over
long periods of time (e.g. during 2009), but when it gets active, it typically flares
several times (as in the case of the flares studied in this thesis). Hence, there is
a chance that a post-flare period also is a pre-flare period to a subsequent flare.
As a consequence, flare observations should be followed by additional extended
observations after the flare.

The next generation instrument for ground-based VHE ~-ray astronomy, the
Cherenkov Telescope Array (CTA), will allow to intensify the study of short-term
spectral variations in Mrk 421 and in blazars in general. With its design of an array
of many tens of telescopes, the total accessible energy of CTA will range from a
few tens of GeV to above 100 TeV. It also foresees to improve the sensitivity
compared to current Cherenkov telescopes by a factor of 5 — 10 (in the energy
range 100 GeV — 10 TeV). Therefore, on timescales comparable to the ones shown
in this work, CTA will permit the precise characterisation of the SED over a large
dynamic range. This will significantly improve the determination of the spectral
shape, particularly for non-flare periods which are only covered by monitoring
observations.

A reduction of the uncertainty of the VHE ~-ray spectra can also be achieved
with an improved knowledge of the extragalactic background light (EBL). The
corresponding absorption significantly influences the spectral shape for energies
above 1 TeV, so that the spectra have to be corrected for that effect by using
dedicated EBL models. While direct measurements of the EBL are affected by
zodiacal light, it is possible to set limits on the EBL from deep galaxy surveys
(lower limits) or VHE ~-ray observations of far extragalactic sources (upper limits).
Future consolidation on the EBL models can narrow the range of the de-absorption
calculations.

Additional measurements filling the gap between the X-ray and VHE ~-ray
regime would allow to better constrain the blazar emission models. Including data
from the X-ray satellites RXTE/PCA, MAXI, INTEGRAL and Swift/BAT would
extend the covered X-ray range to higher energies and give valuable information
on the falling edge of the synchrotron peak. In fact, RXTE/PCA and Swift/BAT
are already included into currently ongoing MWL campaigns on Mrk 421. The
sensitivity of RXTE/PCA allows to produce day-to-day SEDs in the energy range
~ 3 —32keV (= 7-10'7 — 8- 10'® Hz) and hence this instrument can perform
variability studies on short timescales as in this work. Swift/BAT will extend the
covered energy range up to ~ 200 keV (= 5-10'® Hz), but its sensitivity is not good
enough to resolve the typical spectrum of the source on timescales of a few days.
The Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope,
covering a vy-ray range of ~ 100 MeV — 300 GeV (=~ 2- 10?2 — 7-10%° Hz) and
therefore observing the rising edge of the IC peak, is also included into ongoing
MWL campaigns. But like Swift/BAT, this instrument can not resolve the typical
spectrum of Mrk 421 on short timescales due to the low number of collected photons
(detector size of ~ 1 m?). Consequently, improvements in future projects aiming
at hard X-rays and «-rays can be achieved by enlarging the effective area.






Appendix A

SED: Flux per logarithmic
bandwidth

In most fields of astronomy, the property of light is measured as rate, at which
energy arrives per unit area, called energy flux F. = d2E/dAdt. The energy flux
per unit frequency, called specific energy flux, is given by F,, = dF,/dv [Kro99]. It
is convenient to analyse the energy per unit logarithmic frequency interval. These
intervals are naturally representing the bands in the electromagnetic spectrum,
since they are spanning over several decades, i.e. factor of 10, in frequency. The
corresponding quantity, vF, «x dF./dlogv, is called energy flux per logarithmic
bandwidth [Kro99|. The unit of vF, is:

erg

[Z/FV] - (Al)

cm?s’

The log(vF,) versus log(v) representation is called spectral energy distribution
(SED). It is the preferred format for examining where the energy is actually emitted
as it reflects the amount of energy emitted in each equally spaced interval on the
logarithmic frequency axis [Pet97]. In this representation it is easily visible, which
band is most important in terms of energetics. A flat distribution corresponds to
equal energy per bandwidth.

In HE and VHE ~-ray astronomy, where photon-counting devices prevail, the
measured quantity is the rate, at which photons arrive per unit area [Kro99|. This
quantity is also called flux and denoted as F' = d2N7 /dAdt. Tt equals to the
energy flux F, divided by the energy carried by the photons:

F,
F=-=. A2
) (A.2)
For the specific flux at photon-counting experiments follows:
dF dF, dF, F,
< < (A.3)

dE  hvdE  Rvdy W
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For the flux per logarithmic bandwidth follows:

dF dF F,
E?’— = h?— = W~ =vF,. A4
ae ~ VAR T R T (A44)
Therefore, the specific flux of photon-counting devices has to be multiplied by
E? in order to express vF,, and to achieve a comparable representation with other
fields of astronomy.
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Applied signal cuts

B.1 Applied cuts for total signal analysis £ > 200 GeV
(9*-plot)

The cuts used for the total signal analysis are listed in tab. B.1. They result in the
same signal excess above E > 200 GeV as the integrated flux analysis (lightcurve).

Hadronness 62 Size  Fest  Leakage(2)
[deg®|  [phe|] [GeV]
0.4165 0.02 50 200 0.2

Table B.1: Applied cuts for total signal analysis (6>-plot).

B.2 Applied cuts for integrated (lightcurve) and differ-
ential (SED) flux analysis

For the integrated (lightcurve) and differential (SED) flux analysis, the range in
estimated energy (Fest) from 5 GeV to 50 TeV is divided into 28 log-equidistant
ranges. For each energy range, dedicated cuts in Hadronness are defined. This
cuts are listed in tab. B.2. For the lightcurve, a common #%cut of #2 = 0.02 deg?
is used, whereas for the SED also dedicated #2-cuts for each energy bin are used.
This cuts are also listed in B.2.

To achieve a lightcurve above a certain energy, a cut in estimated energy rep-
resenting the energy threshold Ej has to be applied. In this thesis, lightcurves are
produced above Eg = 200 GeV.

Additional cuts used in the lightcurve and SED analysis are Size > 50 and
Leakage(2) < 0.2.
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Bin number 1 2 3 4 5) 6 7 8 9 10
Hadronness  0.99 0.99 0.99 0.99 099 099 099 09 09 085
6? [deg?] 01 01 01 01 01 0.1 005 004 0.03 0.02
Bin number 11 12 13 14 15 16 17 18 19 20
Hadronness 0.75 0.75 07 06 06 05 04 04 04 04
62 [deg?]  0.02 0.02 0.02 0.02 0.02 002 002 002 002 0.02
Bin number 21 22 23 24 25 26 27 28
Hadronness 04 04 05 06 06 06 06 0.6
62 [deg?]  0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Table B.2: Applied cuts for integrated (lightcurve) and differential (SED) flux analysis. The
6*-cut is only applied to the SED analysis. For the lightcurve, a common cut of #2 = 0.02 deg?
is used.
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MAGIC SED values

C.1 Crab nebula

Tab. C.1 lists the SED values of fig. 8.4 for each energy bin.

Energy bin E2§1—§
[GeV| [1071 TeV—! em=2 571
Bertero method Schmelling method Tikhonov method

64.59717% 7.28 4 0.90 7.13 4+ 1.04 7.58 4+ 0.75
102.00725-28 6.80 + 0.38 7.05 + 0.56 6.64 + 0.48
161.37131-68 6.00 + 0.26 5.95 + 0.38 5.93 + 0.32
255.40750-9% 5.03 & 0.22 4.87 £ 0.31 5.13 & 0.26
404.42793-58 511 4 0.21 5.29 + 0.28 5.12 4 0.25
640.3715297 4.37 £ 0.22 4.20 £ 0.28 4.23 £ 0.23
1014.00735122  3.01 + 0.21 3.05 £ 0.28 3.12 £ 0.20
1605.61133593 2,57 4+ 0.22 2.52 £ 0.30 2.61 £ 0.20
2543.56 751323 2.38 £ 0.28 2.41 £ 0.37 2.23 £ 0.21
4029.421979-58 1.72 £ 0.29 1.70 £ 0.40 1.72 £ 0.21
6380.35 158052 1.37 + 0.36 1.30 + 0.49 1.17 + 0.21

Table C.1: SED values of the Crab nebula dataset 11/11/2009 — 11/01/2010 from 50 GeV to
8 TeV.

C.2 Mrk 421

Tab. C.2 lists the SED values of fig. 9.5, tab. C.3 lists the SED values of fig. 9.6
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Appendix C. MAGIC SED values

Energy bin EQS—g
[GeV| [107H TeV—! em=2 s71]
P1 F1 Fla P2

97.7472%86 836 +0.91 11.32+0.63 9.54 4 0.76 5.38 & 1.01
166.1475291 873 £ 0.87 12.26 £ 0.53 10.77 £ 0.77 6.95 + 0.86
2576273080 869 £ 0.76  12.63 + 0.51 11.92 + 0.74 6.41 £ 0.72
405.89T90 15 755+ 0.71 1228 £ 0.51  9.85 + 0.64  5.38 + 0.66
640.96715052  5.35 £ 0.59 11.49 £ 0.52 8.62 £ 0.64 4.46 £ 0.56
1013.53%30305  3.87 £0.51 10.51 £0.55 7.99 + 0.68 4.95 + 0.70
1602.67T3875% 332 +0.58 843 +£0.57 7.46 £ 0.73  4.09 + 0.72
253541781138 246 £ 0.58 542 £ 049  6.59 £ 0.88 2.52 £ 0.68
401097795293 218 £ 1.00  4.12 £ 0.69  4.68 £ 0.83  1.74 £ 1.05

Table C.2: SED values Mrk 421 analysis periods P1, F1, Fla and P2.

for each energy bin. The corresponding SED values after application of the EBL
correction (Franceschini model) are listed in tab. C.4 resp. C.5.
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Energy bin E2§—g
[GeV] [1071 TeV—! em=2 571
P2 F2 P3
101.3172528 538 £1.01  9.66 + 0.56 5.84 + 0.87
159.837393%  6.95 4 0.86 10.52 + 0.52 5.17 + 0.64
250.1679%31  6.41 £ 0.72  12.05 £ 0.52  6.11 + 0.60
389.017109 538 + 0.66 1242 + 0.52 6.89 4 0.61
650.61T 13080 446 £ 0.56 1248 + 0.57 6.09 + 0.60
1021.41123853 4,95 £ 0.70  10.78 + 0.56 4.87 £ 0.56
1611.4913729% 409 £ 0.72 874 +£ 0.57 4.29 + 0.63
2547057800 252 £0.68  6.39 + 0.56  2.53 + 0.54
402573797430 1.74 £ 1.05  4.22 £ 0.53  1.64 £ 0.73
6368.651 150252 — 2.66 + 0.61 -

Table C.3: SED values Mrk 421 analyis periods P2, F2 and P3.

Energy bin E2§—g
[GeV| [10~1 TeV—! em=2 571
P1 F1 Fla P2

99.27720-35 840 +0.92 11.38 £ 0.63 9.59 + 0.76  5.41 + 1.01
171.8712008 887 £ 0.89 1246 + 0.54 10.95 + 0.78 7.06 + 0.88
258.6672057  9.06 £ 0.79 13.17 £ 0.53 12.43 £ 0.77 6.69 £ 0.76
406.827973% 832+ 0.78 13.54 + 0.56 10.86 + 0.71 5.93 + 0.73
642.4271900%  6.41 £ 0.71 13.83 £ 0.63 10.36 & 0.77 5.37 £ 0.68
101585723990 5.14 £ 0.68 13.94 £ 0.74 10.61 +0.90 6.58 + 0.94
1607.0873839% 481 +£0.84 12.20 £ 0.83 10.84 + 1.07 5.93 + 1.05
254239781120 3.80 £ 0.91 836 £ 0.76 10.21 + 1.37 3.89 £ 1.06
4023.88190012  3.66 + 1.70  6.91 + 1.16  7.83 + 1.40 2.92 + 1.77

Table C.4: SED values Mrk 421 analysis periods P1, F1, Fla and P2 after EBL correction

(Franceschini model).
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Appendix C. MAGIC SED values

Energy bin E2§—g
[GeV] [1071 TeV—! em=2 571
P2 F2 P3
101.5472395 541 +£1.01  9.72 + 0.57 5.87 + 0.87
160.41753%  7.06 £ 0.88 10.70 + 0.53 5.25 + 0.65
252.9619252  6.69 + 0.76 12.58 + 0.54 6.38 + 0.62
395.38T10402 593 £0.73 13.71 £ 0.58 7.60 + 0.67
684.837197-02 537 £ 0.68 15.01 + 0.68 7.32 4 0.72
1029.76 7353919 6.58 +£ 0.94 14.30 + 0.75  6.45 £ 0.75
1618.83731270 593 +£1.05 12.65 + 0.82 6.20 4 0.91
2555.20720009  3.89 + 1.06  9.89 + 0.87  3.90 + 0.83
4038.64135336 2,92 4+ 1.77  7.05 £ 0.88 2.74 + 1.22
6386.20 1153827 5.28 + 1.22 -

Table C.5: SED values Mrk 421 analyis periods P2, F2 and P3 after EBL correction (Frances-
chini model).
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MWL observations

D.1 Used MWL observations

The following tables list details of the MWL observations used in this thesis, sorted
by instrument, and their affiliation to the analysis periods.

Date Period MJD start MJD end Instrument Band
14/01/2010 F1 55210.00 55210.02 OVRO -

15/01/2010  Fla  55211.87883 - UMRAO 8 GHz
17/01/2010 P2 55213.00  55210.02  OVRO -
17/01/2010 P2 55213.80092 - UMRAO 8 GHz
18/01/2010 P2 55214.86583 - UMRAO 8 GHz
21/01/2010  P3  55217.82408 - UMRAO 14 GHz
24/01/2010  P3 55220.00  55210.02  OVRO -
24/01/2010  P3  55220.45139 - Metséhovi -

Table D.1: MWL coverage by radio instruments (OVRO: Owens Valley Radio Observatory,
UMRAO: University of Michigan Radio Astronomy Observatory).
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Appendix D. MWL observations

Date Period MJD Instrument Band
12/01/2010 P1 55208.79284 Roque (KVA 35 cm) R
14/01/2010  F1 55210.77229 Roque (KVA 35 cm) R
15/01/2010  Fla  55211.70107 Roque (KVA 35 cm) R
16/01/2010 P2 55212.49132 Talmassons R
16/01/2010 P2 5521274050 Roque (KVA 35cm) R
17/01/2010 P2 55213.21097 Lulin (SLT) R
17/01/2010 P2 55213.76895 Roque (KVA 35cm) R
18/01/2010 P2 55214.08552 Lulin (SLT) R
18/01/2010 P2 55214.74537  Roque (KVA 35 cm) R
19/01/2010 P2 55215.34936 Lulin (SLT) R
19/01/2010 P2 55215.46215 Talmassons R
20/01/2010 F2 595216.33353 Lulin (SLT) R
20/01/2010 F2 55216.47030 St.Petersburg R
20/01/2010 F2 55216.75673 Roque (KVA 35 cm) R
21/01/2010 P3 55217.48368 Talmassons R
21/01/2010 P3 55217.55619  Abastumani (70 cm) R
21/01/2010 P3 55217.55691  Abastumani (70 cm) R
21/01/2010  P3  55217.55763 Abastumani (70 cm) R
21/01/2010 P3 55217.55833  Abastumani (70 cm) R
21/01/2010  P3  55217.55905 Abastumani (70 cm) R
21/01/2010 P3 55217.55977  Abastumani (70 cm) R
21/01/2010 P3 55217.56049  Abastumani (70 cm) R
21/01/2010  P3  55217.56119 Abastumani (70 cm) R
21/01/2010 P3 55217.76109 Roque (KVA 35 cm) R
22/01/2010 P3 55218.45380 St.Petersburg R
22/01/2010 P3  55218.76487 Roque (KVA 35cm) R
23/01/2010 P3 55219.77443 Roque (KVA 35 cm) R
24/01/2010 P3 55220.14046 Lulin (SLT) R
24/01/2010 P3 55220.35938 Talmassons R
24/01/2010 P3  55220.74092 Roque (KVA 35cm) R

Table D.2: MWL coverage by optical instruments within the GASP program.
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Date Period MJD start MJD end Duration Instrument Band
[s]
16/01/2010 P2 55212.69800 55212.70008 180 BRT Vv
16/01/2010 P2 55212.74477  54212.74824 300 NMS v
16/01/2010 P2 55212.74946  55212.75293 300 NMS R
20/01/2010 P3 55216.69346 55216.69554 180 BRT R

Table D.3: MWL coverage by other optical instruments (BRT: Bradford Robotic Telscope,
NMS: New Mexico Skies).

Date Period MJD start MJD end Duration
g

12/01/2010 P1 55208.3752202900 55208.3776945245  210.402
12/01/2010 P1 55208.4321164484  55208.4341277856  171.039
13/01/2010 P1 55209.3586133076  55209.3606241343  170.995
13/01/2010 P1 55209.3773788505  55209.3798529572  210.391
14/01/2010 F1 55210.3665918516  55210.3716122137  426.918
15/01/2010  Fla  55211.3681281111 55211.3719912940  328.515
15/01/2010  Fla  55211.8530695377 55211.8569325921  328.504
16/01/2010 P2 55212.3757279762  55212.3802855685  387.565
16/01/2010 P2 55212.7074891657 55212.7111208352  308.827
17/01/2010 P2 55213.3085687095  55213.3126634042  348.202
17/01/2010 P2 55213.3752337215 55213.3793277778  348.147
18/01/2010 P2 55214.3131991662 55214.3172932227  348.147
18/01/2010 P2 55214.3802246660 55214.3852451553  426.929
19/01/2010 P2 55215.2667455521  55215.2703770935  308.816
19/01/2010 P2 55215.3328029856  55215.3366659120  328.493
20/01/2010 F2 55216.3315204308 55216.3347821660  277.369
24/01/2010 P3 55220.2824205759  55220.2867466551  367.878

Table D.4: MWL coverage by Swift/ UVOT UVM2.
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Date Period MJD start MJD end Duration
[s]

12/01/2010 P1 55208.3777502000 55208.3799210292  184.601
12/01/2010 P1 55208.4341811627 55208.4354766368  110.164
13/01/2010 P1 55209.3606789157  55209.3625589817  159.876
13/01/2010 P1 55209.3799097819  55209.3820043769  178.119
14/01/2010 F1 55210.3716742741  55210.3764472894  405.884
15/01/2010  Fla  55211.3720497785 55211.3757548738  315.071
15/01/2010  Fla  55211.8569909493 55211.8604764069  296.394
16/01/2010 P2 55212.3803448192  55212.3847804618  377.195
16/01/2010 P2 55212.7111808521  55212.7146416648  294.298
17/01/2010 P2 55213.3127222718 55213.3167263023  340.492
17/01/2010 P2 55213.3793879225 55213.3833916977  340.470
18/01/2010 P2 55214.3173511965 55214.3201971537  242.013
18/01/2010 P2 55214.3853068324  55214.3896418507  368.638
19/01/2010 P2 55215.2704374937  55215.2729763419  215.897
19/01/2010 P2 55215.3367259292  55215.3403374225  307.112
20/01/2010 P3 55220.2868083322  55220.2910305949  359.050

Table D.5: MWL coverage by Swift/ UVOT UVW1.
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Date Period MJD start MJD end Duration
[s]

12/01/2010 P1 55208.3726879539  55208.3751621887  210.402
12/01/2010 P1 55208.4300489250 55208.4320611563  171.115
13/01/2010 P1 55209.3565471889  55209.3585583984  171.028
13/01/2010 P1 55209.3748460035 55209.3773202380  210.402
14/01/2010 F1 55210.3615107060 55210.3665311961  426.929
15/01/2010  Fla  55211.3642064435 55211.3680693711  328.493
15/01/2010  Fla  55211.8491471051 55211.8530100317  328.493
16/01/2010 P2 55212.3711098562 55212.3756673208  387.554
16/01/2010 P2 55212.7037985005 55212.7074295315  308.773
17/01/2010 P2 55213.3044142535 55213.3085086924  348.180
17/01/2010 P2 55213.3710786268 55213.3751733215  348.202
18/01/2010 P2 55214.3090351329  55214.3131309769  348.299
18/01/2010 P2 55214.3751417333  55214.3801622227  426.929
19/01/2010 P2 55215.2630561644  55215.2666878336  308.827
19/01/2010 P2 55215.3288819574  55215.3327450118  328.504
20/01/2010 F2 55216.3266696486 55216.3314586262  407.242
24/01/2010 P3 55220.2780348623  55220.2823606866  367.856

Table D.6: MWL coverage by Swift/ UVOT UVW2.
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Date Period  Observation 1D MJD
13/01/2010 P1 30352177 55209.35648161673
14/01/2010 F1 30352178 55210.36144451955
15/01/2010  Fla 30352179 55211.36412958008
15/01/2010  Fla 30352180 55211.84908098097
16/01/2010 P2 30352181 55212.37104412485
16/01/2010 P2 30352182 55212.70373558896
17/01/2010 P2 30352183 55213.30434490852
18/01/2010 P2 30352184 55214.30895612342
19/01/2010 P2 30352185 55215.26299062934
19/01/2010 P2 30352186 55215.32881201524
20/01/2010 F2 30352187 55216.32660420105
24/01/2010 P3 30352188 55220.27796297974

Table D.7: MWL coverage by Swift/XRT.



D.2. MWL SED values

149

D.2 MWL SED values

Frequency vF, Instrument
[Hz| [erg cm™2 571

4.339585 - 10 (1.00179 £ 0.02002) - 10~10 GASP
1.200322 - 10*  (1.706307 4 0.017381) - 10710 Swift/UVOT
1.385656 - 101°  (2.030495 + 0.020897) - 10710 Swift/UVOT
1.628061 - 10*  (2.185828 4 0.021302) - 10~!°  Swift/UVOT
1.161883 - 1017 (3.99501 + 0.05476) - 10710 Swift/XRT
1.595901 - 1017 (4.19724 4+ 0.05488) - 10719 Swift/XRT
2.192048 - 107 (4.21130 £ 0.04793) - 10710 Swift/XRT
3.010890 - 1017 (3.98428 +0.04527) - 10719 Swift/XRT
4.135607 - 107 (3.81669 + 0.05426) - 10710 Swift/XRT
5.680458 - 1017 (3.52384 £ 0.06824) - 1070 Swift/XRT
7.802386 - 1017 (3.25726 +0.07767) - 10710 Swift/XRT
1.071695 - 1018 (2.81109 + 0.08240) - 10710 Swift/XRT
1.472024 - 101®  (2.10502 4 0.07348) - 10710 Swift/XRT
2.412270 - 10> (1.34618 +0.14734) - 10719 MAGIC
3.823193 - 10%°  (1.42172 £ 0.14241) - 10719 MAGIC
6.059363 - 102> (1.45231 +0.12623) - 10719 MAGIC
9.603433 - 10> (1.33250 £ 0.12561) - 10719 MAGIC
1.522041 - 10%¢  (1.02684 4-0.11348) - 10710 MAGIC
2.412270 - 10?5 (8.22822 + 1.09650) - 10~ MAGIC
3.823193 - 10%°  (7.70190 + 1.34248) - 10~ MAGIC
6.059363 - 105 (6.08909 + 1.45182) - 10~ MAGIC
9.603433 - 10%6  (5.86510 + 2.71696) - 10~ MAGIC

Table D.8: MWL SED values Mrk 421 analysis period P1.
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Frequency vF), Instrument
[Hz] [erg cm™2 57!
1.499967 - 10'° (6.870 4 0.315) - 10~ OVRO

4.339585 - 1014
1.200322 - 10*°
1.385656 - 10%°
1.628061 - 10%°
1.161883 - 107
1.595901 - 107
2.192048 - 107
3.010890 - 107

(1.04470 £ 0.01936) - 10~ 10 GASP
(1.77283 £ 0.03340) - 1071%  Swift/UVOT
(2.14401 £ 0.04172) - 10710 Swift/UVOT
(2.25394 £ 0.04151) - 1070 Swift/UVOT
(5.83357 £0.06248) - 10719 Swift/XRT
(6.65054 & 0.06491) - 10710 Swift/XRT
(6.82681 £ 0.05756) - 10719 Swift/XRT
(7.01573 £ 0.05698) - 10719 Swift/XRT
4.135607 - 1017 (6.83726 + 0.06870) - 10710 Swift/XRT
5.680458 - 107 (6.76508 & 0.08901) - 10710 Swift/XRT
7.802386 - 1017 (5.96038 £ 0.09401) - 10710 Swift/XRT
1.071695 - 10'®  (5.56885 + 0.11013) - 10719 Swift/XRT
(4.60731 + 0.09993)

(1.82395 + 0.10097)

(1.99656 + 0.08648)

(2.11083 + 0.08522)

(2.16888 + 0.08955)

(2.21582 + 0.10033)

(2.23423 4 0.11796)

(1.95447 + 0.13330)

(1.33936 + 0.12105)

(1.10733 + 0.18559)

1.472024 - 108 10710 Swift/XRT
2.412270 - 10%° 10710 MAGIC
3.823193 - 10%° 10710 MAGIC
6.059363 - 10%° 10710 MAGIC
9.603433 - 10?° 10710 MAGIC
1.522041 - 10%6 10710 MAGIC
2.412270 - 10%6 10710 MAGIC
3.823193 - 10%6 10710 MAGIC
6.059363 - 1026 10710 MAGIC
9.603433 - 1026 10710 MAGIC

Table D.9: MWL SED values Mrk 421 analysis period F1.
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Frequency vF), Instrument
[Hz| [erg cm ™2 571

8.000000 - 10? (5.52 +0.24) - 10~ UMRAO
4.339585 - 10'*  (1.05500 £ 0.02081) - 10~1° GASP
1.200322 - 10*  (1.867120 4 0.025270) - 10710 Swift/UVOT
1.385656 - 10™°  (2.205945 4 0.030728) - 10710 Swift /UVOT
1.628061 - 101 (2.345400 4+ 0.031008) - 10710 Swift/UVOT
1.161883 - 1017 (4.55759 +0.06359) - 10710 Swift/XRT
1.595901 - 1017 (5.14281 4 0.06594) - 10719 Swift/XRT
2.192048 - 107 (5.55991 £ 0.05985) - 10710 Swift/XRT
3.010890 - 1017 (5.72120 £ 0.05855) - 10719 Swift/XRT
4.135607 - 107 (5.72166 + 0.07105) - 10~ Swift/XRT
5.680458 - 1017 (5.58347 £0.09155) - 10719 Swift/XRT
7.802386 - 1017 (5.14833 £ 0.01016) - 10710 Swift/XRT
1.071695 - 10'®  (4.62302 +0.11736) - 10719 Swift/XRT
1.472024 - 101®  (3.69904 4 0.10411) - 10710 Swift/XRT
2.412270 - 10%°  (1.53662 + 0.12156) - 10719 MAGIC
3.823193 - 10%°  (1.75514 + 0.12466) - 10719 MAGIC
6.059363 - 10> (1.99197 + 0.12278) - 10719 MAGIC
9.603433 - 10> (1.73925 + 0.11376) - 10719 MAGIC
1.522041 - 10%¢  (1.66013 4 0.12394) - 10710 MAGIC
2.412270 - 10?5 (1.70056 + 0.14434) - 10719 MAGIC
3.823193 - 1025 (1.73622 £ 0.17106) - 10~ 19 MAGIC
6.059363 - 1025 (1.63640 + 0.21934) - 10710 MAGIC
9.603433 - 1026 (1.25442 + 0.22409) - 10719 MAGIC

Table D.10: MWL SED values Mrk 421 analysis period Fla.
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Frequency vF, Instrument
[Hz| [erg cm™2 s71]
8.000000 - 10? (4.28 £ 0.56) - 10~ 14 UMRAO
1.499967 - 1010 (6.915 £ 0.165) - 10~ 14 OVRO

4.339585 - 10
4.713597 - 10
5.462307 - 1014
5.462307 - 1014
1.200322 - 10%°
1.385656 - 1010
1.628061 - 10
1.161883 - 1017
1.595901 - 1017
2.192048 - 107
3.010890 - 107
4.135607 - 1017
5.680458 - 1017
7.802386 - 1017

1.050586 + 0.004883) - 10~ 19 GASP
1.319810 £ 0.016099) - 1010 NMS
1.540770 + 0.049595) - 10~ 19 NMS
10719 BRT
10719 Swift/UVOT
-10719  Swift/UVOT
2.175363 4 0.015317) - 10710 Swift/UVOT
3.812682 £ 0.032078) - 1010 Swift /XRT

)
)
1.583720 =+ 0.005450)
)
)
)
)
4.152032 £ 0.031862) - 1071 Swift/XRT
)
)
)
)
)
)
)

1.746473 £ 0.012655
2.061233 £ 0.015343

4.323898 4+ 0.028828) - 10710 Swift/XRT
4.434682 4 0.028672) - 10710 Swift/XRT
4.517620 4+ 0.035613) - 10710 Swift/XRT
4.584234 4+ 0.046965) - 10710 Swift /XRT
4.485420 4 0.052874) - 10710 Swift/XRT
1.071695 - 10'®  (4.266612 4 0.062070) - 10~1°  Swift /XRT
1.472024 - 10'®  (3.912088 4 0.057697) - 10710 Swift /XRT
2.412270 - 105  (8.67189 + 1.62409) -
3.823193 - 10%° 1.13113 £ 0.14038)
6.059363 - 10%° 1.07238 £ 0.12105) - 10~1° MAGIC
9.603433 - 1025  (9.49747 + 1.16263) - 10~ MAGIC
1.522041 - 10%¢  (8.60679 4= 1.08399) - 10~ 11 MAGIC

)

)

)

)

o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~~~ o~~~

10~ MAGIC
-10710 MAGIC

2.412270 - 10% 1.05351 4 0.15014) - 10~19 MAGIC
3.823193 -10%6  (9.49514 + 1.67471) - 10~ 11 MAGIC
6.059363 - 1026 (6.23180 + 1.69622) - 10~ 1! MAGIC
9.603433 - 10?6 (4.67613 £ 2.84237) - 10~ 11 MAGIC

A~~~ Y~ Y~ I/~ /N

Table D.11: MWL SED values Mrk 421 analysis period P2.
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Frequency vF), Instrument
[Hz| [erg cm ™2 571

4.339585 - 10" (8.783797 £ 0.205416) - 10~ GASP
4.713597 - 10'*  (8.87656 + 0.02340) - 10~ BRT
1.385656 - 101 (1.56831 4 0.03156) - 10710 Swift/UVOT
1.628061 - 101 (1.68826 4 0.03133) - 10710 Swift/UVOT
1.161883 - 1017 (4.54217 +0.07605) - 10719 Swift/XRT
1.595901 - 1017 (4.91281 +0.07606) - 10710 Swift/XRT
2.192048 - 1017 (5.23439 £ 0.06905) - 10~1%  Swift/XRT
3.010890 - 1017 (5.49048 +0.06933) - 10719 Swift/XRT
4.135607 - 1017 (5.36135 & 0.08425) - 10710 Swift/XRT
5.680458 - 107 (5.51300 £ 0.11176) - 10719 Swift/XRT
7.802386 - 1017 (5.30422 +0.12863) - 10710 Swift/XRT
1.071695 - 10'®  (4.95880 4 0.14164) - 10719 Swift/XRT
1.472024 - 10'®  (4.39345 4+ 0.13436) - 10719 Swift/XRT
2.412270 - 10%°  (1.55666 + 0.09084) - 10719 MAGIC
3.823193 - 10%°  (1.71447 + 0.08544) - 10710 MAGIC
6.059363 - 10> (2.01554 + 0.08695) - 1010 MAGIC
9.603433 - 10> (2.19646 + 0.09214) - 10719 MAGIC
1.522041 - 1026 (2.40549 4 0.10921) - 10~1° MAGIC
2.412270 - 10%°  (2.29123 +0.11955) - 10719 MAGIC
3.823193 - 10%°  (2.02733 £ 0.13213) - 10719 MAGIC
6.059363 - 1025 (1.58384 + 0.14004) - 10~ 10 MAGIC
9.603433 - 1025 (1.12897 + 0.14109) - 10719 MAGIC
1.522041 - 1027 (8.45910 4+ 1.95127) - 10~ 1! MAGIC

Table D.12: MWL SED values Mrk 421 analysis period F2.
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Frequency vF, Instrument
[Hz| [erg cm™2 57!
1.400000 - 1010 (6.58 +0.28) - 10714 UMRAO
1.499967 - 1010 (6.66 & 0.10) - 10~ 4 OVRO
3.700000 - 100 (1.295 +0.222) - 10713 Metsihovi
4.339585 - 10 (7.960455 & 0.041491) - 10~ GASP

1.385656 - 1017
1.200322 - 10%°
1.628061 - 10'°
1.161883 - 107
1.595901 - 1017
2.192048 - 107
3.010890 - 10'7
4.135607 - 10'7

(1.59811 £ 0.03159) - 10710 Swift/UVOT
(1.33634 4 0.02543) - 10710 Swift/UVOT
(1.68353 £ 0.03136) - 10710 Swift/UVOT
(4.47008 £ 0.10078) - 10710 Swift/XRT
(4.60026 £ 0.09700) - 10710 Swift/XRT
(4.67212 +0.08581) - 10710 Swift/XRT
(4.57233 4+ 0.08308) - 10710 Swift/XRT
(4.38115 4 0.09949) - 10710 Swift/XRT
5.680458 - 1017 (4.48370 £ 0.13407) - 10~1%  Swift/XRT
7.802386 - 1017 (4.09296 + 0.14104) - 10719 Swift/XRT
1.071695 - 101 (3.59966 4 0.15351) - 10710 Swift/XRT
1.472024 - 10'®  (3.66979 4 0.17182) - 10710 Swift/XRT
2.412270 - 105 (9.40372 + 1.40078) - 10~ MAGIC
3.823193 - 10%  (8.41788 £ 1.04639) - 10~ MAGIC
6.059363 - 105 (1.02213 £ 0.09963) - 10719 MAGIC
9.603433 - 10> (1.21741 £ 0.10709) - 10719 MAGIC
1.522041 - 1026 (1.17310 4 0.11480) - 10~1° MAGIC
2.412270 - 10%°  (1.03418 £ 0.11953) - 10719 MAGIC
(
(
(

M M T Y M N N T O N T D T

3.823193 - 10%6 9.93270 + 1.45217) - 10~ 11 MAGIC
6.059363 - 1026 6.24742 + 1.33218) - 10~ 11 MAGIC
9.603433 - 1026 4.39478 + 1.95903) - 10~ 11 MAGIC

Table D.13: MWL SED values Mrk 421 analysis period P3.



Appendix E

Verification of SSC code

To verify the applicability of the SSC code described in sec. 10.2, the dataset
of fig. 9.1 from [Abdllb| is modelled with the same input parameters as used
in [Abdl1b|. Two different variability timescales were assumed: tyy = 1 hour,
leading to an emission region of size R = 5.3 - 10" cm (log;p R = 15.724,
model 1) and t,,; = 1 day, leading to an emission region of size R = 5.2 - 10'6 ¢cm
(log1g R = 16.716, model 2). In both cases, the double-broken injection spectrum
is used. The result is shown in fig. E.1. The corresponding model values are listed
in tab. E.1. The corresponding values for the electron density, the total electron
energy and the magnetic field density are also listed. The models and data are
in good agreement, proving the applicability of the used SSC code. It is worth
mentioning, that the radio data (10° — 10'! Hz) are treated as upper limit, since
this single dish measurements integrate over a region that is orders of magnitude
larger than the blazar emission region. For details on the interpretation of the
shown result please see [Abd11b].
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Figure E.1: SSC model for the Mrk 421 data of [Abd11b|, model parameters see tab. E.1.

Parameter Symbol Model 1 Model 2
Emission region [log;, cm] R 15.724 16.716
Beaming factor ) 50 21
Magnetic field [mG| B 82 38
Electron number density [cm ™3] e 11000 900
Minimum electron Lorentz factor [10?] ~Ymin 4 8
Break 1 electron Lorentz factor [10%] Ybrl 2.2 5
Break 2 electron Lorentz factor [107] Vbr2 1.7 3.9
Maximum electron Lorentz factor [10%]  ymax 1 1
Low-energy electron spectral index S1 2.2 2.2
Medium-energy electron spectral index 52 2.7 2.7
High-energy electron spectral index 53 4.7 4.7
Electron density [erg cm ™3] Ue 8.872-107% 6.404-10~*
Total electron energy [erg| E. 5.522-10%  3.772-10%"
Magnetic field density [erg cm ™3] Up 2.675-107% 5.745-107°

Table E.1: Parameter values of the one-zone SSC model to the Mrk 421 SED shown in fig. E.1.
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