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Chapter 1
Introduction

Once upon a time, more than 100 years ago, there was a physicist named Victor Hess,
who went out in a hot-air balloon to explore the ionisation rate in the atmosphere. This
led to the discovery of cosmic radiation...

In 1912 Hess discovered that the ionisation rate in the atmosphere increases with increasing
height. So he concluded that charged radiation enters our atmosphere from space | ].
He was awarded the Nobel Prize in Physics in 1936" for the discovery of cosmic radiation.
This moment can be called the beginning of astroparticle physics. Since then the sources
of cosmic rays (CR) and the propagation of CRs through the Universe have been studied,
but they are not fully understood yet and therefore still a matter of recent research.

In order to get an insight into astrophysical sources, their emitted particles and radiation
need to be considered. The cosmic rays arriving in the Earth’s atmosphere are either
charged particles, photons or neutrinos. Charged cosmic rays are not suitable for analyses
of specified sources because they are deflected in intergalactic magnetic fields and cannot
be traced back to their origin. This is different for neutrinos and photons. For both it is
possible to reconstruct the originating position.

The low interaction cross-section of neutrinos is an advantage and a disadvantage at the
same time. On the one hand they can stem from the innermost region of a source and
thereby deliver information about ongoing processes, on the other hand it is hard to detect
them. In contrast to that, photons are easier to detect. Different types of instruments
have been developed to detect photons in all wavebands, from the low energetic radio
waves to the high energetic y-rays.

Sources in our Universe, which are capable of accelerating particles to high energies, are
Active Galactic Nuclei. To reveal their structure and the particle composition inside them
they are extensively observed over the whole electromagnetic spectrum. A subclass of
the Active Galactic Nuclei are blazars, which are able to emit radiation up to the highest
energies.

The closest and therefore best to be studied blazar is Markarian 421. With its brightness
and its proximity it is one of the best candidates for studies on acceleration mechanisms
in Active Galactic Nuclei. It is regularly observed by the MAGIC telescopes. Therefore,
a more than two year long data set of Mrk 421 measured by MAGIC was selected for
a study of long-term and short-term variabilities in the source’s emission. Additionally,
the dependence of the spectral shape on the emission strength is examined. To draw

!see www.nobelprize.org/nobel_prizes/physics/laureates/1936/hess-facts.html
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conclusions on the acceleration mechanisms in the emission regions of blazars the overall
picture of the emission over the whole electromagnetic spectrum needs to be considered.
Therefore, the MAGIC results will be put in context with results of other telescopes. A
better understanding of Mrk 421 might help to broaden the knowledge of Active Galactic
Nuclei in general.

This thesis is structured as follows.

provides a brief summary of astroparticle physics. It includes an overview of
the different messenger particles, their production and acceleration processes as well as
the interactions they undergo on their way through the Universe. The different types of
galactic and extragalactic sources will be introduced. Particular attention will be given to
the source class of Active Galactic Nuclei, whereby the subclass of blazars will be empha-
sised. Lastly, the blazar Mrk 421 is introduced because it is the source to be studied.

The detection of high energetic y-rays is explained in . Here, the formation of air
showers in the atmosphere and their detection with Cherenkov telescopes are discussed.
The MAGIC telescopes, which recorded the data analysed in this thesis, are introduced
as well as the FACT telescope. The analysis procedure for MAGIC data is illustrated in

In the analysis of the Mrk 421 data is explained. An overview of the 2.3 year
long data sample will be given. The results of the long-term and short-term study of the
light curve as well the resulting spectrum will be discussed.

In a method for finding periodicities in light curves is outlined. This method is
applied to the resulting MAGIC light curve of Mrk 421 from this thesis, to a merged TeV
light curve of further Cherenkov telescopes spanning over 20 years, and to a light curve
from the new Cherenkov telescope FACT.

The results of the MAGIC data analysis are put in context with data from other instru-
ments in . The ~-ray light curve of Mrk 421 will be compared to light curves of
other wavebands. A variability study as well as a correlation study on these light curves
are carried out. In addition some concluding remarks about emission models in Mrk 421
will be given.

All results will be summarised in . Motivations for further research on this source
will be discussed as well.



Chapter 2
Astroparticle Physics

This chapter gives a brief overview of the necessary and relevant basics of astroparticle
physics for the understanding of the blazar Mrk 421. First of all, the emitted messenger
particles from astrophysical sources will be introduced. Then their acceleration and in-
teraction processes will be discussed as well as the astrophysical sources of cosmic rays.
Then a deeper insight will be provided into the source class of Active Galactic Nuclei with
special attention given to the subclass of blazars. Lastly, Mrk 421, the source of interest
in this thesis, will be introduced.

The only possibility to observe astrophysical sources is given by their emitted particles
and radiation, the messenger particles. These include photons, neutrinos, and charged
particles like protons, heavier nuclei, or electrons. In an illustration of the
propagation of the messenger particles from their production site to the Earth and the
subsequent detection possibilities are shown.

The charged component of the cosmic rays consists of protons, helium nuclei, other heavier
ionised nuclei, and electrons, whereas protons make up the largest fraction (85%) | ].
Due to their charge they are deflected in randomly distributed intergalactic magnetic
fields. Therefore, their arrival directions at the Earth are isotropically distributed and it
is not possible to reconstruct their source position.

The energy spectrum of the ionised atomic nuclei spans from the MeV range to at least
102 eV. Tt follows a power law dN/dE oc E, which can be explained by the acceleration
of charged particles in shock fronts. In the spectrum two spectral breaks are observed.
The first kink in the spectrum is observed at about 10'°eV. For energies below this so-
called knee, the spectral index is & = —2.7. Above the knee the spectrum steepens with
a slope of & = —3.1. At about 10'%5 eV, the so-called ankle, the spectrum flattens again.
The particle rate decreases rapidly with increasing energy. This means that e.g. at GeV
energies about 1000 particles arrive per second and square metre, whereas this number is
less than one particle per century and km? for energies of 102 eV. | ]

One explanation of the knee and the ankle could be that different sources accelerate
particles up to different energies. In this scenario the upper acceleration limit of galactic
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Figure 2.1: Overview of the propagation of the messenger particles from their sources
on their paths towards the Earth. The different detection possibilities are
indicated. The image is taken from [Dre09], after [Wag04].

supernovae (SN) would cause the steepening at the knee. Due to the dependence of the
particle’s energy gain on its charge number the particle rate smoothly decreases above the
knee. The flattening at the ankle would be caused by an additional incoming component
from extragalactic sources. In a different scenario the steepening of the spectrum at the
knee is explained by the leakage of charged particles from our galaxy with higher energies.
These particles are able to leave the Milky Way when their Larmor radius in the magnetic
field of the galaxy is larger than the thickness of the galactic disk. [B1u09]

The maximum energy a particle can reach in acceleration processes depends on the size
of the acceleration region R and its magnetic field B and it is given by

Emax X BsZRB, (2.1)

where [ is the velocity of the shock front and Z is the charge number of the particle
[Blu09]. In Figure 2.2 the relation of the size L and the magnetic field B of different
sources is shown in the so-called Hillas plot. The sources with the potential to accelerate
particles up to the highest energies are Active Galactic Nuclei (AGN), gamma-ray bursts
(GRB), and jets of radio galaxies. These sources as well as further sources from this plot
will be explained in section 2.2.
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Figure 2.2: Hillas plot of different astrophysical sources. Typical magnetic fields B and
sizes L of each source type are shown. The dashed and solid lines represent
the necessary magnetic field and size to accelerate a proton to 10?Y eV for two
given shock velocities 8s. These two lines show that the larger s becomes
the smaller B and/or L can become to reach the same maximum energy. The
image is taken from | .

For energies above 6 - 10! eV the charged particles interact with photons of the cosmic
microwave background (CMB). For protons p interacting with the CMB photons, a delta
resonance AT is formed which subsequently decays as follows:

p+7ro

2.2
n+nt. (22)

p+'7’CMB—>A+—>{

This results in the Greisen-Zatsepin-Kuzmin (GZK) cut-off of the spectrum at this energy,
which is named after Greisen [ |, Zatsepin and Kuzmin | ] who predicted it.

[ ]

The cut-off is confirmed by measurements of e.g. the Pierre Auger Observatory | -

Particle acceleration

A charged particle can collide with interstellar clouds which contain turbulent magnetic
fields. When a particle enters the cloud it elastically interacts with the magnetic field.
When the particle leaves the cloud it has gained an amount of energy which is proportional
to the square of the relative cloud velocity 8. = ve/c. As this process is quadratic in
its velocity and was proposed by Fermi | ], it is referred to as second-order Fermi
acceleration. | ]

The first-order acceleration of charged particles in astrophysical shocks is even more
promising for the acceleration of particles to high energies. A shock is formed e.g. when
a supernova remnant (SNR) expands into the interstellar medium (ISM) with a velocity
larger than the sound velocity in the ISM. A particle ahead of the shock can cross the
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shock front. It can then be reflected back in magnetic inhomogeneities around the shock
front and cross it again. This process goes on until the particle can leave the environment
of the shock front. In this scenario the energy gain is linear in the relative velocity of the
shock front s = vs/c. As the velocities of shock fronts are higher than those of magnetic
clouds and the energy gain is proportional to (s instead of BCQI, the first-order acceleration
is more efficient than the second-order acceleration. | ]

Neutrinos are produced in astrophysical sources because the accelerated protons in the
source interact with matter or radiation to produce pions, whereby charged pions sub-
sequently decay into neutrinos. In the interaction of a proton with matter 7, 7= and
7V are produced. In the interaction of protons with ambient photons a AT resonance is
formed. A 7% and a proton or a 71 and a neutron are the decay results, as was shown in
. [Kat12]
When the neutron decays neutrinos are produced: n — pe™ re. | ]
Whereas a neutral 70 further decays into two photons

70—y, (2.3)
neutrinos are produced in the decay of charged pions as follows:

™ = uty, and L TRV (2.4)
The decay of these muons produces even more neutrinos:

pt = et and B € Ve . (2.5)

Due to their electrical neutrality and their low interaction cross-section with matter, neu-
trinos can propagate through the Universe without being absorbed or deflected. Therefore,
their point of origin can be reconstructed. However, the low interaction cross-section makes
it hard to detect them at all. | ]

For this reason large underground detectors such as the IceCube detector at the South
Pole are built. Just recently IceCube has detected 28 high-energetic neutrino events.
There were no significant groups of neutrinos found to be coincident in time and space.
The detection of neutrinos from a specific source type would give an insight into the
acceleration mechanisms and the composition of particles inside the source. | ]

Like the neutrinos the photons possess no charge. Hence, they are not deflected in in-
tergalactic magnetic fields and they point back to their origin. In contrast to neutrinos
they can be detected more easily. The exploration of the Universe began with observa-
tions in the optical waveband. One known production of photons is the thermal radiation
following a black-body spectrum from e.g. stars like our Sun. After the invention of
telescopes sensitive to other wavebands other than the optical waveband it became clear
that other processes also produce radiation which is not necessarily visible to the naked
eye. These processes are called non-thermal and they are capable of producing photons in
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all wavebands ranging from radio photons to the highest energetic v-rays. On Earth it is
not possible to reproduce the environments given in astrophysical sources to produce these
highest energies. The Large Hadron Collider (LHC) is added in the Hillas plot in

in order to be able to compare it to the astrophysical sources. The study of astrophysical
accelerators gives particle physicists the possibility to explore particle interactions in the
most extreme environments. | ]

This thesis mainly focusses on data of an astrophysical source recorded by a ~y-ray tele-
scope. Therefore, the production mechanisms of y-rays and their possible interaction
during the propagation through the Universe will be discussed in the following. The de-
tection of high energetic y-rays on Earth will be the topic of

Production of ~v-rays

e Synchrotron radiation:

When a charged particle moves through a magnetic field, it is deflected and will fol-
low a spiral trajectory. The charged particle is being accelerated and therefore emits
radiation. Cyclotron radiation is emitted for non-relativistic particles, synchrotron
radiation for relativistic particles. The energy loss of the relativistic particle de-
pends on its mass: dFE/dt oc —m~? | ]. Therefore, electrons radiate the most
efficiently. However, they need to be accelerated to very high energies for that, and
this is again a problem because of the fast synchrotron cooling. Heavier particles
like the protons can therefore be accelerated more easily than the light electrons,
but they need to have very high energies to produce high energetic synchrotron
radiation. | ]

Photons from the radio waveband up to the X-ray waveband are produced in this
process | ]

e (Inverse) Compton scattering:
Compton scattering is known as the scattering of a photon on an unbound electron,
whereby energy is transferred from the photon to the electron. In the case of a high
energy electron scattering on a photon and transferring its energy to the photon,
the process is called inverse Compton (IC) scattering. It is differentiated between
two regimes dependent on the product of electron and photon energy. The electron
energy I, and the photon energy E., are given in units of mec?. In the non-relativistic
Thomson regime the following is valid: E.E, < 1. The cross-section approaches the
Thomson cross-section op'. However, the transferred energy from the electron to
the photon makes up only a small fraction of the electron energy. When E.E, > 1
the cross-section is calculated in the relativistic Klein-Nishina regime. The cross-
section decreases with increasing E.FE., but the energy transfer from the electron
to the photon becomes more efficient. A substantial fraction of the electron energy
is transferred. The photons are boosted to very high energies during this process.

[ ]

¢ Bremsstrahlung:
The deflection of a charged particle as e.g. an electron in the field of an ion or an

tor = §mr | ]
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atomic nucleus is an acceleration for the electron. This causes the emission of a
bremsstrahlung photon. | ]

However, energy losses of the electrons are dominated by the IC and synchrotron
losses for high energies. | ]

o 79 decay:
As shown in two photons result as the decay products of a neutral pion
70 with a probability of 99% | |. Pions are produced in interactions of protons
or heavier nuclei with other protons or nuclei or with photons. This was already
described in

Absorption of y-rays

For optically thick sources the produced synchrotron radiation mentioned above can be
reabsorbed by their former emitter particles. Therefore, low energetic photons might be
unable to leave the source region. This process is known as synchrotron self-absorption.
[ ]

After photons have left the emission region they can be absorbed in regions of gas or dust
as is shown in . Additionally, the high energetic photons can interact with other
photons and produce electron-positron pairs. The second photon can either be a high en-
ergetic photon like the first one, or it is a lower energetic photon e.g. from a surrounding
photon field near the emission region. For AGNs these could be e.g. photons from the ac-
cretion disk. Photons travelling cosmological distances until they reach Earth are affected
by the extragalactic background light (EBL). These mainly infrared and optical photons
stem from dust, galaxies and stars and can be found everywhere in the Universe. The
higher the energy of a photon and the longer the path it travels, the larger the probability
becomes for it to interact with an EBL photon. Models as given in | | can be used to
reconstruct the original photon spectrum. | ]

Sources of high energy radiation or particles can be found inside as well as outside our
own galaxy. Inside our galaxy, shock waves produced in supernovae are possible sources
for high energetic radiation to energies up to at least 10'® eV. During this explosion of a
star, the star is destroyed. Its core collapses and forms a neutron star (NS) or a black hole
(BH), while the outer shell expands into the interstellar medium. The SN itself is only
visible for a short duration, but its remains, the supernova remnant, can be observed
for thousands of years after the explosion. Shock fronts caused by the expanding shell are
capable of accelerating particles to high energies. When a pulsar, a rotating neutron star,
remains after the star’s collapse, the SNR is called pulsar wind nebula. The Crab Nebula
is an example of such a source. It is the remnant of a supernova that occurred in the year
1054. | , ]

Binary systems of a star and either a neutron star or a black hole can be sources of high
energetic radiation as well. The NS or BH accretes matter from the accompanying star,
which can result in the formation of a jet with relativistic particle outflow. These systems
are called micro-quasars and energies up to TeV have been observed from them. An-
other possible source of y-rays might be regions hosting dark matter (DM). y-rays might
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be produced in DM decay or annihilation processes. A region with a possibly high density
of DM is e.g. the centre of our own galaxy, the Galactic Centre. | ]

Gamma-ray bursts are very short and very bright explosions. Although they are sources
of high energetic radiation, it is not possible to do long-term studies in ~-rays with these
sources because they are one-time events and their duration is very short. While there
is a longer afterglow in X-ray and optical wavelengths, the outburst in ~-rays only lasts
from below a second to a few minutes | ]. Additionally, their position and time of
occurrence are unknown. GRBs are believed to develop when two neutron stars merge
and form a black hole, when a hypernova takes place - which is a collapse of a star with
a mass of more than 10Ms~ - or when a NS collapses into a BH, which was formerly
developed in a SN. The emission of up to TeV energies is explained by relativistic shocks
in these environments. Due to their isotropic distribution, GRBs are of extragalactic ori-
gin. [Fall2, ]

Other extragalactic objects, which emit radiation, are galaxies. Normal galaxies without
an active centre are generally not relevant for observations in y-rays. However, starburst
galaxies have been shown to emit y-rays up to TeV energies. This is caused due to the
high rate of star formations and SNs as well as the resulting stellar winds, which are a
good candidate for particle acceleration. Another extragalactic source class is the class of
Active Galactic Nuclei. In their centre a supermassive black hole (SMBH) is located,
which accretes matter from the surrounding disk. It is the originating region for the rela-
tivistic ejection of plasma along its jets. With the acceleration of particles to the highest
energies and resulting photons of up to TeV energies, they are interesting sources to be
studied in all wavebands. [ ].

The class of AGNs will be discussed in more detail in the following

A galaxy with an active nucleus produces high luminosities in non-thermal processes. An
AGN consists of a rotating SMBH with a mass between 105 —109 M, | ] in the centre,
which is surrounded by an accretion disk and a torus of dust. There are gas clouds rapidly
moving in the potential of the SMBH, so that broad line radiation in the optical and UV
wavebands is emitted. Clouds farther away from the SMBH emit further narrow emission
lines. The SMBH pulls in matter of the accretion disk and makes it an active nucleus. It
is possible that plasma is moving outwards at relativistic velocities in two jets, which are
aligned with the rotational axis of the SMBH. The formation of these jets is not exactly
known so far. Inside the jets, individual emission regions, which are called knots, are
given [ ]. The jets can end in giant radio lobes. These AGNs are called radio-loud,
while AGNs without these jets are called radio-quiet. | ]

The jet itself is highly collimated due to strong magnetic fields. These follow helical
paths around the jet possibly because of the rotation of the accreting and rotating central
system. | ]

*mass of the Sun Mg = 1.99 - 10 kg | |
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The expansion of the jets into the intergalactic medium can be up to the order of Mpc’,
which is by many orders of magnitude larger than the comparably small size of the BH of
less than a parsec [Boel2]. Depending on the viewing angle of the observer onto the source,
the AGN appears differently. Formerly, the different sources like radio galaxies, quasars,
QSOs (quasi-stellar object), and blazars were believed to be different sources. Because
the appearance depends on the viewing angle and not on different physical processes, all
sources can be unified as one source type, the Active Galactic Nuclei. [Urr95]

A schematic view of an AGN as described by [Urr95] is shown in Figure 2.3.

Jet

Massive black hole
Accretion disk

—— Obscuring torus

Jet Line—emitting clouds

Figure 2.3: Schematic view of an AGN with its components. The dimensions are not to
scale. The image is taken from [Tes10], after [Urr95].

When the orientation of the jets of the AGN is perpendicular to our line-of-sight the dust
torus covers the emission of the core. The radio emission in the jets and the lobes dominate
the appearance. If the viewing angle is reduced, the emission of the core in the radio and
optical wavelengths becomes visible as well as the broad emission lines of the gas clouds
close to the SMBH. The synchrotron emission in radio and X-ray wavelengths of the jet
is then the dominant emission. If the observer’s line-of-sight is aligned with the jet axis
and the observer looks directly into the jet, the source is called blazar. [Wee03]

As this thesis focusses on the data of the blazar Mrk 421, this type of AGN will be
explained in more detail in section 2.4,

2.4 Blazars - a special insight into AGNs

As mentioned above, blazars are AGNs with one of their jets pointing into our direction.
They emit continuous radiation from radio to y-ray wavelengths and feature fast variabil-
ity in all wavebands. They are subdivided into two groups, namely the Flat Spectrum

31pc=3.09 - 10"° m = 3.26ly [13ch12]
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Radio Quasars (FSRQ), which feature optical emission lines, and BL Lacs, which lack
these. BL Lacs are named after the first known source of this type, BL Lacertae | ].
Additionally, they are classified by a characteristic in their spectral energy distribution
(SED). An exemplary SED of Mrk 421 is shown in . It shows the source’s flux in
dependence of the frequency and is usually given as vF), vs. v, whereas F), is the flux for a
given frequency interval. The typical two bump structure of blazars is recognisable. The
low energy peak usually covers the radio to X-ray energies, whereas the high energy peak
extends from X-rays to y-rays. Depending on the position of the two peaks in the SED it
is distinguished between FSRQ), low-frequency peaked BL Lac (LBL) and high-frequency
peaked BL Lac (HBL), whereas vpeak FSRQ < Vpeak,LBL < Vpeak,HBL- | ]

The shape of the SED can possibly be altered when other thermal components of the host
galaxy are added. In order to explain and study the physical processes in AGN emission
models, the shape of the SED is essential. | ]

Different models based on leptonic or hadronic interactions will be explained after some
more basic information on jet physics.

The plasma in the jet moves with relativistic velocities close to ¢, so that the emitted
radiation in the jet is boosted. This can be explained by the Doppler factor §, which is
given by

1

0= I'(1—pBcosh)

(2.6)

Here, T is the bulk Lorentz factor I' = (1 — ﬁ2)_1/2 of the emission region and 8 = v/c is
the ratio of the region’s velocity v compared to the speed of light ¢. The angle between
the jet’s direction of propagation and the line-of-sight of the observer is given by 6, which
approaches zero for blazars. Due to the relativistic amplification of the flux emission by a
factor of §2, the source appears so bright. In addition, the frequency v is shifted towards
higher energies by a factor of § and time scales are shortened by §=1. [ ]

The relativistic beaming of photons is necessary for us to be able to see them. Otherwise
the photons would interact with other photons and produce electron-positron pairs or be
reabsorbed by synchrotron self-absorption. | ]

The size of an emission region can be deduced from the minimum variability time scale
tvar because these two values are connected via the speed of light. The characteristic size
R of a source can be approximated by R = ¢ - tyar. When the Doppler boosting and the
redshift z are taken into account, the constraint on the emission region is modified as
follows | , |:

R<Ctvar6’
T 1+z

(2.7)

Emission models try to explain the two bump structure of the SEDs. Up to now it is
believed that the low energy peak is caused by synchrotron emission of highly relativis-
tic electrons | ]. The high energy peak is explained by two fundamentally different
models, namely the leptonic and hadronic model. These will be briefly introduced in the
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following.

Leptonic models

In leptonic models the high energy peak is believed to be caused by the same electron
population which causes the synchrotron radiation of the low energy peak. In this sce-
nario photons gain energy when they interact with the electrons via inverse Compton
scattering. In this Synchrotron Self-Compton (SSC) model the photons are the formerly
produced synchrotron photons. Since both peaks are explained by the same population
of electrons, simultaneous behaviour of both peaks is expected. In the External Compton
(EC) model the photons are external photons. These can be e.g. optical, UV or X-ray pho-
tons from the accretion disk, from the emitting gas clouds or photons of the CMB. | ]

Hadronic models

In hadronic models relativistic hadrons like protons or ions exist next to the electrons in the
jet. These models explain the high energy bump either by synchrotron radiation of protons,
by the interactions of protons with photons or protons, which would produce neutral
pions that decay, or charged pions that emit synchrotron radiation themselves before
they decay. Since the hadronic processes are not connected to the electron population,
it is possible that the two peaks of the SED show different behaviour. Therefore, a
hadronic based model could explain so-called orphan flares, which show outbursts only
in the high energy peak, but not in the low energy one | |. Additionally, neutrinos
are generated in hadronic models. A detection of neutrinos from AGNs would prove the
existence of a hadronic component and would move the understanding of emission models
forward. | , ]

The HBL Markarian 421 (Mrk 421) was detected as a y-ray source in 1992 by the ~-ray
telescope of the Whipple observatory. It is the first extragalactic object detected in TeV
~-rays. Only one source was detected in TeV energies before Mrk 421, namely the Crab
Nebula. | ]

Mrk 421 is located at RA = 11"4™27.315, Dec = 38°12'31.8" | ]. With a redshift
of z=10.030 (~ 136 Mpc) | | it is the closest blazar | ].

The source is named after Beniamin Markarian, who did a survey of galaxies which appear

brighter in UV than regular galaxies. This survey started in 1965. | ]

The optical observations of Mrk 421 date back to about 1900. In panel (a) of the

optical image of Mrk 421 by the Nordic Optical Telescope (NOT) is shown. The elliptical

shape of the host galaxy can be seen as well as an accompanying galaxy. | ]

The BH mass is estimated at about 1032M® | ].

In panel (b) of the image of Mrk 421 is shown as it is seen by MAGIC-I. It shows

the relative flux of excess to background events as well as regions of different significances.

In it is explained how such a so-called sky map is produced. The PSF (see
) in the bottom left corner in comparison to the relative flux map around the
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source position of Mrk 421 shows that it appears as a point source in very high energy
(VHE) ~-rays.

39

DEC [deq]

38.5

38

37.5

11.15 1.1 11.05 1

RA [h]

(a) Optical image of Mrk 421 by (b) Sky map around the source position of Mrk 421, marked with a
the NOT. On the top left of the hollow cross, with MAGIC-I data from April 2007 until February 2009
elliptical host galaxy of Mrk 421 a  for zenith angles below 30°. The relative flux of excess to background
companion galaxy is visible. The events is shown with the colour code indicated on the right. The
size of the image is 78” x 78”. The  white lines around the source position represent regions of different
image is taken from [ ]. levels of significance.

Figure 2.4: Optical and v-ray images of Mrk 421.

Mrk 421 has been regularly observed in VHE ~-rays by many Cherenkov telescopes. In
[ | all observations from 1992 to 2008 are summarised. The data from this light curve
are included in . In the behaviour of Mrk 421 will be explained in
more detail. So far it can be said that Mrk 421 exhibits different states of emission in
~-rays. The baseline of the Mrk 421 flux is overlaid by several time periods of higher
activity, whereas these time periods can last up to several months. A correlation is found
between the y-ray data of this light curve to X-ray data. | ]

But variability is not only seen for long time scales. In e.g. | | and | | flux dou-
bling times between 10 and 15 minutes are reported.

A SED of Mrk 421 is shown in . It includes the averaged results from radio
to TeV energies observed by many telescopes (each participating telescope’s name can be
found in the image) in the time range from 19th January to 1st June 2009, when a multi-
wavelength (MWL) campaign was organised. The leptonic SSC model as well a hadronic
model are both able to describe the shown SED well. | ]

Between the end of 2000 and spring 2001 Mrk 421 was observed by Whipple. During that
time period Mrk 421 was in a very active state. The light curve shows high fluxes and
a high variability. It could be illustrated that the spectral shape of the TeV spectrum
changes with the overall flux. This means that the spectrum is hardening with increasing
flux. Additionally mentioned results in the X-ray range imply that the synchrotron peak
moves to higher energies with increasing flux. | ]
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Figure 2.5: Average SED of Mrk 421 between 01/2009 and 06/2009 during a MWL cam-

paign. The image is taken from [

-

This dependence of the SED on the overall flux intensity makes it necessary to study the
SED for different flux states. In this case the coverage of the whole SED by the different
telescopes needs to be organised in MWL campaigns.

A large data set of Mrk 421 by MAGIC-I covering the time range from February 2007 to
June 2009 is analysed in this thesis. In
and results of the long-term and short-term variability in the light curve will be discussed
as well as the dependence of the spectral shape on the overall flux. In
Mrk 421 light curve will be examined for possible periodicities. A study of correlations of
the MAGIC light curve to light curves of other wavebands will be illustrated in
which might give hints towards a possible emission scenario.

the analysis of the v-ray data is explained

the

)



Chapter 3
Ground-based detection of very high

energy ~y-rays

The electromagnetic radiation of two energy ranges is not absorbed in the atmosphere:
namely radio and optical wavelengths. Photons from these wavebands reach the Earth’s
ground. In general, photons of other wavelengths are not able to reach the ground. Photons
at the high energy end of the spectrum are called y-rays. These interact with the Earth’s
atmosphere and consequently they cannot be detected directly by ground-based telescopes.
For the direct detection of «-rays, the detector needs to be placed above the atmosphere.
This can either be realised with detectors on balloons, rockets or satellites. However, all of
these experiments are limited in size and thus their detection area. Additionally, balloons
and especially rockets are restricted in observation length. Therefore, these detectors are
not suitable for the detection of VHE ~-rays. This is due to the fact that the photon flux
decreases rapidly with increasing energy. For the detection of VHE ~-rays there is another
possibility, namely the indirect detection of the sought-after y-rays with ground-based
telescopes. When ~-rays interact with molecules or atoms in the Earth’s atmosphere, they
induce an electromagnetic cascade of secondary particles. These secondary particles move
with velocities faster than light in the atmosphere and hence produce Cherenkov radiation,
which is subsequently detected by the ground-based Cherenkov telescopes. One challenge
in the detection of y-rays in the analysis is the suppression of the much more numerous
background particles, mainly the charged component of cosmic radiation. | ]

In the following, the cascades of secondary particles induced by v-rays and hadrons will
be introduced and their properties and differences will be referred to. Afterwards, the
emission of Cherenkov radiation from these so-called Extensive Air Showers (EAS) will
be briefly discussed. Then the principle of Imaging Atmospheric Cherenkov Telescopes
(IACT) will be explained and the present telescopes will be introduced. As the Mrk 421
data analysed in this thesis was taken with MAGIC, is dedicated to this
TACT. Then FACT is also mentioned as it is a new TACT which is monitoring Mrk 421.

The term "cosmic radiation" describes all incoming particles that hit the Earth’s atmo-
sphere permanently. This includes mainly a charged component consisting of protons,
which make up the largest percentage with 85%, other atomic nuclei and electrons | ].
The proton is taken as the representative for the charged, hadronic component of the cos-
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mic radiation from here on. The electrically neutral component consists of y-rays and
neutrinos. As the latter have very low interaction cross sections in general [ ], they
produce a negligible background compared with the other produced air showers and hence
will not be discussed here.

At a height between 15 to 20km | ] the first interaction of a particle with a nucleus
of the atmosphere takes place so that an EAS is initiated and develops in the atmosphere.
When the primary particle is a y-ray an electromagnetic cascade is induced, in the case of
a proton it is a hadronic cascade with additional electromagnetic and muonic subcascades.

Electromagnetic showers

When very highly energetic v-rays as well as electrons enter the atmosphere, they induce
an electromagnetic shower. ~-rays can produce an electron-positron pair in the field of
a nucleus. The generated electrons and positrons are emitted in a forward direction.
When they are deflected in the electric field of further nuclei, they produce photons via
Bremsstrahlung, which can again produce electron-positron pairs. The shower develops
with a small lateral width along the trajectory of the primary particle. [ ]

These alternating processes continue until ionisation becomes the dominant interaction for
electrons and positrons, and photons start to undergo Compton scattering or the photo-
electric effect. At this point the shower maximum with the maximum number of particles
is reached. This number is proportional to the energy of the primary photon and the
position of the shower maximum is typically around a height of 10 km | |. From this
point on the particle number decreases until the shower vanishes. | ]

Hadronic showers

It is necessary to discuss the development of hadron-induced showers at this point because
these particles occur about 1000 times more numerously for strong ~-ray sources and up
to 10000 times more numerously in general | | as -rays. The shower properties need
to be studied and known as well as the properties of electromagnetic showers in order to
be able to separate the y-rays from the hadronic background.

The hadrons, which enter the atmosphere, are mainly protons. They collide with atmo-
spheric nuclei whereupon mostly charged and neutral pions are produced next to charged
and neutral kaons as well as other nuclei in strong interactions. The hadrons and charged
mesons further feed the hadronic part of the cascade. Additionally, neutral pions decay
into two photons and thus initiate electromagnetic subcascades as described above. Be-
sides strong interactions, the charged pions also decay into muons and neutrinos so that a
muonic component of the shower exists. Muons can furthermore decay into electrons and
neutrinos, but mostly they survive until they reach the ground. The pions and kaons in
the centre of the shower are emitted at greater angles from the main trajectory because
they undergo strong interactions. Therefore, the overall shape of the shower is more widely
spread than an electromagnetic shower. | ]

Cherenkov radiation

Instead of the direct detection of the secondary particles of an EAS, the produced Cherenkov
radiation of these particles is detected. Every charged particle that travels through a di-
electric medium, like air in our case, polarises the molecules along its path. When the
charged particle has passed by, these molecules relax back to their normal state and elec-
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tromagnetic radiation is emitted spherically along the particle’s path. When the particle
has a velocity lower than the speed of light in air, this light interferes destructively. In the
case that the charged particle has a velocity greater than light in air, the emitted radia-
tion interferes constructively in a forward direction. The emission angle of this Cherenkov
radiation in the atmosphere is of the order of 1° and it increases with increasing refractive
index n while the shower particles move deeper into the atmosphere. [Jel58], [Wee03]
This emission angle of 1° at the height of 10km at the shower maximum leads to an
illumination of an area with a radius of 120m at an observation level of 2km. This
given fact needs to be regarded for stereoscopic observations of one shower. At detection
level the spectrum of the Cherenkov light peaks at 300-350 nm, which is why it appears
blueish. [Aha04]

Electromagnetic showers appear to have an elliptical shape in the camera [Aha04], whereas
the Cherenkov light of hadronic showers is more scattered. This difference in their appear-
ance can be seen exemplarily in real recorded camera images of MAGIC-I in Figure 3.1.
Additionally, the spread of the arrival times of the Cherenkov photons is higher for hadronic
showers in comparison to y-ray induced showers. Parameters derived from these properties
are used to distinguish between the two particle types in the analysis.

Figure 3.1: Real recorded MAGIC-I camera images of different events. The colour scale is
related to the signal amplitude in each pixel. On the left the recorded image of
a y-ray candidate is shown. An elliptical shape is recognisable. The recorded
camera image on the right shows a hadron induced air shower, which has a
scattered light distribution where even subshower structures are visible.

3.2 Detection technique

For the detection of the Cherenkov light of EAS Imaging Atmospheric Cherenkov Tele-
scopes are used. In Figure 3.2 the detection principle is illustrated schematically. A ~-ray
induced air shower and its emitted Cherenkov light are shown. TACTs feature large mirror
areas, consisting of many smaller single mirrors, to reflect the Cherenkov light onto a cam-
era with a large number of photo sensors in the focal plane. An image of the Cherenkov
light of the air shower is thus mapped in the focal plane. If a set trigger criterion is met,
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all photo sensors are read out. For MAGIC this means e.g. that the amount of light
in at least four neighbouring pixels has to be greater than the discriminator threshold
(see subsection 3.3.1) in less than 4ns [Pao07]. It is necessary that the photo sensors are
suitable to detect UV to blue light. Additionally, fast readout electronics are required for
the short duration of several ns of the air showers and to be able to capture its even faster
temporal evolution. [WeeO3], [Aha04]

Cherenkov light
emission

Gamma-induced
air shower

Camera

Telescope

L L

Figure 3.2: Illustration of the principle of the IACT technique. It is shown how the
Cherenkov light is emitted from an EAS, in this case induced by a ~-ray.
The Cherenkov light, which is emitted under the angle 6¢, is reflected on
the mirrors onto the camera located in the focal plane. On the top left the
recorded image of the shower in the camera can be seen. The image is taken
from [Stel2].

The IACT technique was introduced to solve several tasks. Firstly, the particle type of the
primary particle, which induced the EAS, shall be identified. Secondly, the position of its
origin in the sky shall be reconstructed and thirdly, its energy shall be determined. After
recording EAS their images are analysed to solve these challenges. As was discussed in
section 3.1 the shower development is different for primary ~-rays and protons. Hence,
also the recorded image appears different and the image’s characteristic and its temporal
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evolution can be used to separate -rays from hadrons. To determine the source position
in the camera the trajectory of the EAS is reconstructed. To obtain the primary particle’s
energy the amount of recorded Cherenkov light can be used. This is based on the correla-
tion of the primary particle’s energy and the number of secondary particles at the shower
maximum and hence also the amount of produced Cherenkov photons. [ ]

When changing from single telescope operation to stereoscopic observations with two ore
more telescopes, several advantages can be mentioned. If a shower is recorded from two or
more sides the reconstruction of the shower’s trajectory is improved and therefore also the
angular resolution in the determination of the source position. It additionally improves
the separation of y-rays from hadrons. Furthermore, a coincidence trigger can be enabled
to lower the overall energy threshold in comparison to a single telescope. It suppresses
the muon background and a large amount of accidentally triggered background events like
photons of the night sky background (NSB). | ]

Today three arrays of Cherenkov telescopes are operating with cameras made of Photo-

multiplier Tubes (PMT), namely MAGIC, H.E.S.S. | | and VERITAS | ]. The
first Cherenkov telescope with a new camera made of more robust Silicon Photomultipliers
(SiPM), namely FACT | ], started operations in 2011.

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes are located
on the Canary Island of La Palma at a height of 2.2 km above sea level. Observations were
started in 2004 with one telescope with a reflector diameter of 17 m making it the biggest
Cherenkov telescope for many years. A second telescope of the same size was added in
2000. | ]

MAGIC will be introduced in more detail in .

The High Energy Stereoscopic System (H.E.S.S.) is in operation in Namibia at a height
of 1.8 km. The array of four 13 m telescopes has been taking data since 2003. In 2012 a
telescope, H.E.S.S. 11, with a reflector of 28 m in diameter was added in the centre of the
four other telescopes and is now the biggest Cherenkov telescope. | ]

The third Cherenkov telescope observatory is the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS), which has been operative with four 12 m telescopes since
2007. It was built in Arizona, USA, at a height of 1.3km. | ]

Since October 2011 a Cherenkov telescope with a new camera technique in Cherenkov as-
tronomy has been actively monitoring ~-ray sources. It is named First G-APD Cherenkov
Telescope (FACT) and was built to show the feasibility of these Geiger-mode Avalanche
Photodiodes as photo sensors in Cherenkov astronomy and for long-term monitoring of
bright TeV blazars. It has a diameter of about 3.5 m and is located at the MAGIC site on
La Palma. | ]

More details on FACT will be given in .

All telescope sites were chosen to ensure the best observation conditions available. It is
desirable to have mostly stable and good weather conditions and to have as little distur-
bances, either natural or man-made, for the observations as possible.
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To extend the observable energy range of the present telescopes, the Cherenkov Telescope
Array (CTA) is planned for the near future. To achieve this goal an array of tens of tele-
scopes of three different sizes is planned and prototypes are already developed. [Act11]

3.3.1 The MAGIC telescopes

The MAGIC site is located at the Roque de los Muchachos Observatory (ORM) at
28.45° N, 17.54° W at an altitude of 2200m above sea level [AIb0SH] on the Canary
Island of La Palma. In 2004 operations of MAGIC were started with a single telescope,
namely MAGIC-I (M-I). A second telescope, MAGIC-IT (M-II), was added just 85 m away
from the first telescope, which started operations in 2009 [Ale12b]. Since then the two
telescopes are usually operated in stereoscopic mode. The telescopes and their major
hardware changes will be shortly introduced. A few words about the operations will be
given as well.

Figure 3.3: Photograph of the MAGIC telescopes at night during observations. In the
foreground MAGIC-II can be seen, MAGIC-I is in the background.

The MAGIC telescopes (see Figure 3.3) are dedicated to the detection and observation of
very high energy v-rays of galactic and extragalactic sources in the energy range from as
low as 50 GeV to about 50 TeV. These are namely SNRs, pulsars and the Galactic Centre
as galactic sources and AGNs and GRBs as extragalactic sources. The light-weight carbon
fibre structure of the telescopes makes it possible to move to any position in the sky within
less than 25s. This offers the possibility of the observation of short-lasting GRBs after
receiving an alert from a satellite. [Alel4a]
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Mirrors

The reflecting surfaces of the telescopes each have a diameter of 17m and consist of hun-
dreds of smaller mirrors. MAGIC-I has 964 square aluminium mirrors, each with a side
length of 0.5m. Four of these are each mounted on one panel. This number is reduced
to three for some of the panels in the outermost ring. The overall reflective area sums up
to 236 m?. MAGIC-II has a total of 247 square mirrors with an area of 1m?, 143 being
a large version of the aluminium mirrors of MAGIC-I and 104 glass mirrors, which are
placed in the outer part of the reflective area. All mirror panels of M-I and the mirrors
of M-II are equipped with an Active Mirror Control (AMC) to correct for the bending of
the telescope structure at different zenith angles during the observations. | ]

Cameras

The M-I camera was made of PMTs arranged in hexagonal shape from the beginning until
an update in 2012. Its field of view (FOV) covered 3.5° of the sky. The camera consisted
of hexagonal pixels of two different sizes, as can be seen in . Each pixel was
made of a hollow light concentrator, which reflected the incoming light onto a PMT. A
plexiglass entrance window protected the sensitive area. In the inner area were 397 pixels
with a size corresponding to 0.1°, the outer rings consisted of 180 larger pixels with a
size of 0.2°. In contrary to this camera, the M-II camera is a homogeneous camera made
of 1039 pixels of 0.1° in diameter, arranged in round shape. The FOV is also 3.5° for
M-II. | ]

During the upgrade in 2012 the old M-I camera was replaced by a round and homogeneous
camera with 1039 pixels following the design of the M-II camera. The new camera was
one step towards a more homogeneous system. With the same camera design it was also
possible to equalise the trigger areas. | ]

Readout and trigger system
The PMT signals are converted from electrical to optical and then transmitted to the
readout electronics in the MAGIC counting house only a few meters away from the tele-
scopes. The readout of M-I was based on Flash Analog to Digital Converters (FADC).
In the first years the sampling rate was 300 MHz. After an upgrade in February 2007 the
sampling rate was increased to 2 GHz. The M-II readout was based on the Domino Ring
Sampler 2 (DRS2) chip and had the same sampling rate of 2 GHz. | , ]
In 2012 both telescope readouts were upgraded to a DRS4 chip based readout, which was
another step towards a more homogeneous telescope system. | ]
For an event to be recorded several levels in the standard trigger system have to be
passed. The first level requires having a signal in a pixel that is greater than a certain
threshold, the discriminator threshold (DT), which is adapted to the light conditions (see
). This threshold is set individually for each pixel according to its rate. This
helps to discriminate accidental triggers due to moon light or from e.g. a bright star in the
FOV. The next trigger level is a digital level. It requires that n next neighbours (NN) cross
the threshold in a time window of about 4 ns, so that already accidental triggers due to
the NSB are suppressed. In case of MAGIC-I mono observations the trigger configuration
is set to 4NN which results in a rate between 200 and 250 Hz for galactic and extragalactic
sources. | ]
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After the commissioning of MAGIC-II an additional trigger, the stereo trigger, was added.
With this trigger more accidental triggers are rejected because only events hitting both
telescopes in a certain time interval are recorded.

In addition to the standard digital trigger, an analogue trigger, called the Sum-Trigger is
running in parallel in MAGIC-I | |. For the MAGIC telescopes a Sum-Trigger is also
developed, implemented and already running in parallel to the standard trigger system.
Its purpose is to further lower the energy threshold. [ ]

Telescope operation

Next to a technical team working at the telescope site mainly during daytime, a team
of night shifters is responsible for the data-taking during the night. The shifters operate
the telescopes, perform technical tests and observe scheduled sources. The taken data are
directly analysed by an online analysis | | which provides preliminary analysis results.
In case a source’s flux is at a flaring level, other telescopes including H.E.S.S., VERITAS
and FACT are informed to be able to observe the source in this interesting high state
as well. The telescope operations are influenced by the strength of the moon light and
weather conditions like clouds, rain and humidity.

Observation mode

Sources can either be observed in ON mode, where the telescopes directly point at the
source, or in the so-called Wobble mode | |, where the telescopes track a false source
0.4° away from the real source position. For the ON mode analysis it is required to
additionally record OFF data for the estimation of the background rates. An OFF region
is defined as a position in the sky without a known ~-ray source. As these OFF observations
use up a lot of valuable observation time of real sources, the Wobble mode is a time saving
alternative. In this case the source is not in the centre of the camera’s FOV, but slightly
shifted away from it. For MAGIC this distance is 0.4° for standard Wobble observations.
The advantage of this observation mode is that the OFF observations are directly recorded
along with the data. The position at the same distance to the centre of the camera opposite
to the source position can be used as OFF region in the analysis. This number of OFF
regions can also be increased in the analysis. Then these regions are evenly distributed
over the camera, each with the same distance to its centre.

FACT (see ), the First G-APD Cherenkov Telescope, is the first IACT using
Silicon Photomultipliers (SiPM), made of G-APDs, instead of PMTs as photo sensors. It
is situated on the MAGIC site at the ORM. In October 2011 it started operations and was
able to detect air showers already in the first night [ ]. The usability of G-APDs in
Cherenkov astronomy has already been shown in the past three years of operation. FACT
mainly observes several v-ray sources on a regular basis, called monitoring. Its camera
could serve as a prototype camera for the planned CTA. | ]

The advantages of G-APDs compared to PMTs is that they can be operated under brighter
light conditions, are more robust and are operated at lower voltages in comparison to PMTs
(<100 V instead of 1000V). As they are more robust against damage through light during
twilight and moon observations, the observation times can be enlarged. | ]
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Figure 3.4: Photograph of the FACT telescope at sunset.

FACT’s camera is a new technology in Cherenkov astronomy. The pixels are SiPMs,
each consisting of 3600 G-APD cells, glued to a solid light cone. They are all glued to a
plexiglass entrance window. The camera has a total of 1440 hexagonal pixels, each with
a FOV of 0.11° so that the FOV of the whole camera adds up to 4.5°. The readout is
based on the DRS4 chip. The mount of FACT is an old mount of the former HEGRA
CT3 [[Kon99] with an updated drive system. 30 hexagonal mirrors make up the reflective
area, which is 9.5m?. The smaller area in comparison to e.g. MAGIC raises the lower
energy threshold. Therefore, FACT is so far observing relatively strong ~-ray sources, like
the Crab Nebula, Mrk 421 and Mrk 501 amongst others. [And13]

FACT is operated remotely, meaning that no one is at the telescope site to operate. It
can be operated basically from anywhere with an available internet connection. A Quick
Look Analysis (QLA) provides preliminary online analysis results in order to inform the
Cherenkov telescope community directly in case of flaring activities of the observed sources.
Results of this QLA will be shown in section 6.4.






Chapter 4
Data analysis for the MAGIC-I
telescope

The analysis for data taken with the MAGIC telescopes is carried out by using mostly
executable programs of the MARS package, the MAGIC Analysis and Reconstruction
Software | I, [ ]. In the following paragraphs the analysis chain for the single
telescope operation will be explained because this thesis focusses on data taken in the
years 2007 to 2009 when MAGIC operated only the MAGIC-I telescope. The basic goal
of the analysis is the classification of the primary particles as either vy-ray or hadron, the
determination of each particle’s origin in the sky and the estimation of an energy for each
~-ray. With this information a y-ray signal coming from a source can be detected, the
~-ray flux as a function of its energy, the so-called energy spectrum, can be calculated and
the evolution of the source’s integrated flux over time, the light curve, can be examined.
In addition to the recorded data of the source, Monte Carlo simulations are necessary
for the data analysis. They are essential because without them the separation of signal
and background events, as well as the estimation of the particle’s energy, are impossible,
amongst other things. Therefore, the production of these simulations will be illustrated
first. Their application will be mentioned at every necessary step.

Afterwards, an explanation of the programs, which are used in the analysis of Mrk 421
data taken with the single telescope MAGIC-I, will be given.

As mentioned above, simulated ~y-rays with known initial properties are needed in the
separation of the sought-after v-rays in the overwhelming background of air showers in-
duced by protons and other charged particles. Therefore, the observable features of the
recorded showers, e.g. its appearance in the camera, of both ~-rays and hadronic back-
ground, are studied. Additionally, the simulations are needed in the estimation of the
energy of the primary v-rays. In this case the appearance of recorded images of solely
~-ray induced air showers is studied depending on the primary energy. For these reasons
Monte Carlo (MC) simulations of y-rays are produced. Using the air shower simulation
program CORSIKA | ], the evolution of y-ray induced air showers of different pri-
mary energies is simulated. All particle interactions in the atmosphere of the y-ray and
the subsequent air shower particles are taken into account as well as the production of
Cherenkov radiation.
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With the program reflector the absorption of the Cherenkov light on its way from the
production point to the telescope is simulated. The Cherenkov photons, which reach the
telescope at the height of 2200 m, are then reflected on simulated mirrors. The subsequent
program called camera simulates all functions of the readout electronics and the camera
in order to get Monte Carlos that feature all the characteristics that are found in real raw
telescope data. | ]

The signal extraction and calibration of the data is the first step of the analysis. With
the use of dedicated pedestal runs the so-called pedestal offset can be subtracted from
the data. Then the digitised signal in each pixel is integrated with a cubic spline and the
arrival time is specified. To calibrate the data, so-called calibration runs are needed. With
them conversion factors can be determined in order to assign physical values, equivalents
of photoelectrons (phe), to the FADC charge of the digitised signal. | ]

Inside the MARS framework the program callisto is taking care of these steps. Afterwards,
the information of other subsystems such as the starguider, the drive system, the trigger
and the pyrometer are merged into the files | ]. These features will be explained in
more detail in . The calibration does not have to be done personally because it
is done automatically. However it is possible to do so under special data-taking circum-
stances. All data runs are available in calibrated format from the PIC (port d’informacié
cientifica) data centre where all MAGIC data is stored.

In order to be able to parametrise the recorded shower images, the pixels belonging to
the shower need to be found, and the pixels with signals induced by the NSB have to be
removed. For this a cleaning of the image has to be performed. It is possible to choose
between two different cleaning settings:

e Absolute cleaning: In this cleaning all pixels with a number of photoelectrons
above a certain threshold and at least one neighbouring pixel fulfilling the same
constraint are labelled as core pixels. In a second step all boundary pixels of a core
pixel are checked for a minimum number of photoelectrons, which is lower than the
first level. Typical numbers for this cleaning are 10 phe for core and 5 phe | | for
boundary pixels.

This cleaning was used before the hardware upgrade in February 2007 and was still
used for data between February 2007 and the change to the stereoscopic system in
summer 2009 in the case of observations under strong moon light.

e Time cleaning: Here the minimum number of photoelectrons for core and boundary
pixel are lowered to 6 phe, resp. 3 phe | |. Additionally, there is a coincidence
check of the arrival times of the signals. For all core pixels, which are above the 6 phe
threshold, the arrival time is checked w.r.t. the mean arrival time of all. Any core
pixel, which does not fulfil this criterion of at most 4.5 ns, is excluded from the group
of core pixels. Then the absolute check for the boundary pixels starts, this time an
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additional check is included if their arrival time difference to the neighbouring core
pixel is less than 1.5ns | ]. The lower cleaning levels and the additional time
information improve the sensitivity and lower the overall energy threshold of the
analysis | ]

This cleaning is the standard procedure for data taken for the stand-alone telescope
MAGIC-I for the time range when the data of this analysis were taken, from February
2007 until June 2009.

All pixels surviving this cleaning are assigned to be part of the shower image. Then image
parameters are calculated and assigned to characterise the cleaned shower image.

The basic parameters were introduced by Hillas | | and their number is increased
by several more parameters inside the MAGIC analysis chain. The idea behind this is
the description of the cleaned shower image with simplified parameters to determine its
orientation and shape. With the help of the parameters one can distinguish between ~-
rays and hadrons, which differ in their shower shape and hence as well in their parameter
distributions. A selection of important parameters, which are used in this analysis, is
listed below | ].

e The Size is the sum of all photoelectrons belonging to the cleaned shower image. It
is an important parameter because it is directly correlated to the initial energy of
the primary particle.

e The first moment of the photoelectron distribution is described by the COG, the
centre of gravity of the photon distribution.

e The second moment of the image along the major and the minor axis of the shower
are quantified by Length and Width.

e The third moment along the major shower axis is saved in the parameter M3Long.
It is needed for the determination of the direction of movement.

o Dist describes the distance between the calculated centre of gravity and the source
position in the camera i.e. the pointing position of the telescope (which is the centre
of the camera for ON-observation mode or 0.4° away from the centre for Wobble-
observation mode).

e Alpha is defined as the angle between the major shower axis and the line connecting
the COG and the source position. For particles coming from the direction of the
source this value is small whereas background events are evenly distributed.

e The following two parameters deal with photon ratios of certain pixels. The ratio of
the number of photoelectrons of typically the two brightest pixels to the size of the
whole shower is called the concentration (Conc) of the shower. As 7-ray induced
air showers are more compact than hadron induced showers, this is a parameter
which can be used to distinguish between the two types of particles. The second
parameter is the so-called Leakage. It gives the ratio between the photoelectrons
of the shower which are contained in the outer pixel ring and the size. Therefore,
it takes into account which fraction of the shower is outside of the camera’s field of
view. It is more important for bigger showers and therefore higher energies.
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e The parameter Number of Islands indicates, as its name implies, the number
of segments of the recorded shower in the camera. It is a useful indicator for the
distinction between 7-rays and hadrons. ~-ray induced showers are in contrast to
hadron induced showers compact and mainly only feature one island. Therefore, this
parameter can again be used to distinguish between the two particle types.

For a better understanding these parameters are shown in with the camera
image of a cleaned shower.
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Figure 4.1: Some basic image parameters of a cleaned shower image. In this image the
source position is located in the centre of the camera, i.e. the telescope ob-
served in ON mode. The colour code of the pixels indicates the signal ampli-
tude. The image is taken from | ]

The image parameters can be classified as source-dependent and source-independent. For
the source-dependent parameters it is mandatory to know the source position. Dist and
Alpha are two of these source-dependent parameters. Most of the other parameters, e.g.
Size, Width and Conc, can be calculated without the knowledge of the source position.
The data is automatically processed up to this level and can be found at the PIC data
centre. The subsequent action to be taken by the analyst is the data selection. This has
to be done in order to have an unbiased data sample in terms of technical problems or bad
weather conditions. As this was a major part of the analysis, this part will be explained
in detail in

The next step in the analysis is done by the program osteria in the case of mono analysis.
With the multivariate method called Random Forest (RF) the v-Hadron-Separation, the
energy estimation as well as the source position estimation can be started. A RF is a



4.4 v-Hadron-Separation, energy estimation and reconstruction of the source position

classification method based on decision trees which are trained with labelled data and are
then able to classify unlabelled data | -

The main principle of this method in the case of the v-Hadron-Separation is to choose a
sample of v MCs and a sample of background data which represent the hadrons. With
the parameters of the labelled events a selected number of forests is trained. The result-
ing models are applied to the real data using the program melibea. It is then possible
to assign a probability to each event of the data sample to be a «y-ray or a hadron. An
estimated energy as well as the estimated source position are assigned to each event using
RFs trained on v MC simulations.

Required data

For the training of the RFs, labelled samples of v-rays and of hadrons are needed. For the
~ sample, MC simulations, as introduced in , are used. For the hadron sample,
also named background, data taken of faint y-ray sources are used. With a ratio of at
least 1000 hadrons to one 7 | | these data can serve as hadron sample. All sets of
data have undergone the same steps of the analysis up to the star level.

It is crucial to select MCs as well as hadron data that cover the same zenith angle range as
the data because the zenith angle has an influence on the shower appearance in the camera.
For both samples it is important to have no gaps in their zenith distribution in order not
to wrongly classify the data events only according to their zenith angle. Additionally, it
is important that the light conditions, weather circumstances and imaging properties of
the telescope should be equal to the ones which are chosen for the data to be analysed
(see ). For the hadron sample any possible data from the observation period
that matches the observation criteria of the data sample to be analysed should be chosen.
osteria is picking events from the hadron sample according to the zenith angle and size
distributions of the MCs.

» -Hadron-Separation:

For the separation of the «y-ray induced showers from the more frequent hadron in-
duced showers a Random Forest is built with osteria. In the case of the present
analysis a number of 100 decision trees was chosen. They are trained with several of
the image parameters, e.g. Size, Width, Length, Conc, and more (see )
either including the source-dependent image parameters or not, such that two differ-
ent RFs are built. Timing parameters of the shower images are taken into account
for the training as well because they help with the suppression of the background
events | ]. The zenith angle is also considered because the shape of the shower
changes with changing angle. Therefore, the image parameters change as well. The
input events are either labelled as "gammas" in the case of the Monte Carlo simu-
lations or as "hadrons" in the case of the hadron data sample. The essential output
parameter is the so-called Hadronness which ranges from 0 to 1 and indicates the
probability for an event to be a hadron following the averaged decision of all trees of
the RF. The result of the RF is directly checked on 5% of the input events which were
set aside for this purpose and not used for the training. An example of such a test
result can be seen in . Here the distribution of the assigned Hadronness
parameter is shown for the 5% test sample of the Monte Carlo simulations (Gam-
mas) and the hadron sample (Hadrons). The desired values for the two samples are
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accomplished, given that the s have a tendency for low Hadronness values towards
0 whereas the hadrons have higher Hadronness values towards 1.
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Figure 4.2: The distribution of the assigned Hadronness parameter for the 5% test sample

can be seen above. The distribution of the s (in red) is peaking at a Hadron-
ness of 0. In contrast the Hadronness values for the hadrons is higher with the
distribution’s peak at 1.

In melibea the real data is imported and every event is classified by every single
decision tree. Then the averaged Hadronness is assigned to each event, which defines
the probability for it to be a v or a hadron. A cut on this value determines how
clean the data sample should be, i.e. how "y-like" the events must be to be accepted
as v and to be further analysed.

Energy estimation:

For the energy estimation another RF is built with osteria, this time with 50 decision
trees and only v MCs as input. The trees are again trained on 95% of the input
data using image parameters. Here again the source-dependent parameters can
be included or not. It has to be considered that there are not two classes but a
continuous variable in this case, the energy. That is why the MC simulations are
separated into bins of energy to train a RF for each of these bins, so that each real
data event receives the average resulting estimated energy of all trees | .

The main principle behind the energy estimation is the dependency of the number of
produced secondary particles on the primary particle’s energy | ]. This number
is again correlated to the produced Cherenkov photons and hence the Size. Thus
Size is amongst others a parameter used for the training. The Leakage is also taken
into account, as it is mandatory to know what percentage of the shower is inside and
outside of the camera. The most important input is the true energy of the simulated
events. The performance of the RF is again tested on the remaining 5% of the input
data.
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¢ Reconstruction of source position:

The source position in the camera can be determined by the DISP method [ ]
Provided that the source is located on the projected major axis of the shower im-
age, the source position can be calculated with a DISP function including the image
parameters Size, Width, Length and Leakage. As can be seen in , DISP
is the distance from the COG to the estimated source position. It has two possible
solutions. Due to the asymmetrical light distribution along the major axis of the
shower, the parameter M3Long decides where to find the source position. The dis-
tance between the real source position (pointing position) and the estimated source
position is known as € and is an important parameter for the next analysis steps,
where e.g. a signal region around the source position is defined. As the real and
estimated source position move closer together, 8 decreases, which indicates that the
particle is probably coming from the direction of the source.

Source position

Coreofimage @, 0 @
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Figure 4.3: Illustration of the DISP and 6 parameters in the camera. The two possible
solutions for the reconstructed source position are shown in red. 6 is the
distance from the estimated source position (here Solution A) to the source
position shown in blue. The image is taken from | ].

A RF is used in osteria to improve the DISP method | |. Here again 50 decision trees
are built. The image parameters are used to estimate DISP and the source position. In
melibea the DISP parameter is assigned to every event and 6 is calculated in the subsequent
analysis steps using DISP.

The next step in the analysis is the detection of the y-ray signal coming from the source.
At first the hadronic background is reduced by applying a cut in Hadronness. Besides
the sought-after vy-rays coming from the direction of the source, there is an additional
and diffuse y-ray flux evenly distributed over the sky, as well as remains of the uniformly
distributed hadrons, which still passed the Hadronness cut. All these aspects have to be
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taken into account when calculating the source’s flux. The signal can be found either in
the distribution of Alpha or §2. In this analysis 2 has been chosen. The program odie is
used to detect the source’s signal.

For the calculation of the «-ray flux the fraction of randomly distributed background has
to be determined. Therefore, one or several OFF regions are defined which are evenly
distributed around the camera centre in the Wobble mode. In Figure 4.4 this principle is
illustrated. As the estimated source position of the events is known, they can be assigned
to the ON or OFF sample if their origin is in one of the regions.

WOBBLE 1 WOBBLE 2

Figure 4.4: Illustration of ON and OFF regions in the camera for the signal detection. In
both Wobble positions three OFF regions are defined for one ON region. On
the left hand side an event with its estimated source position inside the ON
region is shown. The event on the right hand side will be an event of the OFF
sample, as its estimated source position is inside one of the OFF regions. The
image is taken from [Maz07].

The number of OFF regions can be chosen, but they should be symmetrically distributed
in the camera, in order not to be biased by e.g. inhomogeneities in the camera. In
this analysis a number of three OFF regions has been chosen and kept for all further
utilisations. After the application of a maximum cut in Hadronness and a minimum cut
in Size, the number of events for the ON and OFF regions can be plotted as a function of
62.

In Figure 4.5 a signal plot from the Crab Nebula is shown as an example. The data sample
consists of 5.69 h of data taken at zenith angles between 9° and 30° in the time range from
2007 to 2009. The black dots show the event distribution of the ON region, the black dots
on top of the grey shaded area show the averaged event distribution of the OFF regions.
Further a cut in #? is done. It defines the signal region in the #? distribution and it is
possible to define a significance of the observation and the sensitivity of the instrument
for this selected signal region. In this particular case a maximum cut in Hadronness of
0.06 and a minimum Size cut of 150 phe were chosen. The maximum cut in #? was set
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at 0.015°2 in order to reach a high significance in accordance with a low sensitivity value
(explanation see below).

Nevents

1000 — Time = 5.69 h

; Non=1402; N_ = 237.6+ 6.3
- Nex = 1164.4

800 L Significance (N / lof) = 75.540
B . Significance (Li&Ma) = 44.37c

600 —: Sensitivity = 2.23 = 0.08 % Crab
—+E Gamma Rate = 3.41+ 0.11 / min

400 L Bkg Rate = 0.70+ 0.02 / min
s
AN

200—: +
RS TN

0% [ deg’]

Figure 4.5: Signal plot of the Crab Nebula for a sample of 5.69h in the time range from

2007 to 2009 for zenith angles below 30°. The number of events for the ON
region (black dots) is plotted against #2. The event distribution of the OFF
regions is scaled by a factor of three and is represented by the black striped
region in the grey shaded area. The fit to this distribution is shown in red.
The black dashed and vertical line is the cut applied in the parameter 62.

e Excess events:

For the background distribution the events of the OFF region are averaged over all
three OFF regions. A fit in the range from 0°2 to ten times the signal region, here
0.15°2, is applied to the events to determine a meaningful and averaged number of
the OFF events Nyg. In this fit is shown as a red dashed line.

The number of ON events N,, simply comprises all events in the signal region of
the ON sample. The difference of these two values is the number of so-called Excess
events:

Nexe = Non — alNog . (41)

Here « is the scaling factor to account for the higher number of OFF regions. In the

case of three OFF regions o = %
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¢ Significance:

The significance of the detection can be calculated with , which is taken
from | ].

s {152 )] sl o2 ) o

Here « is the same scaling factor as above. The significance S is given in standard
deviations. A source is classed as detected when it reaches a significance of 5¢.

e Sensitivity:

Another value, the sensitivity, is calculated by odie. In a sensitivity
of (2.23 £ 0.08)% Crab flux for the 5.69h of observation time can be seen. This
sensitivity is defined in terms of a flux in % of the Crab flux which can be significantly
detected within 50 hours of observation. In this case a source with a flux of 2.23% of
the Crab flux can be detected significantly by MAGIC-I in 50 hours of observation.

exc [

V aNoff

Here the significance is not calculated as in , but with

)

| and again has to be 50.

When plotting all y-like events with their reconstructed arrival direction into a 2D his-
togram, a sky map of the source region is created in equatorial coordinates, i.e. right
ascension and declination. Inside the MARS framework this is done by using the program
caspar.

The excess events are selected with a minimum Size and a maximum Hadronness cut, as
well as a cut in #2. The arrival direction of each photon is given by the DISP parameter.
The background exposure map is modelled with the selected number of OFF regions. In
this analysis three OFF regions are chosen. Additionally, a Gaussian smearing of the
images is done so that the real smearing of the telescope imaging aperture, namely the
point spread function (PSF), is represented.

One possibility of illustration of the sky map is a relative flux map. In this case the
smoothed excess map is shown in relation to the smoothed background map. An example
of a sky map was already shown in panel (b) of . It shows the relative flux
map around the position of Mrk 421 in the zenith angle range from 9° to 30° in the time
range from April 2007 to February 2009. In addition, regions of different significances are
included in the sky map.

At this stage of the analysis the most interesting physical results of a source can be
obtained. In case of mono analysis the differential energy spectrum and the so-called light
curve, which is showing the flux behaviour of the source with time, are calculated by the
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program fluzle. The output of melibea of the source’s data as well as MC simulations are
taken as input in fluzlc. The MCs are a different sample than the one used for the RF
training. They are among other things needed for the calculation of the effective collection
area which is necessary for the following computations.

To get a clean sample of signal events, cuts in Hadronness and 62 (or Alpha) have to be
set. Either these cuts can be set individually for every single energy bin by the user or
they can be determined by fluxlc with given cut efficiencies. In this case the user defines
a value for the v efficiency. This means that cuts in the parameters Hadronness and 62
are chosen on the basis of the distribution of the MC simulations. The cut in the two
parameters is optimised by the program so that the desired percentage of vs will survive
this cut. This is the so-called efficiency. In this analysis the cuts were determined using
the cut efficiency approach.

In order to obtain the y-ray flux of the source, it is mandatory to know the number
of photons Ny in the effective observation time t.g as well as the effective collection
area Acg. Ao includes the acceptance of the measurement given by the area in which
the arriving photons can be seen and the detection efficiency of ~-rays, i.e. the ratio of
simulated y-rays and the ones surviving the analysis up to this stage. It can be computed
with the help of the above mentioned MC simulations.

It is now possible to create the differential energy spectrum which shows the source’s flux
as a function of the energy. It is given by

dF A Nexce

Additionally, the integral flux in a certain energy range or above an energy threshold can
be computed. The temporal evolution of the integral flux of a source is called light curve.
The time binning can be chosen individually. Either changes in the nightly flux can be
investigated to study the long-term variabilities of the flux or short time bins of several
minutes can be looked at to search for intra-night variabilities. In the light
curve of the Crab Nebula can be seen for four selected nights in the time range from 2007
to 2009. The flux values for each night (red dots) as well as the constant fit (pol0, red line)
are close to the comparison value of "Crab (MAGIC-I)", a data sample from 2005 | 1,
and the flux values are compatible with a stable flux. The flux of the background (blue
dots) is stable as well from which stable analysis conditions and a valid analysis can be
assumed.

The differential energy spectrum produced by fluzlc is a function of the estimated energy,
but the aim is to have it as a function of the true energy of the primary particle. To solve
this problem the unfolding method is used here.

To obtain the distribution of the primary particles’ true energy several influences have to
be taken into account. First of all the detector has a finite resolution. This means that the
assigned observables for each recorded particle shower are only precise to a certain degree.
Part of this is the indirect measurement of the energy via the observables. Additionally,
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Figure 4.6: The light curve of the Crab Nebula shows the integral flux between 300 GeV
and 50 TeV for a sample of 5.69h in the time range from 2007 to 2009. The
red dots show the nightly flux of the Crab Nebula. It is stable and around the
reference line of Crab measured with MAGIC-I | ]. The constant fit to
the flux points is represented by the red line. The stable flux of the background
is shown in blue.

the acceptance of the detector is limited which means that not all particles which hit the
atmosphere and start an air shower are detected by our telescope or survive the analysis
chain. | ]

The telescope is only able to measure a distribution g(y) of the observables y instead
of measuring directly the sought distribution f(z) of the observable x, which is the true
particle energy in this case. The dependency of these two distributions in the range

a <z < b is described by the Fredholm integral equation [ |:
b
o) = [ My.o)f(a)de. (44)

The response function M (y, z) gives the probability of obtaining a result y when a value
x is given | ] and is calculated with Monte Carlo simulations. Given that the data
and their parameter distributions are existent in binned histograms, this equation can be
discretised and then be written in matrix notation:

7=M.7. (4.5)

The first obvious method of solving this equation would be the inversion of the response
matrix M. Due to the fact that the matrix is generally not quadratic inversion is not
the solution. Alternatively the equation can be solved by minimising the least-squares
expression | ]

= (7 -M- )TV, (F-M-F), (4.6)

with V, as the covariance matrix of the measured distribution.
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Solving an inverse problem often results in a solution for 7 containing strong fluctuations.
These are caused by small entries in M, which don’t contribute significantly to the migra-
tion. To control these fluctuations a regularisation term Reg( f ) is introduced. | ]
It is added to the expression as follows:

2 w

b+ Reg(F), (4.7

X

where w is a weight of the strength of the regularisation. There are several approaches for
regularisation, e.g. by Tikhonov, Bertero and Schmelling. They shall not be explicitely dis-
cussed here, but further explanations can be found in | ] and the references therein.
In the MAGIC standard analysis the standard unfolding procedure is implemented in
CombUnfold. The distribution of the estimated energy is used for the unfolding. A choice
can be made between the already mentioned regularisation methods of Tikhonov, Bertero
and Schmelling. Additionally, forward folding can be applied where an assumed function
is inserted for the sought-after distribution ? to solve the matrix equation. It can be used
as a check for the real unfolding results. | ]
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Chapter 5
Mrk 421 data analysis

Since the beginning of MAGIC observations, Mrk 421 has been observed on a regular
basis. Since 2009 MAGIC has been participating in multi-wavelength campaigns with
many other telescopes, which observe the source in as many wavebands as possible at the
same time. These campaigns are needed to understand the source’s overall behaviour and
thus to be able to conclude on the processes and the activity of the central engine of the
AGN Mrk 421. This chapter concentrates on the data analysis and its results with the
MAGIC-I telescope. These results will be put in the MWL context in

This chapter is structured as follows. At first the selection and data check of the single
telescope data taken by MAGIC-I will be presented. This includes the data of Mrk 421
which are analysed, MC simulations of y-rays and suitable background data for the training
of the RFs, and Crab Nebula data for a reference analysis. Then the analysis and its results
will be outlined with particular attention to the behaviour of the source in the examined
time period. The light curve of a 2.3 year long data set is examined to describe this
behaviour. Additionally, this is done in different energy ranges. Then it is investigated, if
variability is present in the light curves on shorter time scales than days. Afterwards, the
dependence of the spectral shape on the flux state is examined.

Mrk 421 was first observed with MAGIC-I in April 2005. Since then it was and still is
regularly observed between late November and the middle of June every year, when the
source is observable. For this analysis data of the single telescope MAGIC-I were selected.
The time span ranges from February 2007 to June 2009. The analysis of this large data set
will help to understand the general view of the source especially over a long time span.
The first observations of this time span were taken on 11th February 2007 (MJD"' 54142)
with the convention in MAGIC that all data of one night is named after the day which
starts at midnight UTC. The last observations of Mrk 421 with the single telescope
MAGIC-I were taken on 15th June 2009 (MJD 54996.9). In this time span of 2.3 years
Mrk 421 was observed on 149 nights in a total of 174 hours.

Not all data were taken under the same observation conditions. One of these conditions is
the zenith angle of the observations which has an influence on the appearance of the shower
in the camera and therefore e.g. the v-Hadron-Separation and the energy estimation. The

!The Modified Julian Date is a commonly used date in astrophysics as well as in other fields because it
counts all days consecutively. A new day starts at midnight in UTC.
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second influencing factor is the point spread function (PSF) of the imaging system which
alters again the appearance of the shower. The weather conditions also need to be taken
into account as they have an effect on the data quality. The brightness of the moon has
to be considered as well since it adds a non negligible fraction to the level of the NSB.
These observation conditions are explained in more detail in the following.

e The data are separated for the analysis according to the zenith angle of the ob-
servation. The development of the showers and therefore their appearance in the
camera depend on the zenith distance (Zd), especially for values greater than 30°.
The distance the particle has to travel through the atmosphere changes with the
zenith angle. This means that the greater the angle is, the thicker the atmosphere
layer becomes through which the particle and its induced shower of secondary par-
ticles have to travel. The most obvious effect is that it gets harder to detect lower
energetic particles. For this reason it is important to separate the data into low
and high zenith distances and analyse the data sets individually. Monte Carlo sim-
ulations of ~v-ray showers are produced for the different zenith angles so that the
separation and energy estimation can be done in dependence on the zenith angle.
The data I am using are separated into three parts: Zd smaller than 30°, Zd between
30° and 45° and Zd greater than 45°.

e An important value for the analysis is the telescope’s point spread function. The
PSF describes the widening of a point-like source in the optical system of the tele-
scope. Using parameters of muon images the PSF of the telescope system can be
calculated. This method was first introduced to MAGIC by | ]. In
the evolution of the PSF of MAGIC-I can be seen for the time range from Febru-
ary 2007 to June 2009. Comparing the nightly PSF values of the nights where
Mrk 421 data were taken (black dots) to the available PSF value in the simulated
~ Monte Carlos, which are represented by the red (10.6 mm), blue (13.0mm) and
orange (14.8mm) line, the correspondent Monte Carlo set is chosen. Values when
no Mrk 421 data were taken are symbolised with grey dots.

As can be seen in the plot, the PSF changes over time. Therefore, the data is
separated into two data sets according to their PSF. The division is applied between
the 3rd and 25th of February 2009. Hence, the data from 11th February 2007 to
3rd February 2009 are analysed using v Monte Carlos with a PSF of 13.0 mm and
for the data from 25th February 2009 to 15th June 2009 simulations with a PSF of
14.8 mm are applied.

e To have a data sample with homogeneous observation conditions some restrictions
on the weather conditions are made. Parameters which can help to evaluate the
weather conditions are the so-called cloudiness, the number of stars and the trigger
rate. The parameter cloudiness is measured with a pyrometer, which is attached
to the MAGIC-I mirror mount pointing into the same direction as the telescope.
It gives a percentage of what fraction of the sky is covered in the direction of the
source.

With a T-Point camera placed in the centre of the mirror dish the camera and the sky
area next to it are recorded. It recognises stars in the sky region next to the camera.
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Figure 5.1: The PSF of MAGIC-I from February 2007 to June 2009. The values are
calculated with muon images. The dots show the nightly value. In black the
PSF is shown for the time range when Mrk 421 data were taken. The grey
dots, when no Mrk 421 data were taken, are included due to completeness.
The lines show the available simulated PSF in the Monte Carlo simulations
and the blue and orange shaded areas show the chosen PSF for the time range,
corresponding to a PSF of 13.0 mm and 14.8 mm.

If clouds and dust covered this area, a lower number of stars would be recognised.
Setting a minimum cut value to the recognised number of stars, eliminates data taken
with cloudy weather. Additionally, this camera is used to determine the accuracy of
the telescope’s pointing with the use of LEDs that are mounted around the camera.
The cloudiness and number of stars are correlated values so that in case one of the
instruments fails the other one can still be used to judge the weather conditions.

Another value to check for changes during the observations is the trigger rate. If it
is not stable, clouds might have passed through the FOV. In some cases headlights
of a car passing by the telescope can shine into the camera. Data subruns, which
are affected by this, are filtered out through their trigger rate as well. A minimum
value for the trigger rate is chosen as well to make sure that the air is clear and
not affected by e.g. Calima. This dusty and sandy wind from the Sahara decreases
the transparency of the air for the air showers when it is present. In addition outer
influences, which cannot be seen by the analyser, are written down in a runbook by
the shifters to help the analyser to judge the data quality and discard affected runs
or even complete days.

In this analysis the following values for the above explained parameters are chosen.
— cloudiness: < 40%

— number of stars: > 30

41



42

Chapter 5 Mrk 421 data analysis

— trigger rate: stable in a range of 100 Hz with a minimum of 200 Hz for dark
nights and 175 Hz for data taken in twilight or moon conditions

e The reflected light of the moon alters the amount of night sky background especially
in nights when it gets close to full moon. The moon conditions can be read from the
automatically adapted discriminator threshold during the observation. This value
corresponds to the trigger threshold in the first trigger level. The following values
distinguish between data taken under dark or moon conditions. As there was a
change in the definition of the DT, there are two values:

— DT for data taken up to June 2008: 20 DAC units
and

— DT for data taken after November 2008: 42 DAC units.

Consequently, the analysis of the data is executed separately due to the zenith angle and
the PSF. The data is selected or discarded according to the weather and moon conditions
during the observations. Additionally, runs or subruns with a warning by shifters not to
use this data are discarded as well. It also needs to be mentioned that only data taken
in Wobble mode are analysed. Data taken in ON mode need to be considered separately
and are not analysed in the scope of this thesis.

Between 11th February 2007 and 15th June 2009 Mrk 421 was observed in 149 nights.
All data were checked for the above mentioned quality criteria. For further analysis it
is necessary to select MC simulations of ~-rays and a background data sample for the
~v-Hadron-Separation in osteria. In addition, a sample of Crab Nebula data is picked to
perform an unbiased analysis. The background data sample as well as the Crab Nebula
data have undergone the same data check that was applied to the Mrk 421 data.

A total of 173.9h of Mrk 421 data was recorded in 149 nights. 97.5h of the data, taken
in 99 nights, survived the data check. In the following the different reasons for exclusion
of data are listed.

Zd>45°: 6.6h
ON data: 3.9h
runbook comments: 0.4 h, excluded because of car flashes
weather /light conditions: 60.3 h, bad weather or sky too bright

effective on time <10 minutes: 5.2h

?Data with a Zd>45° would need a separate analysis. The excluded data would only have given data
on four additional days. Most of the other data was part of observations that extend into the zenith
range below 45° and would only have given more statistics for that night, but the major part of this
data was short in effective observation time and would not have provided significant results. For other
days the data would have been excluded anyway due to bad weather or light conditions.



5.2 Selected data samples for analysis

The days where Mrk 421 data were taken, which at least partly survived the data check,

can be found in . Due to the large amount of data only the date is listed in this
table for convenience. For more detailed information on the daily data amount and zenith
angle range, please see to in

Table 5.1: Mrk 421 data which (at least partly) survived the above mentioned quality
criteria of the data check. The data for both PSF configurations and the whole
zenith angle range from 9° to 45° are presented.

Year Month Day

2007 02 11, 15, 19, 27
03 08, 12
04 15, 22
05 05, 13
12 04, 05, 06, 07, 08, 09, 12, 14, 15, 16, 17

2008 01 01, 02, 04, 05, 06, 07, 08, 09, 10, 11, 12, 13, 14, 15, 16, 29
02 02, 04, 05, 06, 08, 11
03 01, 08, 11, 12, 31
04 02, 04, 06, 12
05 04, 05, 07, 10, 23, 25, 27, 28, 29
06 03, 05, 06, 07, 08
11 30
12 02, 04, 05

2009 01 04, 22, 24, 26, 28, 30
02 01, 03, 25
03 01, 17, 19, 21, 23, 29, 31
04 15, 16, 17, 19, 21, 22, 23, 24, 25
05 21
06 13, 14, 15

A list of all excluded days can be found in . As the data analysis is separated

into four parts due to the zenith angle and the PSF, the following four sets of data will
be mentioned in the next sections:

PSF 13.0 mm and Zd<30°,

PSF 13.0 mm and Zd 30° - 45°,
PSF 14.8 mm and Zd<30°, and
PSF 14.8 mm and Zd 30° - 45°.

MC simulations of v-rays are produced for three different values of the PSF, namely
10.6 mm, 13.0mm and 14.8 mm. As shown in two sets of MCs were chosen,
namely one set with a PSF of 13.0mm and one with 14.8 mm. Furthermore, they are

43



44

Chapter 5 Mrk 421 data analysis

simulated for a wide range of zenith angles. They were selected to cover the whole zenith
ranges of the two chosen separations, firstly, from 9° to 30° and secondly, from 30° to
45°. Additionally, they are simulated for Wobble and ON observation mode, so that the
Wobble mode was chosen in this case.

Consequently, four sets of ¥ MCs were collected for the analysis, which can be categorised
by their Zd range and PSF as the Mrk 421 data above.

To find a good sample of hadron data, real recorded data of faint v-ray sources are used.
With an impurity of a ratio of s to hadrons of 1 to 103- 10 [ ], it is "clean" enough to
serve as a hadron sample. The data have to undergo the same data check as the Mrk 421
data. The sample covers the same time range as the Mrk 421 data in order to have
observation conditions as close as possible to the conditions of the data to be analysed
and not to be biased by changes in the telescope performance. It is necessary to choose
several different sources to ensure that the whole zenith range is covered. The following
extragalactic sources are selected and checked to serve as hadron sample.

1ES1959+650 3C279 PKS1510-08
1ES2344+514 HB89-1553+11 PKS-1222+4216
1H17224119 MS1050.7+494 PKS-17174+177

2MASX0324+-34 PKS1424+4-240

A detailed overview of the selected days for each source is listed in

For the optimisation of cuts in the further analysis, a Crab Nebula data sample is used.
To have the same observation conditions as during the data-taking of Mrk 421 preferably
data of the same days or close to them are chosen. These data have to pass the same data
check as the Mrk 421 data.

The selected days of Crab Nebula data are listed in . For more details on the
durations of observation and the exact correspondence of the days to the four data sets of
different PSF and Zd range, please see

Table 5.2: Crab Nebula data used for the reference analysis. The data for both PSF
configurations and the whole zenith angle range from 9° to 45° are presented.

Year Month Day

2007 02 12

12 14
2008 01 14, 23
2009 01 23

03 01, 02, 14, 21, 22, 23




5.3 Significance of Mrk 421 data

The detection of Mrk 421 is not a particular goal of this thesis, as it was already signifi-
cantly detected in 1992 with the Whipple telescope | ]. For the sake of completeness,
the significance of the data of this analysis is calculated nevertheless.
The significance of all observations is determined by the program odie as explained in
. A minimum Size cut and a maximum cut in Hadronness as well as in #? are
applied. For the background three OFF positions are selected. To find the optimal cut
values for the signal detection, iterated cut values are applied to the Crab Nebula data
samples. Then the significance and sensitivity are examined. The optimal cut values are
determined when a good compromise of a high significance and a good sensitivity is found.
These cut values for the four Crab Nebula data samples and the resulting significances
and sensitivities can be found in . These cuts are then applied to the Mrk 421
data. The results for the four different data sets are summarised in .
The signal plot of the largest data set out of the four sets was chosen to serve as a
representative plot for all signal plots. The chosen data set is covering the zenith angle
from 9° to 30° in the time span from 15th April 2007 to 3rd February 2009. It is shown
in . In 50.35 hours of observation a total of about 14281 excess events were
counted, which results in a significance of 171.31 ¢ with the given number of OFF events.
A detailed explanation of a signal plot is given in
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Figure 5.2: Signal plot of Mrk 421 from April 2007 until February 2009 for the zenith
angle below 30°. The number of events for the ON region (black dots) is
plotted against #2. The event distribution of the OFF regions is scaled by
a factor of three and is represented by the black striped region in the grey
shaded area. The fit to this distribution is shown in red. The black dashed
and vertical line is the cut applied in the parameter 62.
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All results reinforce the significant detection of the source. The significances were also
calculated for the daily observations. These results are added in to

The light curve is determined with fluxlc. The events are selected according to cuts in the
parameters Size, 82 and Hadronness. These are optimised on data of the Crab Nebula as
explained in . The cut values are summarised in . These cuts are
subsequently applied to the four sets of Mrk 421 data.

The light curves with zenith angles below and above 30° are combined, but only data points
which have at least 10 excess events and a significance greater than 3 ¢ are included. This
results in the rejection of four data points in February 2007 (namely the 11th, 15th, 19th
and 27th), but it ensures reliable results. The resulting light curve spans over a length of
830 days and includes 95 data points.

In the following, the abbreviation "CU" will be used. This Crab Unit refers to the average
integral flux of the Crab Nebula for the given energy range. For the energy range from

400 GeV to 50 TeV it equals 8.084141 - 10~ em=2s71 | |, which was determined for
MAGIC-I in mono operation.
In the combined light curve from 8th March 2007 to 15th June 2009 is shown

with a daily binning, i.e. each flux point represents the integral flux summed over the whole
night. If in one night data were taken below and above 30°, these data were combined.
All resulting flux values are noted down in . This table shall be considered if
the reader is interested in the exact flux value in the case that the flux is only given in CU.
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Figure 5.3: Light curve of Mrk 421 between 8th March 2007 (MJD 54166.9) and 15th June
2009 (MJD 54996.9) in the energy range from 400 GeV to 50 TeV. It shows the
combined results of the separate light curves from 9° to 30° and from 30°
to 45° for daily bins. For an estimation of the flux strength, the flux of the
Crab Nebula and multiples of it are plotted as well. The black vertical lines
represent the division from one year to the next.



5.4 Light curve determination

The long-term light curve of Mrk 421 is naturally divided into three parts. Mrk 421 is
only observable for about half of the year by Cherenkov telescopes due to astronomical
circumstances, which explain the big observation gaps. The light curve exhibits different
flux emission "states". Between March 2007 and May 2007 as well as between November
2008 and June 2009 it shows a low emission, whereas between December 2007 and June
2008 Mrk 421 shows a high and strongly variable flux.

The minimal flux value of Mrk 421 was recorded on 8th March 2007 (MJD 54166.9),
in a quiet emission state. This flux value is (1.29 & 0.44) - 10~'' cm=2s~!, which corre-
sponds to 16% of the Crab Nebula. The highest flux is reached during the high emission
state on 31st March 2008 (MJD 54555.9). During this night the flux reaches a value of
(3.05 £ 0.11) - 1071%cm 257! corresponding to 3.77 times the flux of the Crab Nebula.
This means that the highest flux value of Mrk 421 is about 23.7 times higher than the
lowest recorded flux in the whole time range.

To determine an average flux value and to characterise the flux variability, a fit with a
constant is done. The result of the constant equals about 0.88 CU. The probability for the
fit with a constant flux is 0. This value emphasises the variability that could already be

seen in . The fit results are also noted down in .
For further considerations, the three time ranges are examined separately. The constant
fit results for these time ranges can be found in as well.
In the light curve between 8th March and 13th May 2007 is shown.
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Figure 5.4: Light curve of Mrk 421 between 8th March (MJD 54166.9) and 13th May 2007
(MJD 54232.9) in the energy range from 400 GeV to 50 TeV with daily bins.
For an estimation of the flux strength, the flux of the Crab Nebula is plotted
as well.

A constant fit to the six flux values results in a flux of about 0.38 CU, which is a low
flux value in comparison to the maximum flux value Mrk 421 reached in the whole time
range. The constant flux fit results in x?/ndf = 36/5 and the constancy hypothesis is
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rejected. This can also be seen in the difference between the lowest and highest flux values
in this time range. The lowest value is the overall lowest value from 8th March 2007 (MJD
54166.9), which is (1.29 + 0.44) - 10" cm~2s~!. The highest flux in this time range is
reached on 15th April 2007 (MJD 54204.9). Therefore, the flux ranges between 0.16 CU
and 0.69 CU. This means that the flux is multiplied by a factor of 4.3 in 38 days. Then
the flux drops again by a factor of 2.3 in 28 days to 0.30 CU on 13th May 2007 (MJD
54232.9).

The light curve of Mrk 421 from 4th December 2007 to 8th June 2008 is shown in
It contains 56 flux points spread over 187 nights.
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Figure 5.5: Light curve of Mrk 421 between 4th December 2007 (MJD 54438.2) and 8th
June 2008 (MJD 54624.9) in the energy range from 400 GeV to 50 TeV with
daily bins. For an estimation of the flux strength, the flux of the Crab Nebula
and multiples of it are plotted as well. The black vertical line represents the
division from year 2007 to 2008. The flares are symbolised by black stars.

In this time range Mrk 421 shows a high flux state with a high variability. A con-
stant fit to the flux points results in an average flux equal to about 1.38 CU. With
x?/ndf = 1485.72/55 the probability for a constant flux is 0. The flux varies between
(3.30 £ 1.10) - 10~ em™2s7! (0.41 CU) on 17th December 2007 (MJD 54451.3) and the
overall maximum value of (3.05 + 0.11) - 10~ em=2s~! (3.77 CU) on 31st March 2008
(MJD 54555.9). Between these values lies a factor of 9.2.

In this time period a total of nine flares takes place. In they are marked with
black stars. Already in the beginning of the time span, the first flare appears. It takes
place on 5th December 2007 (MJD 54439.2) where a flux equal to 1.23 CU is reached.
Before the flare only one data point is available which has a slightly lower flux value. It
cannot be said how the flux behaved before and if at this date a flare really took place.
Afterwards, the flux drops so that with this information a flare is claimed for MJD 54439.2.
In the following 12 days the flux drops by a factor of 3.0 to the lowest value in the whole
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time period. As mentioned before this minimum is reached on 17th December 2007 (MJD
54451.3) and the flux equals 0.41 CU.

After a natural break because of the full moon, there is another flare with a subsequent
drop of flux. On 2nd January 2008 (MJD 54467.2) the flux at the flare is 1.53CU. It
is reduced by a factor of 2.4 in 9 days, so that the flux is at a level of 0.63 CU on 11th
January (MJD 54476.3). Directly after this the flux is rising by a factor of 3.3 in the short
time interval of 5 days. This third flare on 16th January (MJD 54481.2) is, with a flux of
2.08 CU, the first flux above 2 CU.

After the next full moon break the flux is lower again in comparison to the previous flare.
It is then rising again until the fourth flare on 6th February (MJD 54502.1), where a flux of
2.51CU is given. Then a small drop occurs, but on 11th February (MJD 54507.1) another
flare with a flux of 2.21 CU is given before the next full moon break.

The next four data points between MJD 54526.0 and 54536.9 are found at a comparably
low and relatively stable level around 1 CU. After the next natural break due to the moon,
the sixth flare takes place on 31st March 2008 (MJD 54555.9). As was already said above,
this flare has the highest flux value of the whole data analysed and it equals 3.77 CU.
Unfortunately, the number of observations is low and it cannot be said if the flux was
already higher before or how fast it rose to this high value. Afterwards, the flux quickly
drops by a factor of 3.3 to 1.15CU in only two days. Right after that the flux rises again
by a factor of 3.0 to 3.42 CU on 6th April (MJD 54562), which is the seventh flare. Only
six days later, on 12th April (MJD 54568.1), the flux went down by a factor of 6.1 onto
0.56 CU. These days represent the highest flux values and also flux variabilities in the
whole analysis.

The four data points between MJD 54589.9 and 54596.0 in between two full moons show
again a lower flux ranging from about 1 to 2 CU. After the last full moon break, the flux
is again more variable and it is never below the average of the whole time period. A flux
of 3.12CU is given on 27th May (MJD 54612.9), the eighth flare. This flux is by a factor
1.9 higher than two days before and a factor of 2.0 higher than one day later.

The ninth and last flare during this time period is observed on 6th June (MJD 54622.9).
With a flux of 3.4CU it lies in a plateau. The flux one day before and one day after
are only 3%, resp. 13% lower. But three days before the flare the flux was at a level of
1.65 CU, i.e. it was lower by a factor of 2.0. On 8th June (MJD 54624.9), two days after
the flare, the flux drops down by a factor of 1.7.

This time period is the most active of the three periods with the highest flux values and
the highest variabilities.

The light curve between 30th November 2008 and 15th June 2009 can be seen in

It contains 33 data points during an observation length of 197 nights.

In this time period Mrk 421 is back in a quiet emission state. A constant fit results in a flux
of about 0.61 CU. There is again a probability of 0 for a constant flux with x?/ndf = 160/32
for the fit. The flux values vary between a minimum of (2.29 & 0.40) - 107!t cm 257!
(0.28 CU) on 29th March 2009 (MJD 54919) and the 4.5 times larger maximum flux of
(1.02 4+ 0.16) - 10719 ecm =251 (1.26 CU) on 1st February 2009 (MJD 54863.1).
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Figure 5.6: Light curve of Mrk 421 between 30th November 2008 (MJD 54800.2) and 15th
June 2009 (MJD 54996.9) in the energy range from 400 GeV to 50 TeV with
daily bins. For an estimation of the flux strength, the flux of the Crab Nebula
is plotted as well. The black vertical line represents the division from year
2008 to 2009. The flare is symbolised by a black star.

Although this flux is small in comparison to the flares in the time period before, this
maximum on MJD 54863.1 is claimed to be a flare. It is marked with a black star in

. With a flux of 1.26 CU, it is more than twice the average flux during this time
period. In addition to that, the flux is rising from 22nd January (MJD 54853.1) from
0.55CU by a factor of 2.3 in the 10 days until MJD 54863.1, the day of the flare. Two
days after the flare the flux is again smaller by a factor of 1.5, now equal to a flux of
0.83 CU.

To investigate if the flux variations behave differently for different energies, the light curve
is determined for three energy ranges in fluzlc. They are namely

o the low energy (le) range from 400 GeV to 600 GeV,
o the medium energy (me) range from 600 GeV to 1TeV,
o and the high energy (he) range from 1 TeV to 50 TeV.

These names are arbitrarily given only in the context of this analysis. The term "whole
energy range" stands for the energy range from 400 GeV to 50 TeV, for which the light
curve from the previous was determined.

All of the following data points contain at least 10 excess events and have a significance
larger than 3o0. To directly compare all flux points of the different energy ranges, the
flux is normalised to the flux of the Crab Nebula in the corresponding energy range. The
resulting light curves for the low energy (red), the medium energy (green) and the high
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energy (blue) are shown in to . All results of a constant fit to the
different light curves can be found in

shows the light curves from March to May 2007 for the three different energy

ranges.
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Figure 5.7: Light curve of Mrk 421 between 8th March (MJD 54166.9) and 13th May 2007
(MJD 54232.9) for the different energy ranges with daily bins. Each flux point
is normalised to the Crab Nebula flux in its energy range.

This time period contains only 5 flux points for the low energy range and 4 for the medium
and high energy range. Nevertheless, first cautious conclusions are drawn from the light
curves. The flux is highest for the low energy range and it is compatible with being
constant. The y?/ndf increases and the flux in CU decreases with increasing energy (see
). For the four flux points, where a comparison between the medium and high
energy flux points is possible, the flux in the medium energy range is higher than in the
high energy range. This gives the impression that the spectrum of Mrk 421 is steeper than
the spectrum of the Crab Nebula.
For a comparison of the medium and high energy to the low energy, only three flux points
are available. For two of these points, the low energy point has a greater flux than the
other points. This supports the statement made before of the steeper spectrum of Mrk 421.
But for the flux point with the highest flux in the light curve for the whole energy range,
which is on 15th April 2007 (MJD 54204.9), the flux of the low energy range is a little bit
lower than the other two points, but still within the error estimation.

The light curves for the three different energy ranges from December 2007 to June 2008
are shown in .

The result of the constant fit to the low and medium energy range flux points are at about
the same flux level. For the high energy range this value is again lower. All light curves
are variable, but x2?/ndf is, as before, increasing with increasing energy (see ).
This means that the variations are larger for higher energies.
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Figure 5.8: Light curve of Mrk 421 between 4th December 2007 (MJD 54438.2) and 8th
June 2008 (MJD 54624.9) for the different energy ranges with daily bins. Each
flux point is normalised to the Crab Nebula flux in its energy range. The black
vertical line represents the division from year 2007 to 2008.

For most of the nights between 4th December 2007 (MJD 54438.2) and 12th March 2008
(MJD 54536.9), the flux in the high energy range is the lowest. The medium flux is higher
and the low energy flux has the highest value. But it can be seen that mostly for the flare
days another behaviour is present. As an example, on 4th December 2007 (MJD 54438.2),
which is one day before the first flare, the fluxes of all three energy ranges are at the same
level. This is also true for the flares on 2nd January 2008 (MJD 54467.2), 6th February
(MJD 54502.1) and 11th February (MJD 54507.1).

The days including the overall highest flux and highest variability, which are the days
from 31st March (MJD 54555.9) to 6th April (MJD 54562), shall be discussed now. For
the two flares during this time, the high energy range has the highest flux with a value of
almost 5 CU. The flux of the medium energy range lies below and the low energy flux is
the lowest, which is approximately 2.5 CU and 3 CU on the two different flare days. On
the two days between the flares, the differences between the fluxes of the three energy
ranges are smaller. The flux of the low energy range remains the one with the smallest
flux.

For the highly variable flux points between 4th May (MJD 54589.9) and 8th June (MJD
54624.9) it can be seen that for the nights with a lower flux in the whole energy range
the high energy flux is below the value of the low energy range. On the flare days 27th
May (MJD 54612.9) and 6th June (MJD 54622.9) however, the flux is again highest for
the high energy range. It is lower for the medium energies and lowest for the low energy
range, as it was observed before for the other flare days.

For the last time period from November 2008 to June 2009, the three light curves can be
seen in .

During this more quiet time period of the light curve, it is again given that the flux of the
high energy range is the lowest of all. This time the medium energy range has a slightly
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Figure 5.9: Light curve of Mrk 421 between 30th November 2008 (MJD 54800.2) and 15th
June 2009 (MJD 54996.9) for the different energy ranges with daily bins. Each
flux point is normalised to the Crab Nebula flux in its energy range. The black
vertical line represents the division from year 2008 to 2009.

higher flux than the low energy range. The highest x?/ndf for a constant fit is again
present for the high energy range, it is lowest for the light curve with the highest flux, the
medium energy range light curve (see ).

It can be seen that the high energy flux mostly lies below the medium and low energy
range fluxes. For the flare day 1st February 2009 (MJD 54863.1), the same behaviour as
during the previous flares is seen. The flux is highest for the high energy range.

For the days when the high energy flux is the lowest flux and the low energy flux is the
highest, the spectrum of Mrk 421 should be steeper than the spectrum of the Crab Nebula.
For days when the fluxes are at the same level, both spectra should have the same slope.
For the days when the high energy flux is the highest in comparison to the other two energy
ranges, the spectrum of Mrk 421 should be flatter than the one of the Crab Nebula.

The relation between the steepness of the spectra and the height of the flux level will be
discussed in

To investigate if there exists a relation between the different energy ranges, their ratios
fluxpe fuxpe q fluxne
an

fluxe’ Auxie fluxye
Crab Nebula in this case. The ratios are only available when the fluxes in the given energy

ranges are significant, i.e. a flux point needs more than 10 excess events and more than
3o (see to for the significant days). The ratios are plotted versus
the MJD. In the following , the light curve in the whole energy range from
400 GeV to 50 TeV and all three ratio plots are shown. This light curve is given here to be
able to have a direct comparison of the ratios to the overall flux level of that night.

are calculated. The fluxes are not normalised by the flux of the
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Figure 5.10: Ratios of the fluxes in the three different energy ranges from March 2007 to
June 2009. In the uppermost plot the normal light curve from is
shown so that the integral flux from 400 GeV to 50 TeV for every observation
is on hand. In the second plot the ratios of the high energy range flux to the
low energy range flux is shown. In the third plot the ratios of the high to the
medium energy range flux can be seen. The ratios of the medium to the low
energy range flux are shown in the plot at the bottom.

In the second plot from the top in the ratios of the significant flux points of the
high energy range flux to the low energy range flux are shown as black crosses. For nights
with a low overall flux in the whole energy range from 400 GeV to 50 TeV, the ratio is low.
When the flux takes on a higher value, the ratio is rising. This can be seen in particular for
e.g. the two flare nights on 31st March (MJD 54555.9) and 6th April 2008 (MJD 54562),
the flare on 6th June 2008 (MJD 54622.9), and the last flare on 1st February 2009 (MJD
54863.1). There is a factor of about 4.5 between the highest and lowest ratio.

The ratios of the significant flux points of the high to the medium energy range flux points
can be seen as blue crosses in the third plot of . Here, the same behaviour as
described above for the ratios of the high to the low energy range flux is present. In the
case that the flux has a low value in the overall light curve, the ratio of the high to the
medium energy range flux is low as well. The ratio is rising for higher overall fluxes. This
means, that for the above mentioned flare days and an additional flare on 27th May (MJD
54612.9) the ratio takes on the highest values. Here, the factor between the highest and
lowest ratio amounts to about 3.8.
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For the ratios between the medium and low energy range flux, which can be seen in the
fourth plot in , the same behaviour is present, but it is not as pronounced as
for the other two ratios. This can also be seen in the factor of about 2.6 between the
highest and lowest ratio.

From all these statements, several conclusions are drawn. The ratios of the high to medium
energy range fluxes changes the most with changing overall flux. The smaller the distances
between the energy ranges, for which the ratios have been determined, the smaller this
effect becomes with changing flux. This means that the high energy range flux is the most
variable of the three energy ranges because it changes the most with changing overall
flux. In addition, it can be concluded that spectra get harder when the source is brighter.
This means that spectra on nights with a high flux are flatter, and consequently have
proportionally more high energy photons, than spectra on low flux nights. This confirms
the conclusions that have been drawn before when the light curves in the three different
energy ranges were discussed.

Besides the examination of flux variations on a nightly basis, this study can be extended
to the search for variations on shorter time scales. Results from this study can be useful
to quantify the short-term variability time scale of a light curve and subsequently draw
conclusions about the emission region, see . Therefore, the nightly light curves
are examined for variability and flare models are fitted to candidate flare nights.

In earlier studies doubling or halving times for the flux have been found in the order of
15 | ] or even as low as 10 minutes | , ] for Mrk 421. To be able to resolve
flux changes on these short time scales the time bin width has to be smaller than 10 min-
utes. In order to ensure flux points with enough excess events and a high significance, the
time bin width is set to 5 minutes.

Variability

Candidate nights for the short-term study have to fulfil several criteria. First of all, a
constant is fitted to the signal as well as the background data points of each daily light
curve to quantify their variability. It is then necessary that the probability for a constant
fit is smaller for the signal than for the background data points to be a candidate night.
A high variability in the background could indicate changes in the observation conditions.
Additionally, it is decided that a candidate for short-term variability is given when the fit
probability for a constant flux is smaller than 25%. Lastly, a night should at least contain
5 data points to be considered.

All nights fulfilling these criteria are listed in . The other nights are expected to
have a stable flux for the duration of the observation.

The table contains the x2/ndf and the probability for a constant fit for each selected
night. From these values it can be concluded that the flux during the selected nights is
not stable. The last column of the table gives the factor between the highest flux value
fluxpax and the lowest flux value flux,,;, during one night. This factor lies between 1.7
and 3.8. This change in flux happens within 30 minutes or less for the given light curves.
In the short-term light curve of 31st March 2008 is shown. It is the night with
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Table 5.3: Observation length and constant fit results of the short-term light curves of
Mrk 421 for the selected nights. The factor between the lowest and highest flux
is given as well.

Date MJD Obs. length [h] x?/ndf Probability Auxmax

UXmin
2008-02-02  54498.0 0.65 15.10/7 0.0348 2.6
2008-02-04 54500.1 0.59 10.18/6 0.1173 2.4
2008-02-05 54501.0 0.65 9.19/7 0.2392 2.4
2008-02-08 54504.0 0.39 14.41/4 0.0061 2.9
2008-02-11 54507.1 0.83 30.50/9 0.0004 3.4
2008-03-12  54536.9 1.03 15.29/11 0.1695 3.8
2008-03-31 54555.9 1.99 31.87/23 0.1028 1.7
2008-04-04 54559.9 0.59 16.23/6 0.0126 2.3
2008-05-04 54589.9 0.61 12.14/6 0.0588 2.5
2008-05-05 54590.9 1.04 14.96/12 0.2435 2.3
2009-01-30 54861.1 0.39 6.08/4 0.1936 3.5

the highest overall flux. The light curve spans over 2 hours of observations. Obviously,
the flux is not stable during this night. In the beginning there is a small rise of flux. Then
there is a second rise with a subsequent fall. Afterwards, the flux fluctuates around the
constant fit.
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Figure 5.11: Short-term light curve with 5 minute bins of 31st March 2008 (MJD 54555.9)
with a constant fit to the data points.

As further examples of light curves, three light curves with a constant fit are added in

. The exemplary nights are namely 2nd February 2008 (see ), 12th
March 2008 (see ), and 5th May 2008 (see ). All three light curves
show the variability of the flux.
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On 2nd February the flux slowly drops by a factor of 2.6 to the minimum in 30 minutes,
whereby one fluctuation is included in this drop. After the minimum the flux rises again
by a factor of 2.0 in 10 minutes. The flux of the first 15 minutes on 12th March is at one
level. The flux is at the half of the former flux level for the following 15 minutes. Then
the flux rises to its maximum in about 10 minutes. Afterwards, it is back at a lower level
and it is stable for the last 20 minutes. On 5th May the light curve has two breaks of
about 75 and 45 minutes. In the middle part a large variation in flux is seen, whereas the
flux during the last 40 minutes is relatively stable.

All selected 11 nights show a short-term variability of the flux. The largest factor between
the highest and lowest flux during one night is 3.8.

Flare analysis

To quantify the time scale of the short-term variability t.,, the characteristic rise and fall
time of flares needs to be determined. It is defined as the time in which the flux changes by
a factor of e | ]. As flare model an exponential rise and fall on top of a flux baseline
is assumed. This exponential behaviour can be explained with the SSC emission scenario,
in which the ~-rays are produced via IC scattering of electrons. Shock fronts inside the
jet accelerate the electrons. Their energy gain increases exponentially after a shock front
has built up. The exponential decrease after the flare describes that the electrons are not
further accelerated. The cooling of the electrons via Synchrotron radiation or IC scattering
starts to dominate. | ]

The first model (model 1) that can be fitted to a flare was proposed in [ | and is given
by:

a

Ft)=b+ e—(t—t0)/Trise 1 (t—t0)/Tean ’

(5.1)

whereas b is the baseline flux before the flare and a is the amplitude of the flare. The
position of the peak is at t3. The characteristic rise and fall time are given by 7y and
Trall-  Another possibility is to simply fit an exponential rise to the data before the flare
and an exponential fall after it. The fit functions of this second model (model 2) are the
following:

Flise(t) = brise + Grise - e(t—to)/Trise (for a rising edge) (5.2)
Fran(t) = bgan + agan - e~ (7t0)/Tan - (for a falling edge)

As both fits describe the same flare the baseline b and the flare amplitude a are the same
value for both fits.

Two of the above mentioned nights show a flare in their short-term light curve, namely
12th and 31st March 2008. Both flare models are fitted to the data points. The peak
position is fixed to the position of the highest flux during the recognisable flare structure
in each case.

The resulting flare fits are shown in for 12th March 2008 and in

for 31st March 2008. The resulting rise and fall times of the flare fits with model 1 and 2
are summarised in

57



58

Chapter 5 Mrk 421 data analysis

_ x10°
g - - Signal
0B e 9 .
e = — flare fit
% 1T RN N RRRE RN DRSIERNLL, o SR .
% E
& 0.12 =
S 01F
3 E
2 0.08F
S ,
T 006~
5 =
E 004
o E
g o002~
£
Time [MJD - 54000]
(a) Flare fitted with model 1
x10°
Eo - Signal
0.16 s OSSP OO UOPURURURRRRRORPROR: HSUURUUURURUURURRRURUTIN SUUPTORPRRPORON g i
oo : — flare fit
0.14 =i ‘ :

0.12F
0.1
0.08 |-

0.06
0.04F
0.02

Integral flux (400-50000 GeV) [cm?s -]

536.92 536.94 536.96
Time [MJD - 54000]

(b) Flare fitted with model 2.

Figure 5.12: Short-term light curve with 5 minute bins of 12th March 2008 (MJD 54536.9)
with two different fits of flare models to the data points.

The short-term light curve of 12th March was fitted with a constant (see Figure A.2) and
two flare models (see panel (a) and (b) of Figure 5.12). The constant fit results in a low
fit probability of about 0.17.

The flare fit with model 1 describes the data points better than the constant fit because
it has a fit probability of about 0.47. The first 30 minutes of the light curve describe the
baseline. Then a short rise to the maximum takes place, which is then followed by a short
fall back to the baseline. The resulting rise and flare time for this model are about 2.3
and 3.6 minutes.

Model 2 describes the rising and falling edge of the flare well. The rising edge has a fit
probability of about 0.41 and the falling edge of about 0.73. They describe the data points
better than a constant fit. The corresponding rise and fall times are 3.1 and 8.5 minutes,
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(b) Flare fitted with model 2.

Figure 5.13: Short-term light curve with 5 minute bins of 31st March 2008 (MJD 54555.9)
with two different fits of flare models to the data points.

The constant fit to the short-term light curve of 31st March 2008 has a low fit probability
of about 0.10 (see ). The flare fit model 1 describes the data points slightly
better with a fit probability of about 0.20 (see panel (a) of ). The baseline
before the flare is not a stable baseline, but it contains a second, small rising edge which
cannot be described by the flare model. The flare itself is modelled well. However, the
data points after the flare are fluctuating around the assumed baseline. With this model
the characteristic rise and fall times are 7.7 and 2.9 minutes.

The flare fit with model 2 is able to describe the rising edge well with a fit probability of
about 0.67 (see panel (b) of ). However, it can again be seen that the falling
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edge cannot be modelled well. The fit probability is only 0.05. No model can explain the
strongly fluctuating points after the flare. This model yields towards a rise time of 22
minutes. The resulting fall time is 33 minutes.

Table 5.4: Flare fit results for short-term light curves of Mrk 421 on 12th and 31st March

2008.

Date Flare fit x%/ndf Probability T [min] Teal [Min]

model 1 8.70/9 0.4658 2.33 +1.28 3.62 £+ 3.19
2008-03-12 model 2 (rise)  7.20/7 0.4085 3.09+2.11

model 2 (fall)  1.30/3 0.7286 8.51 + 7.04

model 1 24.94/20 0.2038 7.69 + 4.00 2.87 £+ 2.69
2008-03-31 model 2 (rise)  6.72/9 0.6656  22.45+ 9.08

model 2 (fall)  22.29/13  0.0510 33.00 + 10.83

Results on short-term variability

The study on the variability in short-term light curves of Mrk 421 has shown that there
are nights with a stable flux and nights with a variable flux. Flux doubling or halving has
been seen on time scales smaller than 30 minutes for the days with variable flux.

For two days it was possible to fit two different models of an exponential rise and fall
around a flare. The two models gave different results for the characteristic rise and fall
times. They range between 2.3 and 33 minutes. These times correspond to doubling or
halving times in the range from 1.6 to 22.9 minutes. Nonetheless, it could be shown that
there exists variability on short time scales in the order of the characteristic time of 10
minutes, as discussed in | ].

Taking into consideration an estimation of the size of the emission region
can be given. In | ] two different Doppler factors § for the SSC emission model are
given. They are 21 and 50, respectively, for two models with different characteristic time
scales. For a first estimation of the size of the source region, the size is determined for both

Doppler factors and the smallest and largest time scales sy of 2.3 and 33 minutes. The

tyard
resulting radius of the emission region ranges from R < % =8.4-10"m for 6 = 21
z

and ty,,=2.3 minutes to R < 2.88 - 103 m for § = 50 and t,,,=33 minutes.

In order to be able to compare this size to the size of the SMBH of Mrk 421, its Schwarzschild
radius Rgen | ] is calculated. With a mass of 10523M® | | the radius of the BH
is Rgeh ~ 5 - 10" m.

From this it might be concluded that the emission region inside the jet is larger than the
BH. It needs to be mentioned that this result strongly depends on the minimum variability
time scale t,,, as well as the Doppler factor § that are chosen. Here, two sets of possible
values were used to get a first estimate. Additionally, it is possible that more than one
emission region is responsible for variability on different time scales.
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For the unfolding of the spectra produced in fluzlc, the standard unfolding tool in MAGIC
mono analysis CombUnfold is used. It was introduced in . The spectra from
the different time periods, namely from March to May 2007, from December 2007 to June
2008, and from November 2008 to June 2009, are determined separately. This is because
the spectrum is expected to appear differently in different flux states, as it was discussed
in . The spectrum results are combined results from the zenith ranges below
and above 30°.

First of all, it needs to be mentioned that the unfolding was tested with all available
regularisation methods available in CombUnfold. All of these show comparable results.
In the following, the regularisation method of Tikhonov as explained in [ ] is used,
as it has delivered robust results with higher fit probabilities in comparison to the other
methods in this analysis. Additionally, several functions are used for a correlated fit to
the spectral points. Three of these will be explained in the following. Lastly, the effect of
the EBL on the spectrum is corrected. The difference of an unfolded spectrum with and
without correction will be shown afterwards.

After these explanations, the unfolding results for the three time periods will be presented.
Because the relation of the overall flux state of the source to its spectrum is studied as
well, the unfolding results of the daily spectra are discussed.

The fit functions, which are assumed for the sought-after resulting spectrum, are based on
a power law (PL). A simple power law, a power law with a cut-off and a power law with
variable slope are tested in this analysis. They are specified as follows:

dF EN©
PL: pinl AR

dE Jo < r )

dF EN©
PL with -off: = f- (=) e E/Eo

with a cut-o 5 fo ( . ) e

dF E a+blog o (E/T)
PL with variable slope: — = fo - <>

dE r

Here, r stands for the energy at which the flux normalisation fy is given and it is fixed
to 0.4 TeV in this analysis. Ey is the cut-off energy and b describes the strength of the
curvature in the case of a variable slope.

For all three time periods, unfolding with Tikhonov regularisation is applied with the three
functions above. The power law with variable slope describes all spectra best. This can be
seen in , where the highest fit probability is given for this function for all three
time periods. The complete listing of the results with all fit parameters can be found in
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Table 5.5: x?/ndf and fit probability for the correlated fit of the unfolded spectra of the
three time periods from March to May 2007, from December 2007 to June 2008,
and from November 2008 to June 2009. For the resulting fit parameters, please

see

Time period Function x%/ndf Prob.
PL 1.22/2  0.5445

March to May 2007 PL with cut-off 0.11/1 0.7451
PL with variable slope 0.04/1 0.8470
PL 1029.64/7 0.0000

December 2007 to June 2008 PL with cut-off 113.82/6  0.0000
PL with variable slope 28.73/6  0.0001
PL 53.64/5 0.0000

November 2008 to June 2009 PL with cut-off 11.54/4 0.0211

PL with variable slope 3.31/4 0.5069

For the correction of the EBL influence on the spectral appearance, the model of Frances-
chini [ | is applied. Because of the - in astronomical size scales - relatively small
distance of Mrk 421 to the Earth, the effect of the EBL is moderate, but still visible. The
effect is increasing both for higher energies and for sources farther away.

In the comparison of spectra, once with and once without EBL correction, is
shown. In order to see the structures inside the spectra better, this spectrum and all of
the following spectra are multiplied by E?. To be able to assess the appearance of the
spectrum of Mrk 421, the spectrum of the Crab Nebula | | is plotted in addition.
Here, the unfolded spectrum of the Mrk 421 data, which were taken from November 2008
to June 2009, is shown. This time period is chosen because it features a relatively low and
stable flux level over a long time period. Under the assumption that the flux level has
an effect on the shape of the spectrum, this stable flux level assures a stable shape of the
spectrum for the whole time period. The long observation time assures a large amount
of data and a spectrum with significant data points over a wide energy range. For the
unfolding the Tikhonov regularisation and for the fit function the power law with variable
slope are chosen.

In blue the unfolded spectrum without EBL correction is shown. After applying the EBL
correction, the red spectrum results. It can be seen, that the corrected spectrum lies
higher than the spectrum without correction. The flux normalisation fy at 0.4TeV is
rising from fy = (2.12 4 0.06) - 107%cm~2s"'TeV~! for the not corrected spectrum to
fo = (2.37 £0.06) - 107%m =257 TeV~! when it is corrected for the EBL influence. As
was explained before, the influence of the EBL is higher for higher energies. This can be
seen in the slope « of the fit results before and after the correction. Without correction the
absolute value of the slope is @« = —2.27+0.06. After the correction it is a = —2.09+0.06,
which describes a flatter spectrum than without correction. The curvature stays within
the error estimation.
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Figure 5.14: Effect of the EBL correction on the unfolded spectrum. In blue the unfolded
spectrum without EBL correction is shown. The EBL corrected spectrum is
given in red. The black solid line represents the spectrum of the Crab Nebula.

All following spectra are corrected for the influence of the EBL.

5.7.3 Results of unfolded spectra

The unfolding is applied for the three different time periods, which have already been
introduced. This separation is carried out to study the possible influence of the flux state
on the spectral shape. The first time period from March to May 2007 has an average flux
of about 0.4 CU. The second time period spans from December 2007 to June 2008, when
the average flux was high with a value of about 1.4 CU. The third time period is the one
with the low flux level of about 0.6 CU from November 2008 to June 2009. The results of
the correlated fit to the unfolded spectral points are summarised in Table 5.6.

The resulting spectra are plotted in Figure 5.15. The spectrum corresponding to the data
from March to May 2007 is shown in blue. It is the data set with the lowest flux and
the shortest observation time, which is why it is spread over the shortest energy range.
The spectrum lies well below the spectrum of the Crab Nebula. Of the three spectra of
Mrk 421, this spectrum is the lowest, which is also reflected in the lowest value of fy. The
slope a has the largest absolute value. It is therefore the steepest spectrum.
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Table 5.6: Fit results of the correlated fit of the unfolded spectra for the three time pe-
riods from March to May 2007, from December 2007 to June 2008, and from
November 2008 to June 2009. The power law with variable slope is used as the
fit function. The flux normalisation fy, the slope «, and the curvature strength
b are noted down.

10710
Ti iod —_— b
ime perio fo p— o
March to May 2007 1.39 £ 0.19 -247 +£0.24 -091 £ 1.01

December 2007 to June 2008 5.29 £+ 0.03 -1.97 £ 0.01 -0.63 = 0.03
November 2008 to June 2009 2.37 + 0.07 -2.09 £ 0.06 -0.65 + 0.11

The spectrum shown in red contains all data from the time period from December 2007
to June 2008, which had the overall highest flux level. It is the spectrum with the highest
flux normalisation fj of the three spectra and lies highest in the plot. The spectrum is the
flattest, which can also be seen in the smallest absolute value of the slope a. This means
that when the overall flux rises, the flux rises more strongly with higher energies.

The spectrum of the data from November 2008 to June 2009 is shown in orange. The
overall flux lies between the flux values of the other two time periods. It can be seen that
the spectrum lies between the other two, which is also true for the flux normalisation fj
of the other two spectra. The slope a shows that this spectrum is flatter than the lowest
spectrum and steeper than the highest spectrum. This confirms the above described
behaviour, namely that the flux is rising more strongly for higher energies than for lower
energies when the overall flux is rising.

The curvature of all three spectra are compatible within the error estimation. Furthermore,
the position of the peak energy, which is the position of the highest flux, is moving towards
higher energies for an overall higher flux level. This can be seen for the red and orange
spectrum.

When comparing the three spectra to the Crab Nebula spectrum, it can be seen that the
spectra of Mrk 421 are curved more strongly. The spectrum of the Crab Nebula has a
curvature strength of b = —0.26 £+ 0.07 | ], which is a smaller absolute value than
for Mrk 421. This difference in the curvature makes it complicated to compare the overall
slope by eye. Hence, this can be compared by the slope . For the Crab Nebula this value
isa=-2.31+0.06 | ]. Consequently, the spectrum of Mrk 421 is steeper when the
flux is as low as 0.4 CU. When the flux is high as it is e.g. during the second time period,
the spectrum is flatter. This confirms the conclusions that have been made in ,
when the light curves in different energy ranges were discussed.

It could be shown that the spectral slope of the correlated fit changes with changing flux
level. The higher the flux state, the flatter the spectrum becomes. As these overall spectra
show the average over long time periods, they only represent the average behaviour. For
the first and third time period, when the flux was always stable at a low level, this average
is representative for all of the nights. But for the active time period from December 2007
to June 2008, when the flux takes different values every other night, this average spectrum
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Figure 5.15: EBL corrected, unfolded spectra of the three time periods. In blue the spec-
trum from March to May 2007 is shown. The red spectrum contains all data
from December 2007 to June 2008, the orange spectrum all data from Novem-
ber 2008 to June 2009. The black solid line represents the spectrum of the
Crab Nebula.

is not representative for the spectra of every single night. In the next subsection this shall
be studied in more detail.

5.7.4 Daily spectra

The unfolding is carried out for every night separately in order that the changes in the
spectrum due to the changing flux level are seen. In the following, five nights from the
time period from December 2007 to June 2008 are selected. They have relatively long
observation times, so that the spectra are spread over a wide energy range. The selected
nights represent different flux levels reaching from as low as about 0.88 CU on 9th January
2008 to about 3.77 CU on 31st March 2008, the night with the highest overall flux. The
three other selected nights are 4th December 2007 with a flux of about 1.18 CU, 6th
February 2008 with 2.51 CU and 6th June 2008 with 3.40 CU. The unfolded and EBL
corrected spectra are shown in Figure 5.16. The average spectrum from the time period
from December 2007 to June 2008 is plotted as well, so that the difference of the single

days to the average can be seen. The fit results are summarised in Table A.14.
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Figure 5.16: EBL corrected, unfolded spectra of several single nights. The spectra of the
selected days are marked with different colours. The black solid line represents
the average spectrum of the time period from December 2007 to June 2008.

The three nights with a flux above the average flux during the whole time period, which
is about 1.4 CU, lie above the average spectrum. The two spectra from the nights with a
lower flux, lie underneath. It is obvious that this behaviour can also be seen in the flux
normalisation fy. It is directly related to the overall flux during each night. fy rises with
rising flux state. However, the absolute value of the slope « of the power law with variable
slope is decreasing with increasing flux level. For all fit results, see Table A.14.

The curvature strength b is obviously larger for the average spectrum than for the single
day spectra. This might be explained due to the fact, that most of the spectra with lower
flux levels only have spectral points in the lower energy range. There are only few spectra
with a high flux level that reach up to higher energies.

The position of the peak energy can be seen for 31st March and 6th June 2008, the two
days with the highest flux level. The peak lies at a higher energy than for the average
spectrum. For the spectra of the days with a lower flux, this peak position lies outside the
shown energy range.

To have an overview of the slope of all data, « is plotted against the integral flux from
400 GeV to 50TeV in Figure 5.17. The correlated fit with the power law with variable
slope could be performed for 61 of the 95 nights. The main reason, that the fit could not
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be performed for some of the days, is, that there were not enough spectral points for the
fit. This mostly occurred for nights with short observations and low overall flux.
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Figure 5.17: Spectral slope of the power law with variable slope as a function of the integral
flux. The blue line represents a linear fit to the data points.

It can be seen that for the lowest integral flux values the slope « is spreading and has
large errors. For the data with a flux above 107 cm™2s~!, most of the slope values are
rising with rising flux. Hence, a linear fit to all data points was applied. It results in
x%/ndf = 56.57/59 and a probability of 0.57. Therefore, the relation between a and the
integral flux can be described by a linear correlation. For an increase of the integral flux

of 1071%cm 257!, o is rising by 0.1340.03.

5.8 Conclusions on the light curve and the spectrum of Mrk 421
measured by MAGIC-I

The light curve of Mrk 421 analysed in the scope of this thesis exhibits different behaviour
in different years. A variability in the light curve is present over the whole time range
of 2.3 years. The flux is about 0.5 CU when the source is in the quiet state. When the
source is flaring, higher fluxes can be reached. Here, a maximum of about 3.77 CU was
observed.

In the beginning of 2007, Mrk 421 shows a low emission state and no flares. Between
December 2007 and June 2008, Mrk 421 is in a very active emission state. A high average
flux of about 1.4 CU is present for the dense sample of 56 data points in this time span
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of 187 days. Additionally, the flux is very variable and a factor of 9 lies between the
lowest and highest flux emission. During this period Mrk 421 flares nine times. These
flares feature large differences in flux to their nearest data points. The greatest difference
seen here is a drop of the nightly flux by a factor of 3.3 in two days, which happens from
31st March 2008 (MJD 54555.9) to 2nd April (MJD 54558.4), whereas on MJD 54555.9
the highest flux, equal to 3.77 CU, of the whole analysis is present. After the five month
observation break from June to December 2008, the flux emission of Mrk 421 at the end
of 2008 and in 2009 is down to about the same low level that it had in spring 2007. With
the lower overall flux, a lower variability shows.

The examination of the light curve in three different energy ranges showed that the flux
behaves differently in different energy ranges. It could be shown that the light curve is more
variable the higher the energy range becomes. This means that the flux in the high energy
range increases more than the two lower energy ranges when the overall flux increases.
This was verified by a study of the dependence of the spectral shape on the overall flux
state. This resulted in the conclusion that the spectra are harder the brighter the source
is. This means that the spectrum becomes flatter and therefore contains proportionally
more high energy photons when the emission of the source is increasing.

Additionally, the short-term light curves with 5 minute bins of each night were examined
for variability. Many nights show a stable flux, but some nights show short-term variability.
This means that their flux doubles or halves in time intervals shorter than 30 minutes.
On two nights flare structures can be seen. For these nights a flare analysis was carried
and the characteristic rise and fall times were determined. This resulted in short-term
variability time scales tyar between 2.3 and 33 minutes, depending on the flare and the

flare model. With these results the size of the emission region was estimated to be larger
than the black hole.



Chapter 6
Periodicity search in light curves

Periodicities in light curves can occur, if the emitting source is part of a binary system.
These binary systems can be systems on stellar or galactic scale. For example the light
curve with periodic fluctuations of a binary stellar system was introduced in | ]. In
the class of AGNs, periodicities have been observed already for Mrk 501. Mrk 501 has a
redshift of z = 0.034 and is the second closest blazar after Mrk 421. In its measured light
curves in the TeV and X-ray energy range, periodicities of a length of about 24 days have
been found. | ]

In | | it has been discussed that a binary black hole system, which can develop during
the merging process of two galaxies, can cause these periodicities.

For Mrk 421 no periodicities have been found so far. For the ~v-ray energy range this was
studied by [ | with data measured by the Whipple telescope over a time span of 14
years from 1995 to 2009. Because Mrk 421 is an elliptical galaxy like Mrk 501 | ], it is
possible that it has a binary black hole system in its centre, too, and its light curve could
therefore show periodic behaviour.

To search for periodicities, the function RobPer inside the R framework is used. It was
written to detect periodicities in light curves and was especially designed to handle also
irregularly sampled light curves, which are present in astroparticle physics. | ]

In this chapter it will be explained how RobPer searches for periodicities. Then the
results of the periodicity search in several light curves of Mrk 421 will be presented. This
includes the MAGIC-I light curve from 2007 to 2009 from this analysis, a light curve by
several Cherenkov telescopes from 1992 to 2012, and an excess rate curve measured by
FACT from 2013 to the beginning of 2015.

To find periodicities in a light curve, the function RobPer is used. It was written by
[ | and was already used for the periodicity search in light curves.

The light curve is given as a set of observation times ¢; with corresponding flux value
y; and measurement error s;. A selected periodic function ¢ with period p is fitted to
the light curve points with a chosen regression method for several periods. Then a peri-
odogram bar Per(p) is calculated for each selected trial period p. This Per(p) corresponds
to the goodness of the fit. To check if a trial period is outstanding, a beta distribution is
robustly fitted to the distribution of periodogram bars. Then it is tested to see if one of
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them exceeds a critical value, making it a detected period. [ ]

All of the upcoming information about the fit functions, the regression techniques, the
weighted regression, the coefficient of determination, and the explanation about how to
find an outstanding period, is summarised information from [ L ]and | ].

Fit functions

In RobPer several fit functions can be chosen for g. In the scope of this thesis four
functions are selected for the modelling, which are shortly introduced in the following.
For more details, see | ].

e The step function is made of 10 steps of equal width. It is usually not a continuous
function.

¢ The double step function consists of two separate step functions, which are shifted
relatively to each other so that the beginning of a step of the first function coincides
with the middle of a step of the second function. Each step function is separately
fitted to the light curve. The goodness of the fit is calculated by the mean of the
goodness of the fit of both functions.

e The sine function is a continuous periodic function. For the periodic signal of a
binary system, a sine shape might be assumed.

e Another continuous function is given by a cubic spline function, a polynomial of
third degree.

Regression techniques

For the modelling of a periodic function to the light curve points, the measured flux values
can be described as the vector ¢ of measured flux values v;. A flux value is assumed to con-
sist of two parts and can be written as y; = yy; +Yw,i- ¥r; describes the assumed periodic
fluctuation of the flux and ¥, ; stands for normally distributed white noise. This white
noise describes fluctuations of the data points around the assumed periodic function.
The periodic fluctuation shall now be described by a periodic function from the above
mentioned ones. Each flux point can be rewritten as y; = @T(p)ﬁ (p) + Ywsi- T (p) is a
vector row of the design matrix X(p) representing the linear model of the periodic function
g at the time t;. g(p) is the parameter vector to be adapted. The error term y,,; will
not be included in the modelling because firstly, it is unknown and secondly, the periodic
behaviour is the desired behaviour that is to be modelled.

The modelling of a periodic function g to the given light curve points is done by minimising
the following expression over 5

SE(p) = ¢ (7 - X()Fm)), (6.1)

where (p) is the fitted parameter vector for each period p. The function ((r), which is
minimised over 6 , depends on the regression technique. For a fitted model, the residuum
ri(p) = yi — Ui(p) can be calculated at the time ¢; for the trial period p, whereby ¢;(p)
is the modelled flux value. In the following, four of the available regression techniques in
RobPer will be introduced.
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A well-known regression technique is the least squares regression, abbreviated by Lo in
this work. The function to be minimised is defined as

n

Crp(r) =Y _ri. (6.2)

=1

The disadvantage about this regression technique is that it is not robust against outliers
in the light curve.

The following three regression methods are robust against outliers. The L; regression is
based on the absolute deviation of the residuals. Its definition is given by

CLa(r) =Y Iril. (6.3)
=1

Another type of robust regression technique is based on down-weighting the influence of
the largest residuals. Here, the function to be minimised is based on

n

=20(3) (64

whereas ¢ is an estimator of the variation of the residuals r; and acts as a scale estimate.
It is introduced in this case so that the regression result is independent of the scale. This
is necessary here because the following p functions are calculated differently depending on
the value of the (scaled) residuum.

There are two different functions for p that are standard choices for this approach. One
of them is called Huber regression. The corresponding p function is defined as

v? for |v| <k,

6.5
2klv| — k?*  for |v| > k. (6:5)

pHuber(V) = {

The second function is called bisquare function and is given by

14 2 3
1—11—-1(- for |v| <k,
Pbisquare(l/) = ( (k> ) ‘ ‘ o (6'6)

1 for |v| > k.

The values of k& were optimised to have an efficiency of 95% when applied to the normal
distribution. In [ | these values were determined to be k = 1.345 for Huber and
k = 4.68 for bisquare regression.

Weighted regression

So far, only the case of unweighted regression was discussed. In RobPer it is possible to
take measurement errors s; into account, which makes the regression a weighted regression.
This is done by normalising the entries of the vector and matrix with the measurement

error. The normalised flux values are then given by Yi and the normalised entries of the
S

1
vector row @] of the design matrix by —Z]. In the following, the weighted regression is
S

(2
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applied.

Coefficient of determination
To determine how good the model fits the data points for a given trial period, the coefficient
of determination is calculated. It is defined as

SE(p)
R2=1-— . 6.7
v (6.7)
SE(p) is the deviation of the fitted model to the light curve points, which was introduced
in . 8Y is the result of the minimisation of the location model and is defined
as

SY =¢ (37— ,ﬁ) . (6.8)

The location model assumes a constant u instead of a periodic function. i is a vector of
ones in the case of unweighted regression and a vector of the inverse measurement errors
in the case of weighted regression.

The coefficient of determination R? is called Per(p), the periodogram bar of the trial period
p. For a real underlying period p, the periodogram bar is expected to be higher than for
wrong trial periods. It should therefore be visible in the periodogram, where all resulting
periodogram bars are plotted for all tried periods. An example of this can be seen in panel
(b) of

Finding an outstanding period
It has been shown to be reasonable to approximate the distribution of periodogram bars by
a beta distribution [ ]. A valid period is recognised as an outlier of this distribution.

The threshold, above which a period can be considered as detected, is calculated as the
1 n—
V1 — « quantile of the beta distribution B <m2, n 5 mn
observations and m the dimension of /3 . Here, ¢ is the number of trial periods and o = 0.05
the chosen maximum probability to wrongly detect a period under the null hypothesis of a
constant flux. In panel (a) of the distribution of the periodogram bars is shown
with the fitted beta distribution as a black curve and the resulting threshold as a black
vertical line. This threshold can again be seen as a horizontal line in panel (b). As can be

seen in this example, no periodogram bar crosses this line, so that no period is detected.

), where n is the number of

The periodicity search is performed for the MAGIC-I light curve from March 2007 until
June 2009, which was already shown before in In | | it has been pointed
out that the maximal trial period should be one tenth of the length of the examined light
curve, following the advice of [ ]. The MAGIC-I light curve has a length of 830 days.
Therefore, a maximum trial period of 83 days will be tested.

For the periodicity search all four previously introduced regression techniques and periodic
functions are applied. For the bisquare regression and the sine function a period of 31
days is detected. This can be seen in panel (a) of . The second highest peak,
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the text).

Figure 6.1: Principle of the determination of the threshold for detecting an outstanding
trial period p. In (a) the distribution of the periodogram bars Per(p) and in
(b) the periodogram, where the periodogram bars Per(p) are plotted for each
trial period p, are shown. This is an exemplary result for the MAGIC-I light
curve from 2007 to 2009 with the spline function and the Huber regression.

which is not above the threshold, is located at 29 days. This is mentioned here because
29 days is the duration between two full moons. Due to the observation break around the
full moon, these periodic observation gaps can possibly be found as an underlying period
for a modelled function.

Using the sine function with the other three regression methods still shows a high peak
at 31 days and a second high peak at 29 days, but they don’t cross the threshold. The
results with Huber and L; regression are shown in panels (b) and (c) of . For
the Ly regression, which is not a robust regression, the peak around 31 days is the least
pronounced in comparison to the other regression techniques.

When the periodic function is replaced by the spline function, the highest peak is given for
a period of 31 days, the second highest peak for 62 days, which is twice the period length
of the first peak. None of the peaks crosses the threshold so that no period is detected
with the spline function. In panel (d) of , the result for the spline function and
the bisquare regression can be seen. The result with the Huber regression was already
shown as the example plot in .

The results for the step function as periodic function show again a peak at 31 days, but it
is not above the threshold and its height is comparable to other peaks. For the double step
function, there is again a peak at 31 days, but also at 28 and 29 days as well as around
61 and 62 days. These results are not shown here.
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Figure 6.2: Periodograms for the MAGIC-I light curve from 2007 to 2009. The chosen
periodic function and regression technique are specified for each subfigure
separately.

A period of around 31 days is not unreasonable. A closer look at the light curve reveals
e.g. distances between two minima of 31 days (MJD 54536.9 to 54568.1) and of 61 days
(MJD 54476.3 to 54536.9). Two of the highest flares between MJD 54555.9 and 54612.9
are 57 days apart and in the year 2009 there are three examples where high flux values
are 28, 30 and 59 days apart. Therefore, it is understandable if periods around 30 days
have a high coefficient of determination on the basis of this light curve. If the sampling
were finer, the structure could be different. Unfortunately, the telescope observations are
limited due to weather conditions and the moon phase, so that in this case the sampling
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is just limited by this. The conclusion that can be drawn is that the results are dependent
on the sampling and that a finer sampling would give clearer results. With the given data
a period of around 30 days is explainable.

To test if the highest flares cause the period of 31 days to stand out, all nights with a
flux above 1.5 CU are deleted. The modified light curve has 74 data points left. For the
sine function and the bisquare regression the peak at 31 days is not detected any more as
it was with all data. Now, the coeflicient of determination is higher for all trial periods
because now the highest outliers are gone. But this also causes the period of 31 days to be
detected no longer. Nonetheless, it is still the highest peak. It might be that important
points, which are essential to reflect the period of 31 days, were deleted by discarding all
flux values above 1.5 CU. The resulting periodogram is shown in
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Figure 6.3: Periodogram for the modified MAGIC-I light curve from 2007 to 2009, which
only includes flux values below 1.5 CU. Here, the sine function and the bisquare
regression were applied. The period of 31 days is not detected in this case.

The light curve

In [ ], light curves from Mrk 421 above 1 TeV from several Cherenkov telescopes from
1992 to 2009 were collected. The collected data were recorded by different Cherenkov
telescopes and the results were published in different works. The telescopes, from which
light curve data of Mrk 421 were publicly available, are namely the CAT (Cerenkov Array
at Thémis), the HEGRA (High Energy Gamma-Ray Astronomy) CT1, the HEGRA tele-
scope system, MAGIC, VERITAS and Whipple. The data shown here were first published
in [Aha02], [Aha03], [Buco6], [Don09], [Ker95], [Kes03], [Kra01], [Reb06] and [Sch96] and

collected and merged to one data set by [ .

!The data were downloaded from astro.desy.de/gamma_astronomy/magic/projects/
light_curve_archive/index_eng.html on 27th August 2014.

75



76

Chapter 6 Periodicity search in light curves

Nine nights of recorded data by H.E.S.S. are discarded because it was reported that the
observation threshold was above 1TeV. Five nights of MAGIC data from the data set
in [ | from MJD 54619.9 to 54624.9 are parallel to the data from the analysis of
this thesis and are therefore not taken into account. Five nights of VERITAS data are
discarded as well because their measurement error is given as 0. The weighted regression
cannot handle this. As these five points only make up a small amount in the light curve,
they are discarded in order to be able to use the weighting.

The light curve by MAGIC-I from 2007 to 2009 from this analysis was added, as well as
the light curve from the MAGIC telescopes in 2012 published in [ ]. The resulting
light curve above 1TeV is shown in

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 201 1 2012
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Figure 6.4: Light curve of Mrk 421 from 1992 to 2012 measured by several Cherenkov
telescopes. The data are from | I, | | and from this analysis.

The flux measured by Whipple (orange triangles) from 1992 to 1997 is at a low level. It is
mostly below 1 CU. A few points are above 1 CU, but below 2 CU. There is one exception
with a higher flux, but with a large error. In the years 1997 to 2000, Mrk 421 was observed
by CAT (blue squares), the HEGRA single telescope CT1 (light green diamonds) and the
HEGRA telescope system (dark green diamonds). The flux is mostly below 2 CU. One
exception in 1998 reaches a flux of about 2.5 CU and the highest of three exceptions in
2000 reaches 3.6 CU. Between November 2000 and May 2001 a very high activity was
recorded by HEGRA. For a better view of this interesting time period, a zoomed version
of the light curve from MJD 51873 to 52053 is shown in

At the end of the year 2000 Mrk 421 is in a quiet emission state Wlth fluxes below 2 CU.
The four months after the turn of the year show a very active time period, which only has
very few data points with a flux below 1 CU. The flux reaches a maximum of more than
14 CU. In the last month of this observation period, Mrk 421 is quiet again with fluxes
below 1 CU.

In winter 2002/2003 Whipple recorded a quiet flux of Mrk 421 with values below 2 CU.
The same is true for the flux between the end of 2004 and the beginning of 2007 recorded
by MAGIC-I (purple crosses), VERITAS (red triangles), and by MAGIC-I (purple circles),
which was analysed in this work. Only four days in the winter 2005/2006 have a larger
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Figure 6.5: Light curve of Mrk 421 from the end of 2000 to the middle of 2001 measured
by the HEGRA CT1 and telescope system. The vertical line represents the
division from year 2000 to 2001. The data are from | ].

flux than 2 CU, whereas the maximum flux is at about 2.7 CU. From the end of 2007 to the
middle of the year 2008, which includes the MAGIC-I data from this thesis and some data
points from VERITAS, the flux is hardly ever below 1 CU. The maximum flux during this
active period equals about 4.9 CU, as was discussed before in . The subsequent
data from the end of 2008 to the middle of 2009, which are also from this thesis, have
again a low flux below 2 CU. The data in 2012 were recorded by the MAGIC telescopes
(pink stars). Mrk 421 is in a quiet emission state with fluxes below 1 CU during that year.

Periodicity search

With a total length of the light curve of 8201 days, the maximum trial period would be
limited to 820 days [ ]. However, the given light curve contains alternately phases of
data and observation gaps. By this we mean the gaps which are caused by astronomical
circumstances, so that Mrk 421 is only observable for about six months every year for
Cherenkov telescopes. This results in data points only during about 180 days each year.
That is why it makes no sense to search for periodicities at periods around 180 days or
longer. Then only the scheme that data is available for 180 days and is not available for
the next 180 days and so on would be modelled. This is the long-term synonym to the
observation gaps due to the moon. Detected periods of 29 days have to be handled with
care as well.

In order to give RobPer the chance to model at least about two periods during one obser-
vation period of 180 days, it has been decided to test periods up to 100 days. Additionally,
the result plots are directly comparable to the results from the periodicity search in the
MAGIC-I light curve shown above.

The periodicity search with a sine function results in a detected period of 29 and 31 days
for the Lo regression. The result is shown in panel (a) of . For the Huber
regression, the peak at the period length of 31 days is still the highest peak and the peak
at 29 days the second highest, but they are both below the threshold. This can be seen in
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panel (b) of Figure 6.6. For the other two regression methods the period of 31 days has
the largest coefficient of determination, but it is always below the threshold and is thus
not detected.
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(c) Spline function, Lo regression.

Figure 6.6: Periodograms for the Mrk 421 light curve from 1992 to 2012. The chosen
periodic function and regression technique are specified for each subfigure
separately.

The modelling with the double step function results in no detected period. There are
peaks at 29, 31, 58 and 62 days, but they are not outstanding in comparison to other
periods and don’t cross the threshold. For the step function as periodic function, the
peaks are even less pronounced. The results are not shown here. With the spline function,
peaks are visible at the trial periods of 29, 31 and 58 days. They are best pronounced



6.3 Mrk 421 light curve from 1992 to 2012 above 1TeV

with Ly regression. This result is shown in panel (c¢) of . Nevertheless, none of
the periods is detected.

At this point it might be concluded that the detected period of 31 days only appears
because the MAGIC-I light curve from 2007 to 2009 is included, for which a period of 31
days was detected before. Therefore, all data points from MJD 54438 to 54635 from the
MAGIC-I light curve from this analysis are deleted. These are only the days from the
active period from the end of 2007 to June 2008.

As can be seen in panel (a) of , the periods of 29 and 31 days are still detected
with the sine function and the Lg regression, although the MAGIC-I data were deleted
from the light curve. In the zoomed light curve of the data in 2001 in , it can be
seen that the difference between the highest and second highest peak is 30.5 days. Maybe
this difference influences the results.

With the Huber regression, these two periods are again not detected, but they are clearly
visible in the periodogram in panel (b) of . The peak at 29 days is higher than
the peak at 31 days.

The other three regression methods showed no detection, but peaks at 29 and 31 days,
whereby the higher one is at 29 days.
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(a) Sine function, Lo regression. (b) Sine function, Huber regression.

Figure 6.7: Periodograms for the Mrk 421 light curve from 1992 to 2012 without the
MAGIC-I data from 2007 to 2008. The chosen periodic function and regression
technique are specified for each subfigure separately.

Another test was done to check the influence of the very high active region around 2001.
Therefore, all flux points between MJD 51900 and 52000 were deleted. The MAGIC-I
data were added again.

Without these data points no period is detected. The results for the sine function in
combination with the Ly regression and the Huber regression can be seen in

in panels (a) and (b), respectively. None of the periodogram bars Per(p) crosses the
threshold. The peak at 31 days is still visible, but it is low in comparison to neighbouring
peaks. The highest peaks are in the region from 27 to 29 days in the case of Lo regression.
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For Huber, bisquare and L; regression, the highest peaks are between 26 and 28 days.
Additionally, there are peaks at 35 and 37 days.

o
S o
[S)
o
o ©
S
© o
o
S)
©
_ . oS
Q © a o
= 3 4 s
g ° &
3
g S
S
N
N o
o 4 4
[S) o
o o
S S
° 4 T T T T T e 4 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Trial period p Trial period p
(a) Sine function, Ly regression. (b) Sine function, Huber regression.

Figure 6.8: Periodograms for the Mrk 421 light curve from 1992 to 2012 without the high
flux HEGRA data in 2001. The chosen periodic function and regression tech-
nique are specified for each subfigure separately.

Earlier studies with these data

The light curve from | | was already analysed in | ]. There, a period of 31 days
was also detected. But if the data points around MJD 52000 were deleted from the light
curve, the period of 31 days was no longer detected. However, it was still a high peak
visible for 31 days. This result is in agreement with the results from the study in this
thesis.

The light curve

The recorded data from FACT are directly analysed by a Quick Look Analysis (QLA) and
are available shortly after the observation online”. The shown results are excess rate curves,
i.e. the number of excess events per hour is given. This QLA provides preliminary results
and is not yet optimised for all zenith distances and sky brightness conditions. | ]
For the excess rate curve shown in , observations between 12th January (MJD
56304.2) and 3rd January 2015 (MJD 57025.3) are considered. The data shown here were
taken at zenith distances below 35° and under dark sky conditions, which was defined here
by a maximal value of the threshold of 350 DAC counts. This selection results in a light
curve with 103 data points over a length of 720 days. This length defines a maximal trial
period of 72 days in the periodicity search | ].

Zyww.fact-project.org/monitoring/



6.4 Mrk 421 light curve from 2013 to 2015 by FACT
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Figure 6.9: Excess rate curve of Mrk 421 measured by FACT between January 2013 and
January 2015. The vertical lines represent the division from one year to the
next.

The quiet baseline of the light curve lies at a rate of up to 10 excess events per hour. During
the first two months of observation from MJD 56305 to 56340, the light curve is in such
a quiet state. After that up to MJD 56452, the rate is higher and shows more variations.
On MJD 56397 a maximum rate of 113 + 7 excess events per hour is reached. This value
almost doubled from the day before. It drops by a factor of 2.8 until the measurement of
the day after. Around this time a flare was also observed by other telescopes, e.g. MAGIC
and VERITAS in the TeV range | ].

In the time range from MJD 56625 to 56764, the excess rate mostly stays below 15 excess
events. On four nights the rate is higher with values between about 25 and 33. In the last
time range, the rate is variable again with values between about 3 and 59 excess events.
This means that the same behaviour is seen as it was measured with MAGIC-I. There are
phases of low activity and phases of higher activity including flares.

Periodicity search

The periodicity search with the sine function gives no result for this light curve. The
highest peak visible, which is below the threshold, is seen for a trial period of 52 days.
The result for the sine function in combination with the bisquare regression is shown in
panel (a) of .

For the FACT light curve a period of 52 days is detected, if the step function is chosen as
periodic function. The results with the L; and Huber regression, which detect this period,
can be seen in panels (b) and (c) of .

For the double step function no period could be detected. There is a peak at 52 days
visible, but it does not reach beyond the threshold. For the spline function no period
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could be detected either. There is again a peak at 52 days, which is not high enough to
cross the threshold. The second highest peak lies at 62 days, as was already seen for the
MAGIC-I light curve. These results are not shown here. Generally, it can be said that
the peaks are least pronounced for the Lo regression.

There are no distinct features with a time difference of 52 days in the light curve visible
that would indicate a period of this length.
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Figure 6.10: Periodograms for the FACT light curve from 2013 to 2015. The chosen peri-
odic function and regression technique are specified for each subfigure sepa-
rately. The periodogram in (d) results from a modified light curve of FACT
(see text).



6.5 Conclusions on the periodicity search

To test if the flare at MJD 56397 has an influence on the results, the following four days
around that date are deleted: MJD 56392, 56396, 56397 and 56399. The periodicity search
with the Huber regression and the step function, which showed a detected period of 52
days for the whole light curve, does not detect this period any more. The result is shown
in panel (d) of . The peak at 52 days is the highest peak, but it does not cross
the threshold.

A dedicated analysis for all the data taken by FACT would make the light curve more
densely sampled because the data taken under bright sky conditions close to the full moon
and data taken with higher zenith distances would be included. In the time range from
above, data were taken on 196 nights. This would be an improvement for the periodicity
search in the future.

So far, the data points of the light curves did not undergo a data quality check concerning
weather conditions. This might have an additional influence on the result because days
with bad weather - they could still be included in the above shown light curve - might have
a different rate than shown. This could be corrected in a dedicated analysis and improve
the results.

Up to now, periodicities have not been found in the light curves of Mrk 421. Because
periodicities have already been found for the AGN Mrk 501, it could be possible for
Mrk 421 to have a binary black hole system in the centre as well. To check for possible
periodicities, the search for these was performed with the function RobPer.

For the light curve of Mrk 421 measured by MAGIC-I from 2007 to 2009, a period of 31
days is detected with the sine function and the bisquare regression. However, for the other
combinations of periodic function and regression method, this period is not detected, but
still clearly visible as the highest peak.

For the light curve of Mrk 421 from 1992 to 2012 measured by several Cherenkov telescopes,
again a period of 31 days is detected as well as an additional peak at 29 days. This time
however, this result is achieved with the unrobust Lo regression and not with a robust
regression method. Again, it is detected with the sine function as periodic function.

The sine function seems to be the best model for an underlying periodic fluctuation in the
light curves. The spline function also pronounces the peak at the period length of 31 days,
but the peak is not high enough to be detected. With the step and double step function
the feature at 31 days is still visible, but the peak is not much larger than other peaks.
Additional peaks next to the one at 31 days are found around 29 days and twice these
values at 58 and 62 days. The period of 29 days could be modelled so well because of the
periodic gaps in the light curves due to the full moon. This period would not be caused
by a physical process in the source.

The influence of the flares was tested by deleting the highest flux points from the light
curves. Then the period of 31 days is not detected any more. It is therefore concluded that
the flares influence the detection of a period of 31 days. It is possible that this periodicity
is only given, or at least clearer, during a high emission state.

For the FACT light curve of Mrk 421, the period of 31 days length does not show as a
high peak. Here, the highest peak is found at 52 days. However, the sine function fails
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for the FACT light curve and no period is detected. The detection occurs for the step
function in this case. An additional peak is seen for a period of 62 days, which is double
the period length which was found for the other light curves.

In | ] it is stated that the applied method in RobPer is not fully theoretically sub-
stantiated. Therefore, the periods, which cross the threshold, are declared as detected and
not as significant. The period of 31 days here detected will therefore not be claimed to
be a real periodic fluctuation in the light curve. However, it can be taken as a hint of an
underlying period of this length. Further tests with other methods to find periodicities
should be carried out.

Another issue is the sampling of the light curves. The light curves measured by Cherenkov
telescopes are often interrupted due to bad weather. Therefore, it might happen that
important and essential features in the light curves are not observed. It is therefore
important that all telescopes work together to get a sample as dense as possible. FACT
is a telescope, which was built to serve exactly this purpose.

Although RobPer is supposed to be able to deal with outliers in the light curves, it was
observed in this analysis that they still have an influence on the result. All three light
curves were tested to see if the result changes when extreme outliers were deleted from
the data sample. It could be seen in all three cases that the results changed, so that the
periods detected before are not detected any more. This can be explained, if the extreme
outliers are missing, all periods will model the data points better and the real period is
not necessarily outstanding any more. Another reason for this could be that important
points, which are needed to model the real underlying periodic function, are missing.

Conclusively, it can be said that RobPer is able to find periodicities in light curves. It
could be shown that outliers influence the results. A period of 31 days was detected with
the MAGIC-I light curve and the light curve of several Cherenkov telescopes covering a
time range of 20 years. The sine function models the fluctuations best. However, the
detection of the peak at 31 days only occurs when the time periods with a high emission
state are included. When these high active time periods are excluded, the period of 31
days is not detected any more. Further investigations on this topic will be necessary to
claim a periodic fluctuation in the light curve of Mrk 421.



Chapter 7
Study of MWL correlations of
Mrk 421

In the behaviour of Mrk 421 in ~-rays was discussed. The light curve covering
a time span of 2.3 years was examined for different emission and variability states. Addi-
tionally, the dependence of the spectral shape on the emission state could be shown.

In order to understand the behaviour of the source in all wavelengths better, these results
are put into context with results of other instruments. These are two X-ray telescopes
placed on satellites, namely the Swift/BAT and the RXTE/ASM, the optical telescope
KVA, and the radio telescope OVRO. With these data it is possible to compare the source’s
behaviour in the different wavebands.

In order to be able to study the overall picture of Mrk 421 as well as other extragalactic
and galactic sources, it is important that the whole astronomical community works to-
gether on these observations.

This chapter is structured as follows. At first the selected instruments for the MWL stud-
ies are introduced. Then the recorded light curves will be described and compared to the
MAGIC light curve. Afterwards, the variability of each light curve is determined. Another
topic is the examination of the light curves for correlations between them. Lastly, a SED
of Mrk 421 will be shown. Results of different emission scenarios of former analyses will
be discussed as well.

The results of the variability and correlation studies are going to be published in a paper in
the name of the MAGIC Collaboration, which is led by the author of this thesis | -

The light curves of Mrk 421 from telescopes measuring in other wavebands are essential in
the understanding of the source. The data in the X-ray range used in this thesis are from
the Swift/BAT and the RXTE/ASM. The optical light curves were observed by the KVA
telescope. OVRO provides light curves in the radio energy range. These four instruments
are introduced now.

Swift/BAT
The Burst Alert Telescope (BAT) detects X-rays from 15 to 50keV. It is placed on board
the Swift satellite, which was launched in 2004. In addition to the purpose of monitoring
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X-ray sources on a regular basis, it was built to detect GRBs. [ ]

RXTE/ASM

The All-Sky Monitor (ASM) on board the Rossi X-ray Timing Explorer (RXTE) provides
the data in the soft X-ray waveband from 2 to 10keV for this analysis. The RXTFE was
operational from December 1995 to January 2012. The whole sky was scanned by the
ASM several times a day and the data of these 90 second dwells can be used individually
or as an averaged daily value. | ]

KVA

The Kungliga Vetenskapsakademien (KVA) telescope is situated at the ORM on La Palma
as the MAGIC telescopes. A 35cm telescope takes photometric data. The light curve
shown here was observed in the R-band | ]. To determine the emission of the jet, the
contribution from the host galaxy is subtracted. Since 2004 KVA has been monitoring the
same blazars which MAGIC is observing, so that KVA has already been able to trigger
MAGIC observations in the case of high flux in the optical band. | ]

OVRO

For observations of Mrk 421 in the radio spectrum the Owens Valley Radio Observatory
(OVRO), located in California, USA, is selected. It is monitoring more than 1500 ~-ray
sources on a regular basis, including Mrk 421. It has a 40 m diameter dish and records radio
photons with a frequency of 15 GHz. It started operations at the end of 2007. | ]

In the light curves of Mrk 421 measured by MAGIC (purple), Swift/BAT (blue),
RXTE/ASM (green), KVA (orange), and OVRO (red) are shown for the time range from
February 2007 to June 2009. As the light curves cover a wide time range, zoomed versions
of the plot are created. The light curves from February to August 2007 can be found in
, from September 2007 to August 2008 in , and from September 2008
to June 2009 in . In these zoomed light curves all flares and minima, which will
be discussed in the following, are marked. The MAGIC light curve was already shown in
and its behaviour was discussed in .
The data from the Swift/BAT are available online'. The light curve by the RXTE/ASM
is available online as well”. For Swift/BAT and RXTE/ASM it needs to be said that only
positive count rates are taken into consideration. The light curve from the KVA telescope
was provided by E. Lindfors, Tuorla Observatory. OVRO makes its light curves available
online as well”.

'swift.gsfc.nasa.gov/results/transients/weak/Mrk421.1c.txt, downloaded on 15th April 2014.
The "Swift/BAT transient monitor results" are "provided by the Swift/BAT team".

2xte.mit.edu/asmlc/ASM.html, downloaded on 22nd April 2014. The "results" are "provided by the
ASM/RXTE teams at MIT and at the RXTE SOF and GOF at NASA’s GSFC".

3www.astro.caltech.edu/ovroblazars/data/data.php, downloaded on 23rd May 2014. "The OVRO
40 m monitoring program is supported in part by NASA grants NNX08AW31G and NNX11A043G,
and NFS grants AST-0808050 and AST-1109911".



7.2 Comparison of the light curves in other wavebands to vy-rays

The energy ranges, in which Swift/BAT and RXTE /ASM measure, are very close together.
As can be seen in , the light curves behave similarly. Therefore, the two light
curves are discussed together. Some count rates in the RXTE/ASM light curve have large
error bars. This is due to a low number of observation dwells, whereas a dwell is one
observation unit of 90 seconds | ].

Up to MJD 54400 the light curves in X-rays are rather quiet and show no flares. During
the time period when MAGIC shows a high variable flux in ~-rays, this high variability
is also present in X-rays. The flares on MJD 54439.2 and 54467.2 seen by MAGIC are
also seen by RXTE/ASM on MJD 54439.5 and 54465.6 as well as by Swift/BAT on MJD
54442 and 54467. The double flare seen by MAGIC on MJD 54502.1 and 54507.1 is only
seen partly in X-rays. The Swift/BAT light curve has a flare on 54503, RXTE/ASM has
one on 54506.5, which is followed by a second flare on 54512.7. Due to the low temporal
density of MAGIC flux points, it cannot be said if there was another flare in y-rays as
well. The second double flare on MJD 54555.9 and 54562, which is seen by MAGIC, is
also seen by RXTE/ASM on MJD 54555.6 and 54562.6. Swift/BAT sees only the first
flare on MJD 54555. RXTE/ASM sees a flare on MJD 54612.5. This matches the MAGIC
flare on MJD 54612.9. The MAGIC flare on MJD 54622.9 is also seen by Swift/BAT on
MJD 54622 and by RXTE/ASM on MJD 54622.6. Additionally, both see a second flare
on MJD 54630 (Swift/BAT) and 54629.6 (RXTE/ASM). This flare cannot be compared
to MAGIC because MAGIC did not observe around this date. The two X-ray light curves
have two more matching flares on MJD 54649 and 54649.7 as well as on MJD 54697 and
54697.7. There are sometimes small shifts in the position of the flares, which might be
caused by the different binning in time in the light curves. After MJD 54800, the two
X-ray light curves are at a low emission state and the variability is lower than during the
high activity period. This behaviour is comparable to the y-ray light curve. The ~-ray
flare on MJD 54863.1 is also seen by RXTE/ASM on MJD 54862.7.

In the Mrk 421 light curve of KVA a lot of structures are visible. Variability is present
almost over the whole time range. Only between MJD 54800 and 54900 is a phase of
low emission, where no variability is seen. When comparing the KVA light curve to the
MAGIC light curve, it can be seen that they are not directly correlated. The flares visible
in both light curves don’t occur at the same time, but they are shifted relative to each
other, whereby it seems that corresponding flares appear first in the optical light curve. As
both light curves don’t have a flux point every day due to limiting observation conditions,
it might be that both did not directly catch the flare, but days before or after. Therefore,
the comparison of the flare dates might not be exact on the scale of a few days.

A minimum in the MAGIC light curve on MJD 54476.3 might correspond to a minimum
on MJD 54462.2 in the KVA light curve. Both light curves have a good sampling with
data points almost every night for the falling and rising edge around this minimum. A
flare on MJD 54475.3 for KVA might correspond to the MAGIC flare on 54481.2, however,
this might not be the exact position of the flare. Unfortunately, there is no MAGIC data
available after this day. The MAGIC flare on MJD 54555.9 could belong to the KVA flare
on MJD 54536.1. Three more peaks are visible for KVA on MJD 54597.9, 54605.0, and
54611.9. In the MAGIC light curve two flares on MJD 54612.9 and 54622.9 are seen. For
RXTE/ASM, three flares are seen around that time as well, namely on MJD 54612.5,
54622.9, and 54629.6. Therefore, it is deduced that the KVA flares on MJD 54597.9 and
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Figure 7.1: Mrk 421 light curves of MAGIC, Swift/BAT, RXTE/ASM, KVA, and OVRO
from February 2007 to June 2009. The black vertical lines represent the divi-
sion from one year to the next.



7.3 Variability

54605.0 belong to the MAGIC flares on MJD 54612.9 and 54622.9. The flares in the op-
tical light curve occur between 15 to 20 days earlier than in the ~-ray light curve.

The OVRO light curve shows the first flux points in the beginning of 2008. The light
curve doesn’t show structures and flares as the other light curves. It seems that there is a
behavioural pattern present on larger time scales. From MJD 54473 to 54666 the overall
flux level is higher than from MJD 54692 to 54990.

To quantify the variability of a light curve, the approach of | | is used. The fractional
variability Fi, is given in equation 10 in | ] and is calculated as follows:
52 g2
Fvar = Tm (71)

Here, the variance S? of the light curve points is corrected for the measurement errors
Oerr- This excess variance is normalised by the mean of all N flux measurements Z.

As discussed in | | and [ |, the error of Fy,; is given by equation 7 in | |:
var \/ var + err UNXS) Fvary (72)
where err (onxg) is given in equation 11 in | ):
2\ 2 2 ?
2 o o 2F,
2 _ < Yerr err var
err (O'NXS) = < N 2 ) + ( Nz ) . (7.3)

F.r is calculated for all five experiments. To be able to compare the results, it is necessary
that the light curves have a comparable sampling in time because time scales are not taken
into account in the calculation of Fi ;.

The MAGIC light curve used for the calculation contains nightly data points. This is
also the case for the light curve of Swift/BAT. For RXTE/ASM, KVA and OVRO, the
light curves sometimes contain more than one data point in one night. Therefore, data
points from one night were merged in order to obtain comparable results. For KVA and
OVRO data points of one night were weighted equally when averaging the flux values. For
RXTE/ASM the information about the observation length was available so that the flux
values were weighted according to their number of dwells.

Where Fy,r is negative either no variability is present or the telescope is not sensitive
enough to detect it [ |. If this occurs, the value is set to 0.

The results for the whole observation period from February 2007 to June 2009 can be seen
in . All values are noted down in

Fo is shown for the frequency ranges of the 1nstruments These ranges are represented
by the width of the data points in frequency.

89



90

Chapter 7 Study of MWL correlations of Mrk 421

0.8

T —
2 - ®  MAGIC
L - : O MAGIC 1TeV-50TeV
0.7 e e S o o U MAGIC 600Gev-1Tey
C ' P O  MAGIC 400GeV-600GeV
0.6 e o o e o Sumear
C Y RXTE/ASM
0.5 ? ---------------------------- . .+ ----- S - oo ¢ KvA
0.4 = S S S + ovro
()] S P S —— T— SE—
= ’
0.2 =t pre froee
R O T —— B— —
ot i i |
10 15 20 25

log [v/HZ]

Figure 7.2: Variability for all five instruments for the whole time range. The width in the
frequency v represents the frequency range in which each instrument measures.
The open markers for MAGIC show the results for the three different energy
ranges.

In the radio range almost no variability (Fyar &~ 0.03) is seen. In the optical light curve
Fiar is higher than in the radio light curve, but with Fy,. ~ 0.25 it is still lower than for
the higher frequency ranges. RXTE/ASM shows a high variability of Fy, ~ 0.66. For
Swift/BAT it drops to about 0.46. For MAGIC it rises again to about 0.64. Additionally,
the MAGIC light curve was separated into three different energy ranges, which was already

shown in . The three light curves range from 400 GeV to 600 GeV, from 600 GeV
to 1 TeV and from 1TeV to 50TeV. Fi,; is determined separately for these three light
curves. The results are added in with open markers. Here, the variability

ranges from about 0.50 for the lowest energy range to about 0.76 for the highest energy
range.

In general it can be said that the variability increases with increasing frequency. However,
RXTE/ASM has the highest variability when only the MAGIC light curve in the whole
energy range is considered.

As discussed in , the MAGIC light curve of Mrk 421 contains large gaps of several
months every year from the end of June until the end of November when the source is
not observable. Furthermore, the light curve has different flux levels and variability stages
in the different observation periods. Therefore, Fy, was determined again for all five
telescopes for the three observation periods. The exact dates of the observation periods
can be found in . The results are shown in and noted down in



7.3 Variability

= B .
|_|_§ - : . ®  MAGIC
1 NI B o O MAGIC 1TeV-50TeV
= — ¥V MAGIC 600GeV-1TeV
- ' O  MAGIC 400GeV-600GeV
0.5
- A SwiftBAT
- . RXTE/ASM
0.4 ;-_—4 ¢ KVA
o + OwRO
0.3
0.2 E—— -----------------------------------------------------------------------------------
A
0 ——=+——
2007

year

Figure 7.3: Variability for all five instruments for the three different observation periods.
The width in time represents the time range of the observation period. The
open markers for MAGIC show the results for the three different energy ranges.

In the radio frequency range, data recorded by OVRO is only available from January 2008
to June 2009. Therefore, the variability is only determined for two of the three periods.
In 2008, no variability is detected. In 2009, with Fy, ~ 0.04 almost no variability is
present. The optical light curve from KVA shows almost the same variability in all three
years. It ranges from about 0.17 to 0.24. However, for the higher energies more changes
are visible.

For RXTE/ASM, Swift/BAT and MAGIC Fy,, is highest in 2008, which was already
discussed in . For RXTE/ASM this means that the variability is ranging from
about 0.37 to 0.57. For Swift/BAT no variability is seen in 2007 or 2009. In 2008 it has a
high value of Fyar = 0.60. Fyy for MAGIC varies from about 0.27 to 0.49.

When considering the three different energy ranges of the MAGIC light curve, it can
again be seen that the variability is highest for the highest energy range. In the yearly
comparison, Fy,, is again highest in 2008. There, the MAGIC light curve in the energy
range from 1TeV to 50 TeV reaches Fi,; =~ 0.62 as maximum value for the variability.

Conclusively, it can be said that in general the variability increases with increasing energy.
The results of this variability study clearly show that in the years 2007 and 2009 Fya; is
lower than in 2008. This confirms the assumptions that have been made in .
There, it was discussed that the «-ray and X-ray light curves have a lower variability in
2007 and 2009 than in 2008. The KVA telescope shows a comparable variability in all
three periods. The radio light curve by OVRO shows almost no variability.
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For the three MAGIC light curves, which are separated into three different energy ranges,
it can be seen that the light curve in the highest energy range from 1TeV to 50 TeV has
the highest variability. This is in agreement with the conclusions of , where an
increase of the variability was seen with increasing energy.

To investigate if the emission in the different wavebands is directly correlated or shifted in
time, the cross-correlations of sets of light curves can be determined. For this the method
proposed by | | is applied, where the Discrete Correlation Function (DCF) is deter-
mined. The scripts used here were provided by N. Nowak.

For two light curves a and b, the unbinned discrete correlation UDCEF;; is calculated for a
pair (a;,b;) with a time lag At;; =t; —t;. In | | it is defined as

(a,- — a,) (bj — 5)

0a0p

UDCFy; = (7.4)
Here, a is the average flux of light curve a and o, its standard deviation. The equivalent
is valid for light curve b. A positive result stands for a correlation, a negative for an anti-
correlation of the data points. Then the average DCF(¢) in a bin of width 7 is calculated
by the average of all n UDCF;; in this bin. The corresponding pairs (a;, b;) for the bin at
time ¢ are assigned to it, if t — A7/2 < At;; <t 4+ A7/2. | ]

The errors for the DCF given in [ | are only suitable for light curves, which contain
uncorrelated data points [ |. They are therefore not included here. With the red
noise data in our light curves, an approach based on MC simulations of light curves is
used here to obtain confidence limits. | ]

For the determination of these confidence limits, 1000 light curves are simulated for each
telescope. The exposure times and the sampling rates of each telescope are taken into
consideration. Additionally, the simulated light curves follow a Power Spectral Density
(PSD) as similarly as possible as the PSD of the original light curve. The PSD describes,
like Fiayp, the variability of a light curve, but it corresponds to the variability of the light
curve as a function of the time scale | ]. For red noise data like the light curves
given here, the PSD follows a power law. The light curves are simulated following a power
law with the slope o from -1.0 to -2.9 in steps of 0.1. The set of simulated light curves
with the PSD, which matches the PSD of the original light curve, is determined with the
PSRESP method as described in [ ]. The DCF is then calculated for each of the
1000 simulated light curves with the matching PSD of one telescope and the original light
curve of another telescope. From the distribution of these results, 95% and 99% confidence
bands are determined. | ]

In the following plots these confidence bands of 95% and 99% for correlations and for
anti-correlations are shown in blue and green, respectively. The median of all 1000 DCFs
is shown in red. The resulting DCF values are shown as black dots. In the case that a
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value lies above the confidence bands it is considered as a significant correlation. In the
case it lies below the confidence bands it is a significant anti-correlation. Values, which lie
between the confidence bands, are not significant.

In it was discussed that the y-ray light curve and the two X-ray light curves
seem to be directly correlated. The peaks are sometimes shifted by up to 0.9 days. Some-
times this shift is even larger because data points are missing and others appear as a
corresponding flare, but on a slightly shifted date. When the binning of two light curves
is different by 0.5 days, the calculated DCF of this day would be assigned to a time lag
of 1 day. To circumvent a possible bias due to unequal binning in the light curves, a bin
width of 7 = 2 days is chosen.

When the light curve of the KVA telescope was compared to the MAGIC light curve, it
could be seen that the flares happened about 15 to 20 days earlier in the optical than in the
~-ray waveband. Therefore, a time lag of -50 to 450 days will be examined. This range of
time lags guarantees that the possible seen time difference between the optical and ~-ray
light curve will be included in the DCF study. It also gives room to the possibility of
finding more correlations at even larger time lags, which might be interesting for cross-
correlations with the radio light curve. When comparing it to the other light curves,
correlations cannot be seen by the naked eye.

At;; is calculated by subtracting t; of the second light curve from ¢; from the first light
curve. The MAGIC light curve is always selected as the second light curve. This means
when a correlation is found at e.g. 410 days flares appear 10 days later in the MAGIC
light curve than in the first light curve. When a correlation is found at e.g. —10 days the
flares in the MAGIC light curve appear 10 days earlier than in the first light curve.

The DCF was once calculated for the whole time period from February 2007 to June 2009.
Additionally, it was determined for the other three time periods separately. The exact
dates of the time ranges were already mentioned before and can be found in

The light curve in the first time period for MAGIC from February to May 2007 contams
only 6 data points. Therefore, the correlations are not calculated for this time period.
The results would not be representative because the few data points might not reflect the
real behaviour of the source.

Swift/BAT and MAGIC

The correlation results for the Swift/BAT and MAGIC light curves are shown on the left
hand side of . In panel (a) the correlations were calculated for the whole time
period from February 2007 to June 2009, in panel (c¢) from September 2007 to August
2008, and in panel (e) from September 2008 to June 2009.

First of all, a DCF of about 0.72 at a time lag of 0 days can be seen, which shows that
the light curves are directly correlated. This was already discussed in , when
the positions of the flares were seen at the same dates. At a time lag of -6 days a DCF of
about 0.86 is seen. This might be caused by the double flare on MJD 54622 and 54630,
while MAGIC only sees the one flare on MJD 54622.9. Between the time lags of -8 to +4
days the DCF values also lie above the confidence limit. These might appear because the
flares are usually not just on one day, but on a wider time scale. Due to this the light
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curves still seem correlated even if they are shifted by a small amount of days. There are
also DCF values above the 99% confidence limit for larger time lags. However, their values
are mostly below a DCF of 0.5. They lie above the confidence limit because of the high
activity period in 2008. Therefore, it often happens that the two light curves both have a
high flux above the average at the same time, also because many points in the time period
of 2008 lie above the average at the same time in both light curves.

When comparing the results from the whole time period in panel (a) of to the
results from the high active time period in panel (c), it can be seen that DCF values,
which were above the confidence limit before, are now mostly below. The time lags from
-8 to +2 days are still all above the confidence limit, again with the highest values at a
time lag of 0 and -6.

When looking only at the quiet flux of the third time period, the direct correlation of the
light curves is not found any more. A time lag of +18 days has a relatively low DCF value
of about 0.44, which is above the confidence limit.

RXTE/ASM and MAGIC

The correlation results of RXTE/ASM and MAGIC are similar to the results of Swift/BAT
and MAGIC. They are shown on the right hand side of . The results for the
whole time range are again in the top panel (b), in panel (d) the results of the high activity
period from September 2007 to August 2008 are shown and in panel (f) at the bottom the
results for the quiet emission period from September 2008 to June 2009 are shown.
Again, the direct correlation of the two light curves can be seen in a DCF of about 0.85
at a time lag of 0 days. This can be explained by the many flares, which occurred on the
same dates. At a time lag of -6 days there is again a second peak with about the same
DCF value. This corresponds to the same double flare of Swift/BAT, which was discussed
above. MAGIC has seen a flare on MJD 54622.9, which RXTFE/ASM has seen as well on
MJD 54622.6. Additionally, a flare was recorded by RXTE/ASM on MJD 54630.

On MJD 54502.1 and 54507.1 a double flare in y-rays was recorded by MAGIC. RXTE /ASM
has only seen a flare on MJD 54605.6, which corresponds to the second of the MAGIC
flares. A second flare is seen by RXTE/ASM 6 days later on MJD 54512.7. This can
explain the correlation of the light curves at a time lag of -6 days as well.

The time lags between -10 and +2 days all have a DCF value above 0.5. Again this shall
be explained by the already high fluxes around the flare days.

Again the behavioural pattern can be seen that more time lags seem to be correlated
because they lie above the confidence limit. However, their values are smaller than 0.5.
They can be explained as above because of the high activity period in 2008, which makes
the light curves correlated at several time lags. When only considering the high emission
period, the time lags further out don’t lie above the upper confidence limit any more.
The resulting DCF values for the quiet third time period are all below 0.5. The correlation
at 0 as well as for -2 and 42 days is seen. The flare on MJD 54863 was seen in both light
curves. The other correlations at -28, -26, +22, and +32 days might be caused by further
small peaks in the RXTE/ASM light curve.
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KVA and MAGIC

On the left hand side of the DCF results of KVA and MAGIC can be seen. In
panel (a) the results for the whole time period are shown. The first thing that can be seen
is that there is no high peak at a time lag of 0 days. The DCF value of many time lags
between -10 and +26 days lies above the confidence limits. Only four of them have a DCF
value higher than 0.5, namely for +4, +8, +10, and +26 days. Thus, it is assumed that
generally the structures appear earlier in the optical light curve than in the ~-ray light
curve. There are some anti-correlations for a time lag of -26 days and time lags between
38 to 50 days.

The consideration of only the high activity period results in fewer time lags for which the
light curves are correlated. This can be seen in panel (c) of . These time lags
are namely +4, +8 to +14, +20, +24, and +26 days. However, only the time lag of +10
days has a DCF value larger than 0.5. Already the second highest value for a time lag of
+14 days lies at 0.47. There are again anti-correlations for time lags between -32 to -20
days, of -16 days, and between +40 and +50 days.

The light curves of KVA and MAGIC show no correlations for the quiescent third time pe-
riod. The results are shown in panel (e) of . Only some anti-correlations are seen.

OVRO and MAGIC

The results of the correlation study between the light curves of OVRO and MAGIC are
shown on the right hand side of . First of all, it can be seen that the two light
curves are not directly correlated for a time lag of 0 days. The highest peak appears for
a time lag of +4 days. Other DCF values above the confidence limit appear for several
more days. The highest DCF values appear for time lags between +4 and +22 days.
Therefore, these two light curves are rather correlated for positive time lags, which means
that structures seem to appear first in the radio light curve.

The MAGIC and OVRO light curves were also tested for the correlations in the second
and third time period. In panel (d) the results for the high activity period of MAGIC are
shown. For time lags of +10 and +12 days correlations with DCF values of about 0.73
can be seen. Then, anti-correlations for time lags of -30, -28, -26, and 446 are observed.
The light curves in the third time period show a correlation at a time lag of +24 days with
a DCF value of about 0.54. There is again anti-correlation seen for a time lag of -34 days.

Other cross-correlations

The cross-correlations of all other possible combinations of the other telescopes are deter-
mined as well. The resulting plots are shown for the time period from autumn 2007 to
summer 2008 in .

At first a test is carried out in which the correlations of the MAGIC light curve with itself
are determined. With the high DCF value at a time lag of 0 days, it is shown that the
calculation of the DCF works. This is shown in panel (a) of . There it can
be seen that there are additional correlations found for time lags of -60 and +60 days.
This corresponds to about double the time which was found as a period length of 31 days
in , where the periodicity search in the light curve of Mrk 421 was discussed.
Otherwise, this could be caused due to the observational gaps during full moon. There
are two additional correlations found at -10 and 468 days.
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Figure 7.5: DCF results for KVA and MAGIC as well as for OVRO and MAGIC. On
the left the DCF is shown for KVA and MAGIC, on the right for OVRO
and MAGIC. The top row shows the results for the whole time period from
February 2007 to June 2009, the middle row from autumn 2007 to summer
2008, and the bottom row from autumn 2008 to June 2009. For the exact dates,
see the corresponding caption of each figure. The red line is the median of all
1000 DCFs. The green and blue lines represent the 95% and 99% confidence
limits.
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In panel (b) of the correlations of the Swift/BAT and the RXTE/ASM light
curves are shown. Their light curves are directly correlated with 0 days time lag.

The DCF results for Swift/BAT and KVA are shown in panel (c¢) and for RXTE/ASM
and KVA in panel (d) of . Both plots show similar features. For Swift/BAT
no correlations are found for the whole time period nor any of the three separate time
periods. For RXTE/ASM the highest DCF value is given at a time lag of -10 days. This
means that the flares occur about 10 days earlier in the optical light curve. During the
quiescent first and third time periods, no correlations are found.

The DCF results of the correlations of OVRO with Swift/BAT and RXTE/ASM are shown
in panel (e) and (f) of . They again have a similar shape. Both have a maximum
DCF at a time lag of -10 days. This means that some structures might appear first in the
radio light curve.

For the light curve of KVA and OVRO no conclusions are drawn here because the DCF
results for the whole time period and the second and third time periods don’t agree with
each other. The resulting plots are not shown here.

With the determination of the DCF the cross-correlations between the different light curves
were investigated. It could be shown that both X-ray light curves are directly correlated
to the MAGIC light curve, which can be explained by several matching flares in all three
light curves. This correlation is smeared out because the flares have a rising and falling
edge. A second peak at a time lag of -6 days can be explained by additional flares in
both X-ray light curves following flares, which have a match in the MAGIC light curve.
Correlations are found for the whole time period as well as for the high activity and quiet
time periods.

It could be shown that the flares in the optical light curve appear +10 to +14 days earlier
than in the y-ray light curve. This behaviour was already described in . The
flares always appear first for the KVA light curve when comparing it to the MAGIC light
curve. When the light curves of the whole time period were compared, it could only be
stated that correlations are found for positive time lags, meaning that the optical light
curve comes first. When comparing only the light curves during the high active period
from November 2007 to June 2008, the DCF values for time lags between +10 and +14
days lie above the confidence limit. For the low activity period no correlation is found.
The same is true for the correlations between the X-ray light curve of the RXTE/ASM
and KVA. For the high active second time period correlations are found, which confirm
that flares occur first in the optical light curve. For the first and third time periods, which
show a quiet emission of Mrk 421, no correlations are found.

For OVRO it could be shown that there might be a correlation with the ~-ray light curve at
a positive time lag. For the whole time period several days are found above the confidence
limit. When only the data from the end of 2007 to the middle of 2008 are considered, a
correlation is found for a time lag between +10 to +12 days. For the low activity period
from the end of 2008 to the middle of 2009, the light curves are not correlated at these time
lags any more. Then a correlation appears for +22 days. Therefore, no general conclusion
is drawn from the comparison of these two light curves. The features in the radio light
curve also appear about 10 days earlier than in the X-ray light curves.
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It can be concluded that the v-ray light curve by MAGIC and the X-ray light curves by
Swift/BAT and RXTE/ASM are directly correlated. The comparison of the MAGIC and
RXTE/ASM light curves to the optical light curve by KVA shows that the flares always
appear about 10 to 14 days earlier in the optical energy range than in the higher energy
ranges. Additionally, it can be said that the results are dominated by flares in the high
activity period in the light curves.

In order to produce a SED of Mrk 421 data from other telescopes are needed. For this
purpose the Italian Space Agency (ASI) Data Center (ASDC)" can be considered. A large
database with spectra from different instruments for many sources is available | ]

Mrk 421 data are available from the radio band to TeV v-rays, whereby in the following
only MAGIC data from this thesis are shown for the TeV energy range and none of the
available MAGIC data from the ASDC. The shown data include data from OVRO in the
radio band and from the KVA in the optical band. These points are retrieved from the
light curves shown in . All instruments used for the production of the SED are
listed in with the waveband they cover. For one part of the data the recording

Table 7.1: List of instruments for the SED of Mrk 421. The waveband of the instruments
and, if known, the time range of the measurements are listed as well.

Abbreviation Reference Waveband Time range [MJD]
NORTH [ ] radio no info
DIXON [ ] radio no info
JVASPOL [ ] radio no info
OVRO see [ | radio 54473 - 54990
2MASS [ ] infrared no info
SDSS10 [ ] optical no info
USNO [ ] optical no info

KVA see , [ optical 54149 - 55004
Catalina [ ] optical 54158 - 54975
2XMM [ ] soft X-ray 54229 - 54976
XMMSL1 [ ] soft X-ray 54224
ARIEL [ ] soft X-ray no info
BAT39 [ ] hard X-ray 53341 - 54526
BAT54 [ ] hard X-ray 53341 - 54983
IBISSG4 [ ] hard X-ray 52672 - 54558
BATS58 [ ] hard X-ray 53430 - 55256
BAT70 [ ] hard X-ray 53341 - 55470
AGILE [ ] GeV ~-ray 54290 - 54648
Fermi [ ] GeV ~v-ray 54683 - 55017
MAGIC this work GeV to TeV ~-ray 54167 - 54997

4tools.asdc.asi.it/SED, downloaded on 11th August 2014.
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date or time range is available, whereas for the other part it is not. This is written down
in the table as well. For a more detailed description of the instruments, the user is referred
to Table B.3 and the references therein or in Table 7.1. The resulting SED of Mrk 421 is
shown in Figure 7.6.
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Figure 7.6: SED of Mrk 421 with data from this thesis and from the ASDC. The names
of all instruments are given.

The overall two bump structure typical for blazars can be seen. The rising edge in the
radio band is covered by four radio telescopes, namely NORTH, DIXON, JVASPOL, and
OVRO. Except for OVRO no info about the recording time range of these data is given
in the ASDC. The infrared and optical data were recorded by 2MASS, SDSS10, USNO,
KVA, and Catalina, whereas only for the latter two instruments are the recording time
ranges known. The data by the KVA are corrected for the contribution of the host galaxy.
It can be seen that this is not the case for the data of USNO and Catalina. Therefore,
an additional feature in the optical waveband is added to the two bump structure of the
SED. The peak of the synchrotron peak lies between the optical and the X-ray data points.
According to [Wu 09] the peak frequency is at 10164 Hz.
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The data in the X-ray bands describe the falling edge of the first bump. The data shown
here are from 2XMM, XMMSL1, ARIEL, IBISSG4 and the BAT on board the Swift
satellite after summarising the results of different observation periods. This falling edge
is spread over a wide range in vF},, e.g. about one order of magnitude for 2XMM at each
frequency v. This is caused by the different flux states during the large time period of
more than two years.

The second bump of the SED is described by data from AGILE, Fermi, and MAGIC. A
spread in height can again be seen, especially for the MAGIC data. This has already been
discussed in and is caused by the different flux states.

In order to assign the different spectral points to the overall flux state, the SED is inves-
tigated in different time periods. The three time periods are again the time periods from
before, namely from spring to summer 2007, from autumn 2007 to summer 2008, and from
autumn 2008 to summer 2009. Mrk 421 has been in a quiescent emission state in the first
and third time periods. In the second time period it was in an active emission state.

In it has been shown that the MAGIC spectrum of Mrk 421 changes when the
overall flux level changes. In order to see if these changes are also visible in other energy
ranges, the SED is produced for the three time periods. Therefore, all of the above shown
data, which can exclusively be assigned to one of the three time periods, are included in

Data without time information are not taken into account. Spectral points, which are
average results from a time span larger than one time period, are not considered. The
shown spectral points from Catalina and 2XMM are averaged values over each time period.
The MAGIC spectra were shown before in

All data from the first time period (2007) are shown in green, the data from the second
time period (2007-2008) in red, and from the third time period (2008-2009) in blue. The
exact dates or time ranges of all spectral points are listed in

The shown data include data from OVRO in the radio band and from the KVA in the
optical band. Additional data in the optical band were recorded by Catalina. The data
from these three instruments are comparable in the different time periods.

The spectral points of the falling edge of the synchrotron peak in the X-ray range are from
2XMM and XMMSL1. Here, a clear difference between the three time periods can be seen.
The spectral points lie highest in the active second time period, when the flux state was
highest in MAGIC. Additionally, the spectrum is flatter in the second time period than
in the other two time periods. The overall flux state was lower in MAGIC in the third
time period and it was the lowest in the first time period. The same behaviour is seen in
X-rays. The spectral points from the third time period from 2XMM are below the ones
from the second time period by about a factor of two. The spectral points from the third
time period lie below the data from the other two time periods, whereby the flux points
are lower than in the third time period by about a factor of two. The results from the
slewing mode of XMM lie even below the ones from the pointing mode. The results from
the slewing mode were recorded on one day, which might have been during a very low
activity phase, whereas the 2XMM results are average results from several observations.
The second bump of the SED in 2007 only includes MAGIC data. It lies below the two
other MAGIC spectra. In the second time period AGILE recorded data in the low energy
~v-ray band. Its data points might seem like the prolongation of the falling edge of the
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Figure 7.7: SED for the three different time periods (for the exact dates see explanation
in the text). The colour code indicates the different time periods. Each in-
strument is represented by the markers given above.

synchrotron peak. The MAGIC spectrum lies highest in this time period. It is higher than
in the third time period by about a factor of two and higher than in the first time period
by a factor of four. In the third time period Fermsi was able to cover the gap up to the
MAGIC observations. Thanks to the launch of the Fermi satellite in August 2008 | ,
the second SED bump can be completely covered by it and Cherenkov telescopes like
MAGIC. The Fermi and MAGIC data in the third time period completely describe this
bump. Most importantly, a peak position of around 10?° Hz can be estimated for this time
period. Fermi covers the rising edge of it and MAGIC the falling edge. The data points
lie below the ones of the high active second time period.

This comparison of the spectral energy distributions in the three different time periods
has shown that both peaks behave similarly. It can be said that the spectral points in the
X-ray band are different by a factor of about four between the first and second time period.
The same is true for the MAGIC data points. During the high activity time period the
spectral points are higher than during the quiescent flux state in the first time period by
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a factor of four. This synchronous behaviour of the two bumps favours the SSC emission
model. Data from AGILE in the high active second time period might hint towards a
shift of the dip between the two bumps towards higher frequencies when the overall flux
state rises. Due to the limited amount of spectral points in this data set and the limited
number of SEDs in a high state, no further conclusions are drawn here.

Former results from SED modelling

In former publications the application of different emission models to the SED of Mrk 421
was discussed. Some of these results are summarised in the following.

Fits of the SSC model have been successfully applied to SEDs of Mrk 421. This was e.g.
discussed in [ | and | ], where this model was fitted to SEDs in the time range
from 2006 to 2008. This result is supported by the modelling of the SED during the June
2008 flare as discussed in | ]

On eight days between January and April 2008 simultaneous data were available in the
X-ray and «-ray bands. For these eight selected days the SSC emission model was applied.
It was again able to describe the SEDs well, but it needed large Doppler factors of § > 40.
A model with multiple emission regions was proposed. These regions could be moving at
different speeds and synchrotron photons from each region could be IC scattered in other
emission regions. | ]

The one-zone SSC model was again the basic emission model for the average SED of
Mrk 421 during the first half of 2009. This SED was already shown in . It could
explain the SED reasonably well. But it is stated that the one-zone model simplifies the
problem and that there could be more than one emission region present. Additionally, a
hadronic model was tested. It included e.g. the synchrotron emission of protons or muons
as well as photons of decaying neutral pions. This model was able to describe the SED,
too, but some of the model parameters seemed extreme. | ]

In March 2010 Mrk 421 was again in a high active state. SEDs were produced for 13
days of this month. Each of them could well be modelled by a one-zone SSC model.
However, some of the higher active days featured narrower peaks in the SED than other
days. Therefore, a second emission zone of smaller size was added to the first zone in the
SSC model. This second zone could be responsible for emission in the X-ray and ~-ray
waveband and the change of the spectral shape in these wavebands. Additionally, it could
explain the missing correlation between the optical and radio wavebands with the X-ray
and y-ray bands in 2010. | ]

However, for the time period from 2003 to 2004 the SED could not be modelled by the
SSC emission scenario. During this time period some flares in the X-ray and in the v-ray
band showed short delays. It is hard to describe this given fact with a simple one-zone
SSC emission scenario. After a second emission zone was added, a good fit model of the
SED was found. Hybrid models of leptonic and hadronic models are proposed. | ]
Conclusively, it can be said that no final statement about the one-and-only emission model
can be made. Former applications of different emission models showed that all of them
are able to describe the SED of Mrk 421 at different times. The simple one-zone SSC
model showed good results as well as a model involving a second emission zone. But it
is stated that even more emission regions might be responsible for the highly variable
emission of Mrk 421. A hadronic model was tested as well and it was able to describe
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the SED, too. Further investigations are needed to solve the mystery of the exact particle
composition in the emission regions. The first peak is explained by synchrotron radiation
of electrons in both leptonic and hadronic models. However, neither protons were proven
to be responsible for photon emission in the jets, nor were hadronic emission models
excluded. Thus, it is necessary to have a full coverage of the electromagnetic spectrum at
the same time in order to have good sampled SEDs for the modelling. Due to the high
variability of Mrk 421 the emission state and the shape of the SED can change on short
time scales. Therefore, the coordination of observations in multi-wavelength campaigns is
essential.

The comparison of the light curves of Mrk 421 in different wavelengths has shown that the
X-ray light curves have a similar behaviour as the ~-ray light curve measured by MAGIC.
Between the beginning of 2007 until the summer of 2007 all three light curves are in a low
emission state. This changes for the time period from the autumn of 2007 to the summer
of 2008. During this time the three light curves are all more variable than during the time
period before. Flares in all three light curves appear at the same time, making the light
curves directly correlated. This could be proven by the determination of the Discrete Cor-
relation Function, with which the correlation between the light curves is quantified. The
DCF also showed an additional correlation at a time lag of -6 days between the y-ray and
both X-ray light curves which could be explained by additional flares in the X-ray light
curves 6 days after matching flares. The MAGIC light curve contains no data points after
these specific matching flares, so that a shift in the light curves by 6 days results again in
a positive correlation. The light curves of all three telescopes show a quiet emission state
and lower variability in the time period from the autumn of 2008 to the summer of 2009.
The observed difference in the variability in the three different time periods was verified
by a quantification with the fractional variability Fyar.

The optical light curve of the KVA telescope has a steady variability over the whole time
period of 2.3 years. It could be shown that it is not directly correlated to the MAGIC
light curve as well as to the two X-ray light curves. The flares seem to appear first in the
optical light curve. This was confirmed by the DCF study for these light curves. It has
shown that the optical light curve comes about 10 to 14 days before the ~-ray light curve
of MAGIC and the X-ray light curve of the RXTE/ASM. It is important to mention that
this could only be shown when high activity data were included. In the case of the quiet
emission time periods no correlations were found.

The radio light curve by OVRO is different from all other four light curves. It lacks
distinct flare features. Instead a long-term change of the flux can be seen. This means
that it is a bit higher in 2008 than in 2009. The light curve has almost no variability
and the DCF study could not give conclusive results. There could be a hint that the
radio light curve comes several days before the light curves in 7-rays and X-rays, but
anti-correlations are seen as well. The DCF study showed no conclusive results for the
optical and radio light curve. An explanation for the lacking correlation might be that the
radio emission is not produced in the same emission region as the photons of the other
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wavebands | , ]

The overall variability study showed that the variability generally increases with increas-
ing energy range of the instrument. It is low for the radio and optical wavebands. The
light curves for the duration of more than two years have a high variability in the X-ray
and ~-ray band. The light curve of RXTE/ASM does not follow the general increase
of variability with increasing frequency. It has the highest variability of all instruments.
However, when the MAGIC light curve is separated into three energy ranges, the vari-
ability of the MAGIC light curve in the highest energy range (above 1TeV) exceeds the
variability of RXTE/ASM. The same was seen when the light curves in the three different
time periods were examined. During the high active second time period both X-ray light
curves have a higher variability than the MAGIC light curve. When this light curve is
separated into the three different energy ranges, the variability of the highest energy range
exceeds the X-ray variability.

A SED of Mrk 421 was produced. It includes data of several telescopes recorded during
different time ranges. It has the typical two bump structure of blazars with an additional
host galaxy component in the optical waveband. Then three SEDs were produced for
the three different time periods, namely the two quiet periods and the high active period
determined before for the MAGIC light curves. This has shown that both peaks in the
SED behave similarly in different emission states. The correlation of the light curves in
~-rays and in X-rays, the same behaviour of the peaks in the SED as well as the correlated
variability hint towards the SSC emission scenario. The steady variability of the optical
light curve differs from the changing variability in the different years in the X-ray and
~-ray light curves. From this it might be assumed that the one-zone SSC model cannot
fully explain all mechanisms in the jet of Mrk 421. A second emission zone, which is only
responsible for the production of X-rays and ~-rays, might explain the different behaviour
in the variability. This second smaller emission zone has a higher magnetic field and
a higher electron density in comparison to the first emission zone, and therefore, it is
capable to add a variable amount of X-rays and ~-rays to the quiet SED | ]. This
could explain that the variability in X-rays and ~-rays changes over time and that the
variability stays at the same level in optical and radio wavebands. A correlation between
the KVA light curve with the RXTE/ASM and MAGIC light curves was seen for a time
lag of 10 days, i.e. features in the optical light curve appear before features in the two
higher energetic light curves. This could hint to an additional emission region in the
vicinity of the jet or somewhere in the host galaxy, where optical photons are emitted.
These external photons could be seed photons in the External Compton model, where
they are scattered to X-ray and ~-ray energies in the first emission zone.

In former publications it was shown that the SSC model can describe the SED of Mrk 421.
But other models like the SSC model with two zones or a hadronic model were able to de-
scribe the given SEDs as well. No final conclusion on the emission scenario in Mrk 421 can
be drawn at this point. Emission models of blazars are still of research interest. Therefore,
extensive multi-wavelength campaigns of coordinated observations are necessary.
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Chapter 8
Conclusions

In this thesis a more than two year long data set from 2007 to 2009 of the blazar Mrk 421
was analysed in order to get an insight into its behaviour and the underlying emission pro-
cesses. We are able to detect high energetic v-rays from Mrk 421 because it is the closest
and brightest extragalactic emitter of TeV photons, which makes it a good candidate to be
studied. Knowledge about it might help to understand Active Galactic Nuclei in general.
After a brief introduction to astroparticle physics and the physics of AGNs was given, the
detection of VHE v-rays with Cherenkov telescopes was discussed. The analysis of the
long-term data set of Mrk 421 recorded by MAGIC-I was the main part of this thesis. It
was separated into three parts.

Firstly, the long-term and short-term behaviour of the 830 day long light curve and changes
in the spectrum in y-rays have been analysed because the knowledge about these facts is
one piece of the puzzle in understanding the emission processes. It was possible to con-
clude that Mrk 421 has a variable flux over the whole time span, but that the variability
is higher during the high emission state in 2008. The separation of the light curve into
three different energy ranges showed that the flux is more variable the higher the energy
range is. In the study of the dependence of the spectral shape on the overall flux state
it could be shown that the brighter the source is, the flatter the spectrum becomes. The
proportion of higher energetic ~-rays increases with a higher overall flux. Additionally,
the light curves were examined for short-term variability. Some nights showed variability
on time scales shorter than 30 minutes, which is consistent with former results. With the
variability time scales found in this thesis the size of the emission region could be estimated.

In the second part of the analysis a search for periodicities in the light curve of Mrk 421
has been carried out in order to find out if the central engine is a binary black hole system.
This idea is motivated by the fact that Mrk 421 has an elliptical host galaxy, which can
develop through the merging of two galaxies. The method introduced for the periodicity
search was applied to three different light curves of Mrk 421, namely the MAGIC-I light
curve from this thesis, a 20 year long light curve including data of several Cherenkov tele-
scopes, which was combined with the results from this thesis, and a light curve measured
by the new Cherenkov telescope FACT. For the first two light curves a hint for a period
length of 31 days was found. For the FACT light curve a hint for a period length of 52
days was found. All results seemed to be influenced by flares in the light curves. However,
this could also mean that flares occur periodically. Additionally, period lengths of 29 and
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58 days were found corresponding to (twice) the lunar cycle. Therefore, it is concluded
that there are hints for periodicities, but no significant detection so far.

In the third analysis part of this thesis the MAGIC light curve was compared to light
curves of four instruments measuring in other wavebands, namely the Swift/BAT and
RXTE/ASM in the X-ray band, the KVA telescope in the optical band and OVRO in the
radio band. A variability study showed a connected variability of v-rays and X-rays. A
cross-correlation study revealed that both wavebands are directly correlated. This is in
agreement with the SSC emission scenario. The optical light curve had a lower variability
and the flares in the optical waveband have been shown to appear about 10 to 14 days
earlier than in the y-ray as well as the X-ray light curves. This fact has already been
used in the successful triggering of MAGIC observations by KVA observation results. The
radio light curve had almost no variability and seemed not to be correlated to any of the
other light curves. This hints towards a different emission region for radio photons than
for photons of the other wavebands. The SED of Mrk 421 had the typical two bump
structure of blazars. The produced SEDs of different activity phases revealed that the
SED is shifted up- or downwards depending on the emission state. Due to the similar
behaviour of the low energy and high energy peak in the SED and the direct correlation
of X-ray and v-ray light curves, the SSC emission scenario is favoured for the production
of VHE ~-rays. The missing direct correlation of the radio and optical light curves with
the X-ray and v-ray light curves hint toward the expansion of the simple one-zone SSC
model to a model including one ore more additional regions. Former studies have shown
that the SSC scenario was mostly able to model the SED of Mrk 421 well, but SSC models
with two zones and hadronic models were able to describe the SED as well.

Mrk 421 has an unpredictable high flux variability. Phases of high activity on top of
the emission baseline can last up to several months. It cannot be foreseen when a high
activity phase will start and for how long it will last. Significant periodicities have not
been found so far in the light curves. In order to understand better the overall emission
behaviour of the source and to possibly find periodicities in better sampled light curves in
the future, a regular monitoring, as is carried out with FACT, is desirable. FACT could
also help in filling the observational gaps due to the moon because its photo sensors are
not damageable by the moon light.

Although Mrk 421 is one of the best studied ~-ray sources, there are still open questions.
The cooperation of instruments measuring in all wavebands is essential to get a better
understanding of the emission scenarios in sources in general. Therefore, it is important
to continue with extensive MWL campaigns as they have been carried out e.g. for Mrk 421
since 2009. It is necessary for the observations to be coordinated in time because of the
high variability of the source. Only combined results will help to reveal the questions about
the emission processes. Additionally, the results obtained on Mrk 421 might broaden the
knowledge on blazars in general.



Appendix A
Supplementary information: Mrk 421
analysis

Table A.1: Daily results of odie of the Mrk 421 data with a PSF of 13.0 mm and a zenith
range from 9° to 30°. The zenith range, the effective observation time, the
number of excess events and the significance are shown for each night which
survived the data check.

Date MJID Zd ] Teor [N] | Nexe | Sign. (Li&Ma) [0]
2007-04-15 | 54204.9 15-24 0.80 | 108.7 12.58
2007-04-22 | 54211.9 10-17 081 | 77.9 10.66
2007-05-05 | 54224.9 12-22 031 | 175 411
2007-05-13 | 54232.9 9-14 0.63 | 308 5.58
2007-12-04 | 54438.2 |  12-15, 28-30 040 | 97.7 13.57
2007-12-05 | 54439.2 23-30 055 | 161.7 17.69
2007-12-06 | 54440.2 13-30 0.66 | 174.9 17.94
2007-12-07 | 54441.2 18-30 0.93 | 190.5 16.41
2007-12-08 | 54442.2 | 10-11,19-27 0.88 | 189.9 17.32
2007-12-09 | 54443.2 9-11,21-27 0.92 | 242.1 21.20
2007-12-12 | 54446.3 9 0.16 | 24.6 6.50
2007-12-14 | 54448.3 9 026 | 385 7.85
2007-12-15 | 54449.3 9 027 | 46.7 8.95
2007-12-16 | 54450.3 9-10 027 | 364 7.48
2007-12-17 | 54451.3 9-10 028 | 31.3 6.83
2008-01-01 | 54466.2 9-30 0.93 | 255.0 21.74
2008-01-02 | 54467.2 9-30 3.53 | 1091.2 47.96
2008-01-04 | 54469.2 12-30 150 | 474.9 30.67
2008-01-05 | 54470.1 20-30 0.81 | 2685 23.31
2008-01-07 | 54472.2 9-13 0.16 | 19.1 6.07
2008-01-08 | 54473.2 9-16 1.77 | 306.6 22.19
2008-01-09 | 54474.2 9-23 2.43 | 4544 27.47
2008-01-10 | 54475.2 | 11-17,22-27,29-30 | 0.37 | 65.1 10.53
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Date MJD Zd ] Ter [] | Nexe | Sign. (Li&Ma) [0]
2008-01-11 | 54476.3 10,14-19 046 | 57.2 8.36
2008-01-12 | 54477.1 9-21,23-29 046 | 113.6 13.29
2008-01-13 | 54478.3 |  10-17,26-29 1.03 | 318.2 26.09
2008-01-14 | 54479.2 9-13 057 | 149.8 17.99
2008-01-15 | 54480.3 19-29 0.94 | 397.0 29.68
2008-01-16 | 54481.2 9-19 2.63 | 1087.4 49.18
2008-01-29 | 54494.1 25-30 021 | 64.8 12.08
2008-02-04 | 54500.1 23-30 055 | 199.2 20.65
2008-02-05 | 54501 28-30 0.16 | 42.9 8.83
2008-02-06 | 54502.1 9-30 3.03 | 1515.1 62.44
2008-02-11 | 54507.1 12-20 0.79 | 321.2 27.80
2008-03-08 | 54533 18-24 0.60 | 196.0 20.86
2008-03-12 | 54537 19-30 050 | 128.8 16.35
2008-03-31 | 54555.9 14-30 1.37 | 1094.7 56.34
2008-04-02 | 54558 17-19 024 | 66.7 10.76
2008-04-04 | 54559.9 16-21 0.37 | 185.1 21.15
2008-04-06 | 54562 10-11 017 | 94.2 16.54
2008-05-04 | 54589.9 9-12,16-17 059 | 137.1 16.75
2008-05-05 | 54590.9 16-30 057 | 2328 24.43
2008-05-07 | 54592.9 9,17-30 115 | 264.0 22.35
2008-05-10 | 54595.9 9-30 1.82 | 408.4 29.11
2008-05-23 | 54608.9 23-30 051 | 227.6 23.21
2008-05-25 | 54610.9 16-19 024 | 105.7 15.13
2008-05-27 | 54612.9 18-20 024 | 161.9 21.50
2008-05-28 | 54613.9 20-21 017 | 72.7 13.17
2008-05-29 | 54614.9 20-21 015 | 63.3 11.84
2008-06-03 | 54619.9 24-26 023 | 99.0 15.01
2008-06-05 | 54621.9 27-29 024 | 165.3 21.03
2008-06-06 | 54622.9 27-30 021 | 1614 21.92
2008-12-04 | 54804.2 15-30 1.14 | 1804 15.86
2008-12-05 | 54805.2 14-30 127 | 2043 22.62
2009-01-04 | 54835.3 17-24 0.16 | 36.9 8.00
2009-01-22 | 54853.1 10-30 098 | 130.4 13.39
2009-01-24 | 54855.1 10-30 1.77 | 226.6 17.52
2009-01-26 | 54857.1 17-30 088 | 125.2 12.36
2009-01-28 | 54859.1 9-30 1.83 | 266.2 20.75
2009-01-30 | 54861.1 26-30 036 | 59.7 9.45
2009-02-01 | 54863.1 25-27 021 | 46.5 9.02
2009-02-03 | 54865 9-20 1.99 | 338.8 24.06




A.1 Overview of Mrk 421 data 111

Table A.2: Daily results of odie of the Mrk 421 data with a PSF of 13.0 mm and a zenith
range from 30° to 45°. The zenith range, the effective observation time, the
number of excess events and the significance are shown for each night which
survived the data check.

Date MJD Zd [°] Tefr [h] | Nexc | Sign. (Li&Ma) [o]
2007-02-11 | 54142 38-41 0.24 7.4 2.13
2007-02-15 | 54146 37-45 0.54 17.3 3.35
2007-02-19 | 54150 37-45 0.50 25.5 4.85
2007-02-27 | 54158.2 30-45 0.47 19.5 3.53
2007-03-08 | 54166.9 34-45 0.82 31.0 4.69
2007-03-12 | 54170.9 32-40 0.63 7.7 11.21
2007-12-04 | 54438.2 30-45 1.17 295.7 23.98
2007-12-05 | 54439.2 30-39 0.82 2154 20.29
2007-12-06 | 54440.2 30-44 1.20 312.8 24.75
2007-12-07 | 54441.2 30-33 0.29 61.8 10.89
2008-01-01 | 54466.1 30-44 1.26 | 348.5 27.89
2008-01-02 | 54467.1 30-33 0.30 109.2 16.31
2008-01-04 | 54469.1 30-40 0.73 222.9 21.51
2008-01-05 | 54470.1 30-39 0.77 225.4 20.85
2008-01-06 | 54471.1 | 33-36,38-40 0.52 157.1 17.70
2008-01-07 | 54472.1 34-39 0.50 103.4 12.93
2008-01-08 | 54473.1 31-40 0.74 149.2 15.51
2008-01-09 | 54474.1 34-39 0.55 108.1 13.61
2008-01-10 | 54475.1 30-33 0.34 69.8 12.18
2008-01-15 | 54480.1 33-39 0.48 167.9 19.28
2008-01-29 | 54494 30-40 0.83 220.6 22.53
2008-02-02 | 54498 32-40 0.63 | 283.5 24.26
2008-02-05 | 54501 30-36 0.47 125.7 15.97
2008-02-06 | 54502 30-35 0.53 | 2445 25.06
2008-02-08 | 54504 30-36 0.38 145.7 20.01
2008-03-01 | 54526 33-35 0.21 63.1 11.94
2008-03-11 | 54535.9 32-45 0.88 267.1 24.28
2008-03-12 | 54536.9 30-45 0.55 112.5 15.12
2008-03-31 | 54555.9 30-40 0.54 | 387.9 33.65
2008-04-04 | 54559.9 31-33 0.17 78.5 13.93
2008-04-12 | 54568.1 36-39 0.23 24.1 5.99
2008-05-05 | 54591 30-35 0.43 153.4 19.58
2008-05-10 | 54596 30-42 0.90 | 201.7 20.35
2008-05-23 | 54608.9 30-34 0.26 96.6 16.18
2008-06-05 | 54621.9 32-41 0.79 585.5 42.17
2008-06-06 | 54622.9 30-37 0.63 434.2 36.02
2008-06-07 | 54623.9 | 30-31,44-45 0.15 77.2 14.50
2008-06-08 | 54624.9 | 30-32,35-45 0.88 385.4 31.47
2008-11-30 | 54800.2 32-38 0.42 2.7 12.07
2008-12-02 | 54802.2 30-36 0.53 102.0 14.55
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Date MJD Zd ] | Tem [h] | Nexc | Sign. (Li&Ma) [o]
2008-12-04 | 54804.2 |  30-40 0.87 | 146.5 16.31
2008-12-05 | 54805.2 |  30-39 0.76 | 136.2 15.32

Table A.3: Daily results of odie of the Mrk 421 data with a PSF of 14.8 mm and a zenith
range from 9° to 30°. The zenith range, the effective observation time, the
number of excess events and the significance are shown for each night which
survived the data check.

Date | MJD | Zd [°] | Teg [h] | Nexe | Sign. (Li&Ma) [0]
2009-02-25 | 54887 |  10-30 113 | 1481 14.37
2009-03-01 | 54891 9-23 1.78 | 261.9 19.49
2009-03-17 | 54907 | 10-15,18-29 | 1.35 | 239.8 20.40
2009-03-19 | 54909 |  10-14 0.54 | 74.6 10.83
2009-03-21 | 54911 10-26 149 | 189.3 14.95
2009-03-23 | 54913 |  10-30 1.85 | 263.5 18.12
2009-03-29 | 54919 |  10-22 128 | 68.8 7.32
2009-03-31 | 54921 9-30 2.10 | 2355 15.99
2009-04-15 | 54936 |  16-30 045 | 953 11.68
2009-04-16 | 54937 |  24-26 021 | 338 6.46
2009-04-17 | 54938 |  16-30 0.98 | 145.0 13.08
2009-04-19 | 54940 |  22-30 0.55 | 51.5 6.41
2009-04-21 | 54942 |  16-30 0.83 | 119.7 11.88
2009-04-22 | 54943 |  20-22 017 | 24.0 4.95
2009-04-23 | 54944 |  16-30 0.83 | 205.8 17.72
2009-04-24 | 54945 |  16-30 1.03 | 1628 14.03
2009-04-25 | 54946 |  16-18 0.19 | 289 5.27
2009-05-21 | 54972 |  27-30 029 | 27.3 5.26
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Table A.4: Daily results of odie of the Mrk 421 data with a PSF of 14.8 mm and a zenith
range from 30° to 45°. The zenith range, the effective observation time, the
number of excess events and the significance are shown for each night which
survived the data check..

Date MJID | Zd [°] | Tesr [h] | Nexc | Sign. (Li&Ma) [o]
2009-04-15 | 54936 30-36 0.27 31.9 6.49
2009-04-17 | 54938 30-35 0.38 58.4 9.37
2009-04-19 | 54940 30-35 0.34 29.6 5.65
2009-04-21 | 54942 30-35 0.31 37.6 6.57
2009-04-23 | 54944 | 30-34 0.41 60.5 9.06
2009-04-24 | 54945 30-36 0.44 42.7 7.06
2009-05-21 | 54972 | 30-35 0.13 11.2 3.54
2009-06-13 | 54994.9 | 37-45 0.31 47.1 9.83
2009-06-14 | 54995.9 | 38-43 0.31 42.9 8.37
2009-06-15 | 54996.9 | 35-45 0.41 67.0 11.80

Table A.5: Excluded 50 nights of Mrk 421 data. The reasons for exclusion are more than
40% clouds, a number of recognised stars below 30, a trigger rate which is too
low or too high (for exact limits see ), a too high discriminator
threshold, if the length of the taken data is less than 10 minutes or reasons
mentioned by the shifters in the runbook to exclude the data such as car flashes.

Year Month Day

2007 02 23
03 16
04 23
06 04, 18, 20
12 01, 02, 03, 10, 11, 13, 31
2008 01 03
03 02, 03, 05, 10, 13, 14, 29, 30
04 01, 03, 05
05 03, 06, 11, 12
06 01, 09, 10
12 03, 06, 21, 29
2009 01 18
03 15
04 02, 04, 12, 13, 14, 26
05 22, 23, 24, 25, 29

06 10
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Table A.6: List of sources and dates for the selected hadron sample for the training of the
Random Forest for the v-Hadron-Separation.

PSF Zd Source Year Month Day
1ES2344+-514 2007 12 28, 29, 30
2MASX0324+34 2008 12 22, 29
o HBg9-1553+11 2007 04 19
13.0mm <30 2008 04 05
2008 06 07
PKS1424+240 2007 02 21, 22, 23
1ES19594-650 2007 04 22
2008 05 30
2008 06 03
13.0mm 30° - 45° 1ES2344+-514 2007 12 28, 29, 30
3C279 2009 01 22,24
HBg&9-1553+11 2008 06 07
PKS1424+240 2007 02 21, 22
1H1722+119 2009 03 31
HBg9-1553+11 2009 04 21
2009 06 15
MS1050.7+494 2009 03 17,19, 23, 24
14.8 mm <30° 2009 04 22
PKS1424+240 2009 06 15
PKS-1222+216 2009 04 18
PKS-1717+177 2009 04 23
2009 06 15
3C279 2009 04 16
HBg&9-1553+11 2009 04 21
o e 2009 06 15
14.8mm 307 - 45 MS1050.7+494 2009 03 19, 23, 24
2009 04 22

PKS1510-08 2009 03 19, 21, 23, 24, 30, 31
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Table A.7: Four data sample sets of Crab Nebula for the different PSFs and zenith ranges.
In addition the amount of data in hours is listed as well.
PSF Zd Year Month Day Tesr [h]
2007 02 12
13.0mm <30° 2007 12 14 5.69
2008 01 14, 23
2007 12 14
13.0mm 30° - 45° 2008 01 14 2.59
2009 01 23
14.8 mm <30° 2009 03 01, 14, 22, 23 2.61
14.8mm  30° - 45° 2009 03 02, 21, 23 1.56
Table A.8: Cut values for the significance calculations in odie, optimised on data of the
Crab Nebula.
PSF Zd Size Hadron- 6 Sign. Tesr [h] Sensitivity
ness (Li&Ma) [o] [%Crab]
13.0mm <30° 150 0.06 0.015 44.37 5.69 2.23
13.0mm 30° - 45° 200 0.06 0.015 32.24 2.59 1.97
14.8 mm <30° 150 0.06 0.020 27.24 2.61 2.69
14.8mm  30° - 45° 200 0.07 0.015 20.26 1.56 2.64

Table A.9: Cut values for the significance calculations in odie, applied to Mrk 421 data.

PSF Zd Size Hadronness #?>  Sign. (Li&Ma) [0] Teg [h]
13.0mm <30° 150 0.06 0.015 171.31 50.35
13.0mm 30° - 45° 200 0.06 0.015 124.81 24.87
14.8 mm <30° 150 0.06 0.020 55.12 17.04
14.8mm 30° - 45° 200 0.07 0.015 25.19 3.31
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Table A.10: Cut values for the calculation of the light curve and spectrum in fluzlc, opti-
mised on data of the Crab Nebula. 6 eff. and Had. eff. are the v efficiencies
after a cut in 6 and in Hadronness, respectively.

PSF Zd Size 0 eff. Had. eff.
13.0 mm <30° 150 0.8 0.9
13.0mm 30° - 45° 200 0.8 0.9
14.8 mm <30° 200 0.8 0.9
14.8mm 30° - 45° 200 0.8 0.9

Table A.11: Light curve results of the Mrk 421 data determined with fluzlc. The integral
flux is given in the energy range from 400 GeV to 50 TeV.

Date MJD | Integral flux [cm—?s™!]
2007-03-08 | 54166.9 | 1.29- 10~ £4.39. 10~ 12
2007-03-12 | 54170.9 | 4.05-10~1 +6.29 - 10712
2007-04-15 | 54204.9 | 5.59 - 10~ £+ 6.59 - 1012
2007-04-22 | 54211.9 | 3.69 - 10~ £ 5.64 - 10712
2007-05-05 | 54224.9 | 3.73- 107" £9.40- 1012
2007-05-13 | 54232.9 | 2.42- 1071 +6.21-10712
2007-12-04 | 54438.2 | 9.53- 10~ 11 £7.91-10712
2007-12-05 | 54439.2 | 9.94- 10~ 11 £8.81 - 10712
2007-12-06 | 54440.2 | 8.75-10~ 11 £7.36- 10712
2007-12-07 | 54441.2 | 7.87-10~ " £8.57- 10712
2007-12-08 | 54442.3 | 9.75-10~11 £8.23 - 10712
2007-12-09 | 54443.3 | 8.60- 10~ £ 7.85- 10712
2007-12-12 | 54446.3 | 5.40- 10~ +1.55- 10711
2007-12-14 | 54448.3 | 9.16- 101 +£1.50- 10~ !1
2007-12-15 | 54449.3 | 7.62-10~ "1 +1.41 .10~
2007-12-16 | 54450.3 | 4.82-10~11 +£1.31-10~11
2007-12-17 | 54451.3 | 3.30-10~ "' +1.10- 10!
2008-01-01 | 54466.2 | 9.95- 10~ +6.91 - 10~ '2
2008-01-02 | 54467.2 | 1.24-10719+5.28 - 10712
2008-01-04 | 54469.1 | 1.17-10710+7.27-10712
2008-01-05 | 54470.1 | 1.02- 10710 £8.38 - 10712
2008-01-06 | 54471.1 | 9.21-10711 +£9.24.10712
2008-01-07 | 54472.2 | 6.99-10~" +£1.08-10~1
2008-01-08 | 54473.2 | 7.64-10~11 +6.18 - 10712
2008-01-09 | 54474.2 | 7.08- 10~ £5.35. 10712
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Date MJD | Integral flux [cm~2s™!]
2008-01-10 | 54475.1 | 7.26-10~ T £ 1.15- 10~ 11
2008-01-11 | 54476.3 | 5.10- 1071 +£9.60 - 10~12
2008-01-12 | 54477.1 | 8.37-10~11 £1.07-10~ 11
2008-01-13 | 54478.3 | 1.31-10710 £ 8.54. 10712
2008-01-14 | 54479.2 | 1.16-10719+1.12- 10711
2008-01-15 | 54480.2 | 1.35-10710 +9.66 - 10~12
2008-01-16 | 54481.2 | 1.68-10719 £ 5.92- 10712
2008-01-29 | 54494.1 | 1.02- 10710+ 9.57. 10712
2008-02-02 | 54498.0 | 1.27-10719+9.63- 10712
2008-02-04 | 54500.1 | 1.29-10~10+1.13- 10~ 11
2008-02-05 | 54501.0 | 9.99-10~ 11 +1.22.10~11
2008-02-06 | 54502.1 | 2.03-10710+6.93 - 1012
2008-02-08 | 54504.0 | 1.45-10"10+1.28-10~11
2008-02-11 | 54507.1 | 1.79-10719+1.09- 10~ 11
2008-03-01 | 54526.0 | 9.62- 1011 +£1.44 .10~ 11
2008-03-08 | 54533.0 | 1.18 10719+ 1.01-10" 1!
2008-03-11 | 54535.9 | 9.89 - 10~ 1 £ 7.42. 10712
2008-03-12 | 54536.9 | 7.69 - 10~ £8.92. 10712
2008-03-31 | 54555.9 | 3.05-10"10+1.12- 10~ 11
2008-04-02 | 54558.0 | 9.32- 10" +£1.53- 101
2008-04-04 | 54559.9 | 1.87-10710 +1.78 .10~
2008-04-06 | 54562.0 | 2.77-10~10 £ 2.88 .10~ 11
2008-04-12 | 54568.1 | 4.56 - 1011 £1.03 - 10~ 11
2008-05-04 | 54589.9 | 1.10-10~10+1.06 - 10~ 11
2008-05-05 | 54590.9 | 1.53-10719+1.20-10~ 11
2008-05-07 | 54592.9 | 7.83- 107 £+ 6.50 - 1012
2008-05-10 | 54596.0 | 7.95- 10~ £ 5.56 - 10~12
2008-05-23 | 54608.9 | 1.68 - 10710 +1.38 - 10~ 11
2008-05-25 | 54610.9 | 1.30-10719+1.72- 10711
2008-05-27 | 54612.9 | 2.52-10710+2.20- 10~ 11
2008-05-28 | 54613.9 | 1.24-10719+1.87-10~ !
2008-05-29 | 54614.9 | 1.45-10"10+2.26- 10~ 11
2008-06-03 | 54619.9 | 1.33-10"10+1.72.10~ 11
2008-06-05 | 54621.9 | 2.67-10~10+1.37-10~11
2008-06-06 | 54622.9 | 2.75-1010 £ 1.57-10~11
2008-06-07 | 54623.9 | 2.43-10710+2.48.10~ 1!
2008-06-08 | 54624.9 | 1.59 - 10710 £ 8.45. 10712
2008-11-30 | 54800.2 | 5.53 - 10~ £8.70 - 10~12
2008-12-02 | 54802.2 | 6.18 - 10~11 £8.29 - 1012
2008-12-04 | 54804.2 | 6.20- 10~ £6.96 - 10712
2008-12-05 | 54805.2 | 7.93- 107 £+ 6.65 - 1012
2009-01-04 | 54835.3 | 8.44 .10~ +£1.86- 107!
2009-01-22 | 54853.1 | 4.45-10~1 +£5.80- 10712
2009-01-24 | 54855.1 | 4.97 - 10711 £ 4.56 - 10~12
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Date MJD | Integral flux [cm~2s™!]
2009-01-26 | 54857.1 | 5.82- 10~ £6.87- 1012
2009-01-28 | 54859.1 | 5.16- 1071 +£4.49 - 10712
2009-01-30 | 54861.1 | 7.26- 10" +1.16- 1011
2009-02-01 | 54863.1 | 1.02-10710+1.56- 10~ 11
2009-02-03 | 54865.1 | 6.67 - 10711 +£4.90- 10712
2009-02-25 | 54887.0 | 5.22- 10711 £5.42- 10712
2009-03-01 | 54891.0 | 4.87- 10" £4.34. 10712
2009-03-17 | 54907.0 | 6.92- 1071 £5.47- 10712
2009-03-19 | 54909.0 | 5.27- 10" £8.18 - 10712
2009-03-21 | 54911.0 | 4.38 - 10~ +£4.61- 10712
2009-03-23 | 54913.0 | 4.86- 10" £4.35. 10712
2009-03-29 | 54919.0 | 2.29- 10~ £3.99 - 1012
2009-03-31 | 54920.9 | 3.63- 10" £3.67- 102
2009-04-15 | 54936.0 | 6.26 - 101 £9.96 - 10~ 12
2009-04-16 | 54936.9 | 7.12-10~ 11 +1.44 .10~ 11
2009-04-17 | 54938.0 | 4.72 .10~ +6.58 - 10712
2009-04-19 | 54940.0 | 2.30- 10~ £ 7.27-10712
2009-04-21 | 54942.0 | 4.13-107 "1 £ 7.12-10712
2009-04-22 | 54942.9 | 3.67-10~11 +£1.12- 10711
2009-04-23 | 54944.0 | 6.62- 10711 £7.83-10712
2009-04-24 | 54945.0 | 4.67 - 10~ £6.52- 10712
2009-04-25 | 54945.9 | 3.63-10~ 11 +1.26 .10~
2009-05-21 | 54971.9 | 4.36- 101 +£1.17-10~ 11
2009-06-13 | 54994.9 | 4.08 - 10~ 1 £8.29- 10712
2009-06-14 | 54995.9 | 5.74- 1011 £9.58 - 10~ 12
2009-06-15 | 54996.9 | 4.44-10~11 £7.60- 1012




A.7 Constant fit results for all light curves with daily bins

In the following, the results of a constant fit to the light curves from and
are summarised. The x2/ndf and the fit probability are given, as well as py of
the constant fit in cm~2s~! and/or units of the Crab Nebula CU.

Whole energy range

summarises the constant fit results for the light curves from for the
whole energy range from 400 GeV to 50 TeV.

Table A.12: Constant fit results of the light curves for the whole energy range from 400 GeV
to 50 TeV. The results are given separately for the whole observation length
and divided into the three different time periods.

Time period x%/ndf  Probability po [em2s71] po [CU]
03/2007 to 06/2009 3382/94 0 71410711 £7.82-1071  0.88+0.01
03/2007 to 05/2007 35.32/5 8.2-107"7 3.07-1071 +£243-10712 0.384+0.03
12/2007 to 06/2008  1486/55 0 1.11-10710 +£1.25-1072  1.38 4+ 0.02

11/2008 to 06/2009 160.3/32 5.2-10"% 4.91-107"% 4+1.10-1071  0.61 £ 0.01

Different energy ranges

contains all constant fit results for the light curves from for the
three different energy ranges from 400 GeV to 600 GeV, from 600 GeV to 1TeV and from
1TeV to 50 TeV.

Table A.13: Constant fit results of the light curves for the three different energy ranges.
The results are given separately for the whole observation length and divided
into the three different time periods.

Time period Energy range x%/ndf Probability po [CU]
400 GeV to 600 GeV  956.3/86 0 0.96 £+ 0.02
03/2007 to 06/2009 600 GeV to 1TeV 1032/84 0 0.96 £+ 0.02
1TeV to 50 TeV 1331/82 0 0.80 4+ 0.02
400 GeV to 600 GeV  1.97/4  0.7417 0.59 4+ 0.07
03/2007 to 05/2007 600 GeV to 1TeV 7.89/3  0.0483 0.44 £ 0.06
1TeV to 50 TeV 8.69/3  0.0337 0.35 £ 0.05
400 GeV to 600 GeV  361.9/53 0 1.45+0.03
12/2007 to 06/2008 600 GeV to 1TeV 424.2/50 0 1.48 +£0.03
1TeV to 50 TeV 702.5/50 0 1.26 + 0.03
400 GeV to 600 GeV  61.37/27 0.0002 0.63 £ 0.02
11/2008 to 06/2009 600 GeV to 1TeV 47.88/29 0.0151 0.66 £+ 0.02

1TeV to 50 TeV 80.64/27 3.0-1077 0.56 £ 0.02
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A.8 Short-term light curves

Figure A.1:

Figure A.2:
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Figure A.3: Short-term light curve with 5 minute bins of 5th May 2008 (MJD 54590.9)
with a constant fit to the data points.

Table A.14: Fit results of the correlated fit of the unfolded spectra of several single nights.
The Tikhonov regularisation is applied and the power law with variable slope
is used as fit function. The flux normalisation fy, the slope «, and the curva-
ture strength b are noted down.

1 —10
Date fo [ 0 ]

cm?sTeV

2007-12-04 4.18 + 0.29 -2.45 + 0.16 -0.20 £ 0.30
2008-01-09 3.28 £ 0.28 -2.18 £ 0.17 -0.35 £ 0.26
2008-02-06 7.47 £ 0.35 -2.30 = 0.08 -0.08 £ 0.10
2008-03-31 10.04 £0.32 -1.77 £ 0.07 -0.42 £ 0.09
2008-06-06 9.08 = 0.39 -1.87 £ 0.11 -0.21 £ 0.14
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Table A.15: All fit results of the correlated fit of the unfolded spectra for different fit functions in the three time periods from March
to May 2007, from December 2007 to June 2008, and from November 2008 to June 2009. The flux normalisation fjy,
the slope «, a possible cut-off energy Fp, and the possible curvature strength b are listed, as well as x?/ndf and the
probability of the fit.

10710
Time period Function fol——=< « Ey [TeV] b x%/ndf  Prob.
cm?sTeV

PL 1.12 £+ 0.09 -2.81 £ 0.17 1.22/2 0.5445

03/2007 to 05/2007 PL with cut-off 2.40 £1.92 -1.93 £ 0.90 0.60 £ 0.63 0.11/1 0.7451
PL with variable slope 1.26 + 0.18 -2.62 £ 0.24 -1.03 £ 1.0 0.04/1 0.8470

PL 4.35 + 0.02 -2.52 £ 0.01 1029.64/7  0.0000

12/2007 to 06/2008 PL with cut-off 5.77 £ 0.10 -1.97 £ 0.03 1.73 £ 0.10 113.82/6  0.0000
PL with variable slope 4.74 + 0.03 -2.14 £ 0.01 -0.68 + 0.03  28.73/6  0.0001

PL 1.93 £ 0.05 -2.65 £ 0.03 53.64/5  0.0000

11/2008 to 06/2009 PL with cut-off 2.54 £ 0.15 -2.12 £ 0.10 1.78 £ 0.36 11.54/4  0.0211
PL with variable slope 2.12 £ 0.06 -2.27 £ 0.07 -0.67 £ 0.11 3.31/4 0.5069
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Figure B.1: Mrk 421 light curves of MAGIC, Swift/BAT, RXTE/ASM, and KVA from
02/2007 to 08/2007.
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Figure B.2: Mrk 421 light curves of MAGIC, Swift/BAT, RXTE/ASM, KVA, and OVRO
from 09/2007 to 08/2008. The black vertical line represents the division from
year 2007 to 2008. The dotted lines represent the flares and minima mentioned
in section 7.2.
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Figure B.3: Light curves of MAGIC, Swift/BAT, RXTE/ASM, KVA, and OVRO from
09/2008 to 06/2009. The black vertical line represents the division from year
2008 to 2009. The dotted lines represent the flares mentioned in section 7.2.
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Table B.1: Fy,, for MAGIC, Swift/BAT, RXTE/ASM, KVA, and OVRO for the whole
time range from 02/2007 to 06/2009. For MAGIC F\,, was additionally calcu-
lated for the three light curves in different energy ranges.

Telescope Foar
MAGIC 0.64 £+ 0.01
MAGIC (400 GeV - 600GeV)  0.50 £+ 0.02
MAGIC (600 GeV - 1TeV) 0.54 4+ 0.02
MAGIC (1TeV - 50 TeV) 0.76 £ 0.02
Swift/BAT 0.46 £+ 0.04
RXTE/ASM 0.66 + 0.01
KVA 0.245 + 0.002

OVRO 0.032 £ 0.004
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Table B.2: Fy,, for MAGIC, Swift/BAT, RXTE/ASM, KVA, and OVRO for the three
time ranges from 02/2007 to 08/2007, from 09/2007 to 08/2008, and from
09/2008 to 06/2009. For MAGIC Fi,, was additionally calculated for the three
light curves in different energy ranges.

Telescope Time range Time range [MJD] Foar
03/2007 to 05/2007 54166.9 - 54232.9 0.38 £ 0.07
MAGIC 12/2007 to 06/2008 54438.2 - 54624.9 0.49 +0.01
11/2008 to 06,/2009 54800.2 - 54996.9 0.27 £ 0.03
MAGIC 03/2007 to 05/2007 54170.9 - 54232.9 0
(400 GeV - 600 GaV) 12/2007 to 06/2008 54438.2 - 54624.9 0.35 £ 0.02
11,/2008 to 06,/2009 54800.2 - 54996.9 0.18+0.04
MAGIC 03/2007 to 05/2007 54166.9 - 54211.9 0.32 +0.11
(600 GeV - 1TeV) 12/2007 to 06,/2008 54438.2 - 54624.9 0.40 4+ 0.02
11/2008 to 06/2009 54800.2 - 54996.9 0.15+0.04
MAGIC 03/2007 to 05/2007 54166.9 - 54211.9 0.40 +0.12
(1TeV - 50 TeV) 12/2007 to 06,/2008 54438.2 - 54624.9 0.62 4+ 0.02
11/2008 to 06/2009 54800.2 - 54996.9 0.39 £ 0.04
02/2007 to 08/2007 54143 - 54322 0
Swift/BAT 09/2007 to 08/2008 54354 - 54709 0.60 £ 0.04
09/2008 to 06/2009 54712 - 55000 0
02/2007 to 08/2007 04141.4 - 54343.1 0.37 £0.05
RXTE/ASM 09/2007 to 08/2008 54344.3 - 54706.5 0.57+0.01
09/2008 to 06/2009 54710.3 - 54997.7 0.40 4+ 0.02
02/2007 to 06/2007 54149.2 - 54268.9 0.169 £ 0.004
KVA 11/2007 to 06/2008 54416.3 - 54630.9 0.240 4+ 0.002
11,/2008 to 06,/2009 54788.3 - 55003.9 0.238 £0.003
OVRO 01/2008 to 09/2008 54473.3 - 54712.7 0
10/2008 to 06,/2009 54763.5 - 54989.9 0.037 4+ 0.004




Appendix B Supplementary information: MWL correlations

DCF

Delta t (days)

(a) MAGIC and MAGIC, 12/2007 to
06,/2008.

15¢
1.0F 1

05F ]

05 1

1.0F 7
5L

DCF

-40 -20 0 20 40
Delta t (days)

(c) Swift/BAT and KVA, 09/2007 to
08,/2008.

15¢
1.0F 1

05f 1

DCF

0.0F
-05[ 1
-1.0F ]
-15E

-40 -20 0 20 40
Delta t (days)

(e) Swift/BAT and OVRO, 09/2007 to
08,/2008.

B.3 Additional results for cross-correlation
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Figure B.4: DCF results for different sets of telescopes in the time period from autumn
2007 to summer 2008. For the exact dates and the set of two telescopes see
the corresponding caption of each figure. The red line is the median of all
1000 DCFs. The blue and green line represent the 95% and 99% confidence
limits.
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Table B.3: Reference list of instruments for the SED of Mrk 421.

Abbreviation Instrument

NORTH Green Bank Northern Sky Survey | ]
DIXON Ohio State University Radio Observatory (The director of the radio
observatory was R. Dixon.) [ ]
JVASPOL Jodrell-VLA (Very Large Array) Astrometric Survey | ]
OVRO Owens Valley Radio Observatory, data shown in
2MASS Two Micron All Sky Survey | ]
SDSS10 Sloan Digital Sky Survey (10th release) | ]
USNO US Naval Observatory | ]
KVA Kungliga Vetenskapsakademien telescope, data shown in
Catalina Catalina Real-Time Transient Survey | ]
2XMM XMM (X-ray Multi-Mirror)- Newton in pointed mode | ]
XMMSL1 XMM (X-ray Multi-Mirror)- Newton in slewing mode | ]
ARIEL Leicester Sky Survey Instrument on Ariel V | ]
BAT39 Swift/BAT after 39 months | ]
BAT54 Swift/BAT after 54 months [ ]
IBISSG4 Fourth IBIS (Imager on Board INTEGRAL Spacecraft) Survey
Catalog | ]
BAT58 Swift/BAT after 58 months [ ]
BAT70 Swift/BAT after 70 months [ ]
AGILE Astrorivelatore Gamma ad Imaggini LEggero satellite | ]
Fermi Large Area Telescope (LAT) on board the Fermi satellite [ ]
MAGIC Major Atmospheric Gamma-Ray Imaging Cherenkov telescopes,
this work
Table B.4: Dates and time ranges in MJD for the SED in three different time ranges.
Instrument 2007 2007-2008 2008-2009
OVRO 54473 - 54713 54764 - 54990
KVA 54149 - 54269 54416 - 54631 54788 - 55004
Catalina 54158 - 54273 54417 - 54640 54791 - 54975
2XMM 54229 - 54231 54424 - 54617 54793 - 54976
XMMSL1 54224
AGILE 54290 - 54648
Fermi 54683 - 55017

MAGIC

54167 - 54233

54438 - 54625

54800 - 54997







Appendix C
One-zone SSC model for the 2009

SED

In order to get an insight into the emission of radiation in the jet of Mrk 421, data span-
ning over the whole electromagnetic spectrum have been considered. In the
variability of the light curves of different experiments was quantified. A connected vari-
ability of X-rays and ~-rays was found. In the correlation of these light curves
was examined. It was shown that the ~-ray light curve is directly correlated to the X-ray
light curves, but that it is not directly correlated to the optical and radio light curves. In
it could be seen that both bumps of the SED behave similarly. All these results
hint towards a possible description of the emission process by the SSC emission model.
For the modelling of a SED it is necessary to measure as much as possible of the elec-
tromagnetic spectrum during the same emission state. In the active time period from
the autumn of 2007 to the summer of 2008 the flux state of Mrk 421 changed frequently.
Therefore, it was not possible to get a good sampled SED for these different emission
states. Additionally, it would not make sense to model an average SED during this vari-
able time period. The flux emission from the beginning to the summer of 2007 was low and
stable. However, the second bump is not fully covered during that time period. Therefore,
the time period from the autumn of 2008 to the summer of 2009 is chosen for the SED
modelling because firstly, Mrk 421 was in a stable and low emission state, which ensures a
stable SED shape, and secondly, the second bump of the SED is covered because Fermi-
LAT data is available.
The SED to be modelled does not include the radio data point by OVRO because the
radio emission is believed not to stem exclusively from the same emission region as the
higher energetic radiation. Therefore, it only serves as an upper bound for the modelling.
The included data points for the modelling by KVA in the optical waveband, by 2XMM
in the X-ray waveband and by Fermi and MAGIC in the v-ray band were already shown
in . The exact dates of these averaged observation results can be found in
. The data point by Catalina in the optical waveband is not included in the
modelling because it is not corrected for the contribution of the host galaxy. The one-zone
SSC model used here does not include this contribution. Additionally, average results
in the hard X-ray waveband from BAT58 and BAT70 are included. These points were
already shown in
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The SSC emission model is based on the synchrotron emission of an electron population
and the subsequent IC scattering of these synchrotron photons on the same electron pop-
ulation. The electron population follows a power law spectrum between Vyin and Ymax,
whereas the electron energy is expressed via ymec?. However, a break at Yppeak in the
electron spectrum is assumed because high energetic electrons are suppressed due to the
energy loss by synchrotron radiation [ |]. The electron energy distribution can be

specified as follows:

dN Ne -y~ for Ymin < ¥ < Ybreaks
d = as—ay Jbreak —a __ (Cl)
Y Ne * Vppoak € Tmax -y~ 2. e Tmax for Yhreak < -

Here, ne gives the density of electrons in the emission region and a; and ao describe the
spectral index below and above the break energy ~preac. The following additional param-
eters are needed for the modelling: the radius R of the spherical emission region, the
strength of the magnetic field B, and the Doppler factor § of the emission region. Here, a
single zone is assumed as emission region.

The script used here is provided by M. Doert. It uses the SSC model description given
in | ]. The code was already successfully applied to the SED of Mrk 501 with data
of the year 2009 and the results are to be published in [ ]-

For this first rough modelling approach, the parameters Ymin, Yoreak, Ymax, O1, 2, Ne, R,
B, and § are iterated and a resulting model is produced for all combinations. The y? of
these models in comparison to the given data points gives a measure for their goodness
of fit. In the five best matching models - according to the smallest resulting
x? values, whereas model 1 is the best fitting model - are plotted in comparison to the
given data points. It has to be noted that the calculation of the x? includes the error bars
of the data points into account. Therefore, the goodness of the fit is dominated by the
deviations in the X-ray range because these data points have the smallest error bars. The
used model parameters of the five best matching models are summarised in

Table C.1: One-zone SSC model parameters for the 2009 SED of Mrk 421.

Parameter Model 1 Model 2 Model 3 Model 4 Model 5

Ymin 1.0-102 1.0-10> 1.0-10> 1.0-10> 1.0-10?

Vbreak 1.3-10° 35-10* 1.0-10* 35-10* 1.3-10°

Ymax 3.7-106 7.0-10" 3.7-10 7.0-10° 7.0-107
aj 2.3 2.1 2.3 2.3 2.2
Qs 3.5 3.7 3.5 3.7 3.7

ne [em™3]  1.5.10® 1.0-10> 1.0-10*> 1.0-10* 1.0-102
R [cm] 5.0-106  5.0-10% 1.6-10'7 1.6-10'" 1.6-10'7

B [mG] 10.6 47.3 47.3 100 5
o 50 40 40 20 50
In it can be seen that all models describe the falling edge of the first bump well.

None of the models comes close to the optical point by KVA. All models overestimate the
optical flux. The data points of the second SED bump is described best by model 1 and
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Figure C.1: SED of Mrk 421 in 2009 with five one-zone SSC models with different
parameters.

model 5. The other three models clearly underestimate the flux at the higher energies.
Model 1 and 5 have a high Doppler factor of § = 50, a high break energy Yphreak and a
small magnetic field strength B in common. The high Doppler factor is responsible for
the apparent brightness at the highest energies. The high break energy causes the peak
position of the first SED bump to appear at higher frequencies. This describes the rising
edge of the first bump better than the models with lower break energies.

The data set covering the quiet emission state of Mrk 421 from the autumn of 2008 to the
summer of 2009 can be roughly described by the one-zone SSC model. However, deviations
are seen for the optical data point as well as for the data points in the vy-ray waveband.
The given data set was very limited in comparison to the data set e.g. in [ ]. In
the study by | ] it could also be seen that the given shape of the SED required an
electron spectrum with two breaks instead of just one. Due to the limited amount of data
points, this was not further investigated here. The resulting values of model 1 and 5 for
the radius R, the magnetic field strength B, and the Doppler factor ¢ of the emission
region are comparable to the results found by | -

It could be shown that the provided script is able to find a model for a one-zone SSC
emission scenario for the SED of Mrk 421 during the quiet emission state in 2009. For
a given parameter set it determines the goodness of the fit and the best matching model
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can be selected. A next step would be a finer grid of the model parameters around the
parameters of the best matching model.
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Two Micron All Sky Survey
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Discrete Correlation Function
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field of view
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gamma-ray burst
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IC inverse Compton (scattering)

ISM interstellar medium
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NS neutron star
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PSF point spread function
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SED spectral energy distribution
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