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Abstract

This thesis summarizes a senior project on the Active Galactic Nucleus (AGN)
Markarian 421 (Mrk 421). An AGN is thought to be the site of acceleration where
gamma-rays are generated in energy jets at kpc-Mpc scales. From this mechanism,
an intense flux of GeV and TeV photons is created by means of non-thermal pro-
cesses, e.g. synchrotron radiation and inverse Compton. Mrk 421 is one of the most
well-studied AGN, but still an important source of new knowledge considering the
continuous development and refinement of gamma-ray instruments and techniques of
observation.

To verify flux observations and analyses is an important task in itself, which is
the main purpose of this thesis. A second aim was to explore the implications of
the Synchrotron Self Compton (SSC) model, the main non-thermal process that is
believed to fuel the very-high-energy (VHE) emission of AGNs and blazars.

Observations of Gev and TeV flux with Fermi Large Area Telescope (LAT)
and High Energy Stereoscopic System (H.E.S.S.) were compared with previous
reports and publications of flux analyses of the gamma-ray emission from Mrk 421.
The datasets used in the thesis cover periods of both steady state flux and flaring
fluxes, between 2008 and 2013. Analysis software from the Fermi-LAT and H.E.S.S.
collaborations and computational resources from the center for scientific and technical
computing at Lund University (LUNARC) were used to verify source significance (σ),
the variability of the flux over time (light curves) and Spectral Energy Distributions
(SED).

Three SED models were tested in the GeV and TeV bands: power-law (PL),
power-law with exponential cutoff (PL cutoff) and log-parabola (LP). The results
were compared with previously reported SED and values of SED model parameters.
Finally, the implications for the models of Electron Energy Distributions (EED) were
assessed with respect to simple one-zone homogeneous synchrotron self Compton
models of non-thermal emission.

The PL cutoff model turned out to make a good fit to most SEDs in the GeV and
TeV bands, the exception being a few short periods of observation with a limited
number of gamma events (photons). The energy dependent photon flux corresponded
well to previous estimates, ∼ 10−7 photons s−1 cm−2, photon index Γ between
1.7-1.8, in the GeV-range with Fermi-LAT; ∼ 10−11 photons s−1 cm−2, photon
index Γ between 2-4, in the TeV-range with H.E.S.S. (> 2 TeV).

A cutoff in the GeV-range is expected considering the spectral profiles of Mrk 421
in the TeV-band, but so far only the simple PL has been reported in the GeV-range.
The new finding is likely due to the use of a new thoroughly revised version of the
Fermi-LAT data Pass 8. It makes the spectral analyses in the GeV and TeV-range
more consistent than before.

Keywords: astrophysics, AGN, active galactic nucleus, gamma-rays, Markarian 421,
energy flux, spectral energy distribution, synchrotron self Compton
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1 Introduction

This thesis deals with the gamma-rays from Markarian 421 (Mrk 421), a relatively close
Active Galactic Nucleus (AGN), located at a distance of 120-135 Mpc, and redshift z =
0.031 [1], with a highly luminous core having an absolute magnitude of ∼ -26 in the visual
range and 3.25 x 1037 W in the GeV-range, presumely powered by a supermassive black
hole and material from a neighboring galaxy Mrk 421-5.

The work is based on published studies and new flux analyses of GeV data from the
Fermi Large Area Telescope (LAT) [2] and TeV data from High Energy Stereoscopic
System (H.E.S.S.) [3]. The data access was granted through the research group "Very
High Energy (VHE) gamma-rays" headed by Yvonne Becherini at Linnaeus University.
This introduction summarizes the scope of the work.

Often used abbreviations in the thesis are listed in appendix A.

1.1 Active Galactic Nuclei and Mrk 421

Active Galactic Nuclei are galaxies with a compact core region (1-100 AU) of high
luminosity that may outshine the host galaxy and with a power in the range 1011-1015 L�
[4]. The physics of the radiation processes involved is a topic of discussion and research
in astrophysics, and so is the physics of the GeV and TeV gamma-rays that surpass normal
conditions of stellar and galactic thermal emission. Nevertheless, some consensus has
emerged on certain general components and features of AGN.

At the center of the AGN, there is a high-energy accelerator in the form of a supermassive
black hole (SMBH), 105-1010 M� (solar mass), forcing matter to spiral inward towards the
SMBH and form an accretion disk of matter with increasing rotation speeds towards the
center. The radially increasing speed causes friction between inner and outer accretion
rings. The particle collisions and friction produce heat that can reach temperatures high
enough to generate thermal emission in the range of X-rays, but not high enough to account
for the extreme luminosity and the non-thermal features of AGN, e.g. a power-law energy
distribution instead of the Planck spectrum of black-body radiation.

The source of the non-thermal emission is thought to be the bipolar jets that are vertically
oriented with respect to the accretion plane. The outflows of charged particles at relativistic
speeds interact with the magnetic fields of the AGN and generate synchrotron X-rays that
are in turn up-scattered by relativistic electrons (inverse Compton, IC) to gamma-rays in
the Gev and TeV-range. Telescope observations and analysis of the change in energy flux
and spectral patterns are than an important step towards a better physical understanding of
the jet physics.

Markarian 421 is one of the most well studied AGN [5]. This is both an advantage and a
disadvantage for a senior project as this one. It is an advantage since it allows for a rich
guidance of hypotheses and comparisons of results. It is disadvantage since time limits
make it hard to do justice to all of the research, in terms of both width and depth. For this
thesis, the benefits of studying Mrk 421 seemed to outweigh the risks.
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1.2 Gamma-ray telescopes, analysis and modelling

The general aim of high energy astrophysics is to understand the high-energy emission
and physics of Galactic and extragalactic sources. There are several obstacles that need to
be overcome. First, gamma-rays cannot be observed directly on Earth, because they are
absorbed by its atmosphere. Second, special detectors and observation techniques need to
be developed since gamma-rays cannot be focused by means reflection or refraction, as
is done in traditional optical telescopes. Third, gamma-rays cover a frequency range of
many orders of magnitude. To cover the full spectrum of synchrotron and IC radiation,
multiwavelength (MWL) studies coordinated by different telescopes are needed.

In this thesis, I have analysed data from two telescopes covering the GeV and TeV energies
respectively, Fermi Large Area Telescope (LAT) [2] and High Energy Stereoscopic System
(H.E.S.S.) [3]. The Fermi-LAT is a space-based telescope launched in June 2008 and
based on the conversion of an incoming gamma photon into an electron-positron pair.
The Fermi-LAT first tracks the paths of e+e− pairs, allowing the reconstruction of the
direction of the initial gamma-ray, and then measures their energy with CsI(Ti) crystals.
The initial data processing, including reconstruction of single photon events, is done by the
Fermi-LAT collaboration. Public data are freely available from the Fermi-LAT Science
Support Center at NASA.

The principles of operation of H.E.S.S. is different. H.E.S.S. is an array of five ground-
based "Imaging Atmospheric Cherenkov Telescopes" (IACT) in Namibia. The telescopes
record the Cherenkov light that is generated from charged particle cascades in air. When a
gamma-ray hits Earth’s atmosphere, it generates a "cascade" of electrons, positrons and
photons, and thus the cascade is called "electromagnetic" (EM). The charged particles of
the electromagnetic cascade (e+e−) can have a speed which is larger than the speed of
light in the atmosphere, therefore their passage in the atmosphere produces a cone of light
covering an area of approximately 45 000 m2 when hitting the ground, the radius from the
center axis ≈ 120 meter.

By means of the telescope image and Monte Carlo simulations, the direction and energy of
the original gamma-ray is then reconstructed and separated from the abundant background
signal of cosmic rays, high energy nuclei, that also produce extensive air showers (EAS).
H.E.S.S. data are provided only to members of the collaboration and I could access them
through the participation of Linnaeus University to H.E.S.S. The reconstruction of gamma-
ray events, i.e. the determination of the energy and the direction of single photons, is done
by means of sophisticated analysis methods developed by H.E.S.S. collaboration members
[6].

Together Fermi-LAT and H.E.S.S. allow us to search for and detect new gamma sources,
to measure their flux over time, and to analyse their spectral properties and their spectral
energy distributions (SED). They cover the inverse Compton range of Synchrotron Self
Compton (SSC) radiation. The synchrotron part, from radio to X-rays, needs to be studied
by other telescopes. They will not be discussed here, although some references to the SED
of Mrk 421 will rely on such data.
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1.3 Aims and objectives

This thesis is the final report of a senior project in the physics programme at Linnaeus
University. The aim has been to make use of Fermi-LAT and H.E.S.S. data to explore,
analyse and interpret the high-energy (HE) and very-high-energy (VHE) flux of Mrk
421.

Being a senior project, a lot of time has been spent on getting to know the datasets in
question and learning how to manage computer operating systems and analysis software.
This practical work is of course important and instructive, but it is by and large left out of
account in this report. The thesis is devoted to the actual object of study, AGNs, Mrk 421,
instruments of observation, data processing, methods and results of analysis, including
previous research and publications.

The main objectives were to (1) estimate and analyse the spectra and light-curves of Mrk
421 based on available datasets, (2) test different models of spectral energy distributions
(SED) and (3) compare the results with analyses in previous publications. A secondary
objective was to evaluate potential implications of the findings for the simplest model of
high energy emission from AGN, i.e. the Synchrotron Self Compton (SSC) model.

The main component of a SSC model is a population of relativistic electrons spiralling
along the magnetic fields of AGN, a bipolar jet generating synchrotron photons which are
then up-scattered by inverse Compton process to HE and VHE gamma-rays [7]. Even the
simplest SSC model includes a number of components and model parameters, most notably
a model of the Electron Energy Distribution (EED), the Lorentz bulk factor defining the
relativistic speed of the jet, the magnetic field of the AGN and the size of the region of
injected electron plasma.

A number of SSC models of Mrk 421 have so far been published based on MWL studies,
including several models covering the time periods used also in this thesis [8] [9] [10].
Therefore the thesis includes an evaluation of how data can constrain SSC models [11] and
also discusses how the current findings may make a difference to current models.

3



2 Active Galactic Nuclei (AGN)

Active Galactic Nuclei (AGN) refer to compact core regions of galaxies that display a
higher luminosity than normally expected, sometimes greater than the host galaxy, i.e. the
galaxy excluding the core region [12]. As an example, consider a medium-sized galaxy, the
Milky Way, containing more than 1011 stars, each star with mean L� ≈ 1026 W. A simple
integration yields 1037 W = 1044 erg/s. This implies an enormous mass in a relatively
compact area. The Eddington luminosity LEdd, i.e. the maximum luminosity of a body
in balance between radiation and gravitational forces, indicates the scale, the Eddington
luminosity being proportional to mass:

LEdd ∼= 3.2 ∗ 104

(
M

M�

)
L� = (1)

1.2 ∗ 1031 W

(
M

M�

)
(2)

MEdd
∼=

1

3.2 ∗ 104

(
Lobs
L�

)
M�, (3)

where M� and L� stand for solar mass and luminosity. The third equation is a simple
reversal of the first, but with another interpretation. The first one represents the maximal
luminosity of a star with a mass M in hydrostatic equilibrium. MEdd then represents the
minimum mass of a star in hydrostatic equilibrium. Considering luminosities in the order
of 1011-1015 L�, it implies a galactic mass in a compact region. The only compact objects
on this scale are black holes.

Altogether, black holes are estimated to emit as much as one-third of all the
radiation in our universe [13].

The extreme luminosity produced in a relatively compact region is one argument for
assuming that AGN are powered by supermassive black holes (SMBH). The argument
can be further elaborated by considering the Schwarzschild radius rs, i.e. the maximum
radius r of an object with mass M that makes the escape velocity exceed the speed of light,
thereby creating a black hole:

rs =
2MG

c2
≈ 3 km

M

M�
(4)

r ≈ 7 ∗ 105 km

(
M

M�

)1/3

(5)

M

M�
> 113 ∗ 106 → rs > r (6)

The equation 5 represents the radius of a stellar object with the same density as the sun,
but different mass M. The equation 6 shows the relation between relative mass and rs.
When the mass M exceeds 109 M�, which is a characteristic of AGN, rs exceeds r, i.e. the
condition for a black hole.
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Within the so called "event horizon" of a black hole, the escape velocity exceeds the speed
of light and light is trapped. Consequently, the source of emission in AGN is not SMBH
itself, but is to be found in its neighbourhood outside the event horizon, where gravitational
forces drive energy transformations of matter.

2.1 General characteristics

The formation of AGN is based on the accretion of matter around a SMBH (figure 1).
Gravity attracts dispersed material toward the SMBH and creates an annular structure of
orbiting gas and dust, particles and objects. The friction between material in adjacent
annular rings and outward transport of angular momentum cause material to spiral inward
towards the center with increasing speed. A spherical or ellipsoidal distribution of matter
turns into an accretion disk. With increasing speed and collisions closer to the SMBH,
there is also a steady increase in temperature and radiation. At a certain point, depending
on temperature and density, electrons separate from protons. The acceleration of charged
particles generate magnetic fields which can be felt by the charged particles in the environ-
ment. This mechanism generates synchrotron radiation, Compton and Inverse Compton
scattering. Outflows of charged particles, protons and electrons, spiraling around strong
magnetic fields orthogonal to the accretion disk, produce collimated radiation, believed
to be the main power source of the intense high energy jets seen in some AGN (figure
1).

The size of SMBH is in the order of our solar system. For a non-rotating black hole with
mass equal to 106-109 M�, rs is in the range 0.01-10 AU. The inner edge of the accretion
disk is often equated with the innermost circular stable orbit (ICSO). ISCO is in the same
order of magnitude as rs. The outer edge is harder to define. It depends on the distribution
of accretion mass. H. Netzer proposes a criterion based on gravitational considerations, the
SMBH radius at which the self-gravity of the accretion material balances the gravitational
force of SMBH, i.e. the distance at which vertical fragmentation of the accretion disk is
expected [14]. For certain models (geometrically thin and optically thick), a range of rout
is estimated to 0.01-0.1 pc.

The general picture of AGN allows for large variation, for example the mass, composition
and distribution of accreted material, as well as the size of SMBH and other black hole
characteristics. It leaves a lot of room for variation in patterns of emission and observation.
Not even the distinction between active and not active (normal) galaxies is clear-cut. On
long time scales, it is reasonable to expect most, if not all galaxies to alternate between
states with and without strong core emission. At some initial point, a black hole co-exists
with accretion material. At some later point, all AGN run out of accretion material that is
fueling core emission. This is illustrated by a recent observation with Fermi-LAT of two
giant gamma-ray bubbles in the center of the Milky Way. The bulbs are symmetrically
positioned at its center, above and below the galactic plane. The favoured hypothesis is
that the bulbs are residuals of earlier high energy jets powered by Sagittarius A*, a SMBH
surrounded by a bright core region at the center of the Milky Way [15].

On shorter time scales, when carrying out observations, galaxies appear either active or
passive, with AGN being characterized by fast or slow variations of core emission. The
spatial distribution of AGN then also depends on the distance of observation. For example,
there is no AGN in the local group to which The Milky Way belong. The closest one is
Centaurus A (NGC 5128), 3-5 Mpc, allowing for extraordinary visuals of its morphology
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Figure 1: The main structure and components of Active Galactic Nuclei (AGN). Image courtesy of The
Royal Swedish Academy of Sciences and Anna-Lena Lindqvist, Lindqvist Grafik & InfoDesign AB [13].
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Figure 2: Image of Centaurus A: jets, lobes and torus in submillimeter (orange) from the Atacama Pathfinder
Experiment (APEX) telescope; jets and bulbs in X-ray (blue) from the Chandra X-ray Observatory; dust
lane and stars in visible light from the Wide Field Imager on the Max-Planck/ESO 2.2 m telescope. The
X-ray jet in the upper left extends for about 13 000 light years, with material travelling at about half the
speed of light. Image courtesy: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre);
NASA/CXC/CfA/R.Kraft et al. (X-ray)

(figure 2). H. Netzer [14] reports an estimate of one out of fifty local galaxies (z ≤ 1)
hosting a fast-accreting SMBH; one out of three hosting a slow-accreting SMBH. Distance
is here measured by the red-shift z. Applying Hubble’s law, with the speed of light c
≈ 3 × 105 km s−1 and Hubble’s constant H0 =73 km s−1 Mpc−1, a red-shift of one
corresponds to a distance D ≈ 4 Gpc, cf. Andromeda at ≈ 800 kpc and the Virgo Cluster
at ≈ 16.5 Mpc (7)

z ≈ D

c
H0 ⇔ D ≈ z

c

H0

≈ 4z Gpc, (7)

The basis for Netzer’s estimates of the local AGN distribution is not clear. One way to
produce explicit estimates is to rely on the NASA/IPAC Extragalatic Database (NED) [1].
It contains about 215 millions unique objects, of which 108 214 are classified as AGN (date
of search: 2016-07-14). Quasars (QSR) constitute the largest subgroup of AGN, 86 581
(80 %). It is the only group of AGN that can be selected to make systematic comparisons
of the redshifts of galaxies and AGN. For efficient database searches, due to the large
number of objects, only small samples can be extracted. For the purpose of comparison,
the redshift was therefore binned in ten intervals. The numbers of galaxies and QSR
were recorded for each bin. Finally, the proportion of quasars was plotted with respect to
redshift (figure 3). It revealed a strong correlation between redshift and proportion of QSR.
Locally, z ≤ 0.1, less than one percent is QSR. With z close to 2, about half of the objects
were QSR.

One explanation for the asymmetry, i.e. galaxies and QSR at smaller and larger galactic
distances respectively, is that it is simply easier to observe stronger sources at large
distances. Another explanation is that observations of distant galaxies are made in earlier
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Figure 3: The proportion (%) of quasars (QSR) among galaxies in the NASA/IPAC Extragalactic Database
(NED) on a log-log scale. Lists of records were extracted for ten binds of red shift. The numbers of galaxies
and QSR were recorded for each bin. Date of search: 2016-07-15.

phases of cosmological time when galactic accretion processes were more prominent.
When looking at the Milky Way and galaxies close to it, SMBH have had more time
to burn up the surrounding matter fueling AGN. Both explanations may be relevant to
account for the correlation between galactic distance and core emission.

In NED, QSR is one type of AGN, but considering that it represents 80 % of the AGN, it
could also be seen as the most typical one. A QSR is a distant object with a core luminosity
much greater than the luminosity of the host galaxy. For example, the quasar 3C 273 in the
constellation of Virgo has apparent and absolute magnitudes of 12.8 and -26.7 respectively,
although relatively close, z=0.16. Beyond these general features, the terminology has
not been too consistent, for example whether QSR display strong radio emission or not
(cf. [14] and [16]. Apparently some may show radio emission. Others not. This rather
general and loose category of AGN may explain its high proportion in NED. Other AGN
categories are more specific. There are more than a dozen in the literature. NED lists
five categories in addition to QSO: AGN type 1 (marked by broad emission lines), AGN
type 2 (marked by narrow emission lines), BL Lac (marked by high flux variability and
non-thermal spectra), Seyfert (marked by weak radio emission) and LINER (low-ionization
nuclear emission-line region). The latter is a spectral variant of Seyfert.

NED also contains subcategories of Seyfert: type 1 (broad and narrow emission lines)
and type 2 (only narrow lines). The subdivision overlaps with the distinction between
AGN type 1 and 2. In the literature on AGN, it is also common to name the corresponding
subcategories of radio-loud, non-Seyfert AGN: BLRG (broad line radio galaxy) and
NLRG (narrow line radio galaxy) [16]. The character of the radio emission may be further
characterized in terms of Fanaroff-Riley type 1 and 2 (FR 1 and 2), weak and strong
sources of radio jets and lobes.
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Figure 4: A scheme for unifying types and observations of AGN. The type of AGN depends on the viewing
angle. For explanations of abbreviations, see text. Credit: Beckmann & Shrader [6]. Graphic courtesy of
Marie- Luise Menzel (MPE).

Absolute luminosity and spectral profiles are the main criteria used to define AGN cate-
gories. The overlapping features raise the question whether the different AGN categories
correspond to the same type of object, with similar radiative processes, or represent distinct
intrinsic conditions of emission. The current view is that AGN represent the same type
of object and that the observed variation in energy radiation depends more on the point
of view than the point of emission, i.e. the unified AGN model. In particular, depending
on the angle between the line of sight and the jet axis, different AGN emission profiles
emerge (figure 4). This is not to say that there are no intrinsic differences in emission
between AGN, as some of them for instance display jets.

The unified model allows for a simple integration of AGN categories and profiles by
taking conditions of observation into account, but does not preclude intrinsic differences.
It includes several components in addition to the two basic components, a SMBH and
an accretion disk, in particular an outer torus of absorbing dust, distinct disk regions
where narrow and broad lines are generated (regions of slower and faster rotation), regions
of inner electron plasma and bidirectional vertical collimated energy jets orthogonal to
the accretion plane. In this thesis, due to its limited scope, the discussion is limited
to the mechanisms that support the high energy emission of AGN, mainly non-thermal
emission.

2.2 Thermal emission

The electromagnetic (EM) radiation of AGN is driven by the release of gravitational energy
during mass accretion onto a SMBH. The total accretion luminosity Lacc is the potential

9



energy released in the form of EM radiation when moving matter from infinity (zero
energy) to the ISCO (8). The ISCO depends on the black hole characteristics, either if it is
a rotating black hole or if it does not rotate.

Lacc =
GMṀacc

2risco
(8)

For the non-rotating case:

risco = 3rs (9)

For the maximal rotating case:

risco = rs/2 (10)

Substituting rs for risco, and equation (4) for rs, Lacc (equation 8) can be simplified and
expressed by the mass accretion rate times two constants, an efficiency factor η and c2

(see equation 11), where 0.08 < η < 0.5. This means that mass is converted into energy
with an efficiency between 8-50 %, which can be compared with the 0.7 % efficiency
of stellar nuclear fusion of hydrogen nuclei into hydrogen. The estimated range of AGN
efficiency is based on a simplified model, but close to the range reported by H. Netzer:
0.04 < η < 0.42 [14].

Lacc = ηṀc2 (11)

EM radiation can be of two types, thermal and non-thermal. Thermal emission, or black
body radiation, refers to EM radiation generated by random particle collisions and vibra-
tions in material at thermodynamic equilibrium. Stellar spectra are often approximated
by black-body radiation. The spectral flux density is then described by the Planck’s law
(12):

Iν =
2hν3

c2
1

exp( hν
kT

)− 1

(
W m−2 sr−1Hz−1

)
(12)

The energy peak can be calculated with the Wien’s displacement law (13)

λmax =
3.0× 10−3

T
(m)⇔ νmax = 58.8× T (GHz) (13)

and the bolometric luminosity by the Stefan–Boltzmann equation:

F = σT 4 ≈ 5.7× 10−8 T 4 (W m−2) (14)

The simplest emission model of the accretion disk is to assume "local black body radiation",
i.e. treating a thin circular segment at a distance r from the SMBH, an annular ring in the
accretion disk, as a black body of temperature T [14]. By integrating over the disk area,
with a formula for the radius dependent temperature T(r), the Stefan-Boltzmann law can
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be used to estimate the luminosity of the AGN accretion disk. The model implies that
T(r) ∼ r−3/4 [14]. A simple formula for assessing the order of magnitude of Lacc can then
be derived by assuming T(risco) to be known (105 K), by approximating risco equal to rs,
letting rmax →∞, and by disregarding the temperature dependent radiation closer to the
SMBH:

risco = 1 (AU) (15)
Tisco = 105 (K) (16)

T (r) = Tisco

(
risco
r

) 3
4

(17)

A = 2× 2πrdr (18)

Lacc = σ
∫ rmax

risco
T (r)4dA ≈ (19)

σ T 4
isco 4π r2isco ≈ (20)

109-1010 L� (21)

where L� is the luminosity of the Sun.

The calculation only serves to illustrate that the annular black body radiation from SMBH
accretion disks can in principle generate high levels of luminosity. To reach higher
luminosities, 1012 − 1015 L�, a maximum temperatue of the order of a million is needed.
According to H. Netzer [17], this is not likely, although there are publications reporting
maximum temperatues close to a million, 8 × 105 [18], increasing Lbol to 1011 − 1013

L�.

The spectral energy distribution (SED) of an accretion disk can in a similar manner be
approximated with the sum of temperature dependent radial distributions of black body
radiation. It will be dominated by the innermost hottest annular segment, but the increasing
areas of the outer segments compensate for the loss in flux at lower temperatures and
greater distances from SMBH. To carry out a numerical integration of the spectra, an area
weighting factor was used, see equation eq. 22), where T0 is the maximum temperature
and n indexes the annular segment starting at ISCO (n=0). As the plot in figure (figure 5)
shows, the integrated spectrum is more flat. The pattern of flux density agrees with the
analysis by H. Netzer [17], although the solutions scale differently due to different area
functions.

An =

(
T0
Tn+1

) 8
3

−
(
T0
Tn

) 8
3

(22)

As any black body spectrum, at lower frequencies, it can be approximated with a (broken)
power-law distribution (Rayleigh–Jeans approximation) and at higher frequencies with a
power-law plus exponential cutoff (Wien approximation). The flat part corresponds to an
spectral index of 1/3. The steep part at lower frequencies, below the temperature minimum,
has an index of 2. The steep part at higher frequencies, above the temperature maximum,
has an exponential cutoff [14] [17].
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Figure 5: Black body radiation from accretion disk with radial temperature gradient. Five hundred curves
for T between 1 K and 105 K were calculated (one out of hundred line curves shown) and then numerically
integrated (dotted curve). When integrating, each curve was multiplied by an estimate of the relative annular
area at temperature T, neglecting the true scale of an accretion disk (eq. 22).
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2.3 Non-thermal emission

Basic thermal models turn out to be insufficient to account for the extreme luminosities
and the spectral properties of AGN. First, the temperature variation of accretion disks is
not consistent with a homogeneous black body at thermodynamic equilibrium. Second,
the temperatures needed to produce gamma-rays are too extreme. Third, the spectral
properties of AGN do not conform to the spectral models of accretion disk radiation. To
emit X-rays, the temperature must be in the range of a million degrees, and a billion
degrees for gamma-rays. Furthermore, the indices of accretion disk spectra are positive,
rather than negative. Thus, other models of energy emission are needed.

By definition, the notion of "non-thermal" covers radiative processes other than black body
radiation, for example synchrotron radiation and Compton scattering. Other functions than
the Planck’s law must then be used to characterize the flux, and the power-law distribution
is the one commonly used:

Iν = k0ν
k1
(
W m−2Hz−1

)
(23)

A key component of models of non-thermal emission is the synchrotron radiation of
photons in lower energy bands, from radio to UV and X, followed by inverse Compton,
scattering, boosting the photon energies several orders of magnitude to γ energies, GeV
and TeV. The emission models differ with respect to the nature of the charged particles,
e.g. leptons or hadrons, their sources, e.g. accretion disks, corona and dust clouds, as well
as the mechanisms of magnetic field generation and particle acceleration. The discussion
in this thesis is limited to the most widespread model of non-thermal emission, the so
called Synchrotron Self-Compton (SSC) model. It provides a basis for discussing general
features of non-thermal emission, e.g. power-law spectra and alternative spectral energy
distributions. The following account is a short summary of some of the features included
in more elaborate model specifications [19] [7] [20] [21] [22].

The main ingredient of SSC is a large number N of relativistic leptons (e− or e+), moving
in bulk at relativistic speed, i.e. Lorentz bulk factor Γ, in a magnetic field B. The leptons
and the field originate supposedly from the rotating plasma core of AGN. A single bulk
of leptons, a "blob", is treated as a spherical one-zone homogeneous emitting region of
leptons with isotropic orientation with respect to the magnetic field. Each blob is an
independent zone of emission. Due to the relativistic bulk speed, the synchrotron radiation
is intensified in the forward direction, expressed by a beaming factor δ modifying the level
of emission (emissivity) by δ4 when the bulk outflow is observed at small angles θ (eq. 25,
cf. angle between jet axis and axis of observation in figure 4).

δ =
1

Γ (1− βcos(θ))
(24)

θ ' 1/Γ (25)

The accretion disk of an AGN is the source of plasma and leptons, but the mechanisms
driving their bulk formation and initial acceleration is unclear (the so called "the injection
problem"). Once in their relativistic bulk outflow, the speed γ of leptons follows a random
distribution, often assumed to be a power-law (see eq. 27). A power-law distribution can
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be derived from a model of Fermi shock acceleration [21]. Particle acceleration is then
treated as a sequence of discrete potential energy boosts ∆E. In each step, a particle gains
∆E with a constant probability P. If a particle is not boosted (probability 1-P), it escapes
from the acceleration process. For a collection of particles subject to the same conditions,
the energy distribution will be a power-law:

n(γ) = N0γ
p (γmin < γ < γmax) (26)

where the lepton index p is linearly related to the probability P and the energy boost
∆E,

p = −loge(P )/loge(∆E) + 1 (27)

If instead the probability of acceleration P is treated as variable, for example as dependent
on particle energy or field strength, other energy distributions can be derived, e.g. log-
parabola:

n(γ) = γ−(a+b log(γ)) (28)

The Lorentz force

F = ma = qv ×B (29)

describes the movement of a charged particle in a static and uniform field at pitch angle φ.
From this it follows the non-relativistic Larmor frequency νL is

νL =
qB

2πme

sin (φ) (30)

which is independent of the particle energy, and the relativistic synchrotron frequency
νS

νS = γ2νL = γ2
qB

2πme

sin (φ) (31)

which is dependent on the particle energy through γ2.

The synchrotron frequency is close to the maximum of the emission spectrum of a single
particle. The full spectrum of synchrotron emission from a bulk of electrons can be derived
by integrating over the single spectra, however its derivation is beyond the scope of the
thesis. Only a central feature is here recapitulated, i.e. a power-law of particle energies
generates a power-law of energy radiation (see eq. 32), with a linear relation between the
spectral indices of the two distributions (see eq. 33, cf. eq. 27).

Iν ∼ Bα+1ν−α (32)

α =
p− 1

2
(33)
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The power-law distribution is the null hypothesis in spectral studies of high energy emission
from AGN. In reality, spectral energy distributions are seldom that simple. Observed
spectra are more composite with spectral breaks and bumps, compared with simple power-
laws that predict straight log-log relations and steep cutoffs at some minimal and maximal
energies. In part, the divergence is due to the rather crude assumptions about isotropic and
homogeneous bulk conditions of particle acceleration and radiation, including uniform
magnetic fields. In part, it is also due to missing factors, e.g. radiation absorption and
particle cooling.

Absorption has a larger effect at lower energies, with higher particle densities, whereas
cooling, particle energy loss, is more important at higher energies. These processes
introduce spectral breaks and curvatures in the energy distributions. However, particle
cooling takes effect over long time scales, whereas radiation absorption is intrinsically
linked to the emission process. This may explain why cooling is seldom treated in SSC
models, whereas absorption normally is.

To account for self-absorption, i.e. absorption of synchrotron radiation by the same electron
population that produces it, SSC often includes two power-laws with different indices for
optically thick and thin regions. In the thin region, absorption is negligible and the given
power-law (eq. 27) prevails. In the thick region, below the so called absorption frequency
νa, a significant part of the radiation is absorbed, which yields another power-law, the
spectral index of which turns out to be independent of the distribution of relativistic particle
energies γ. If νa is within the limits of the distribution of particle energies, the index is
5/2. To avoid a discrete and sharp transition between the two power-laws, a smoothing
function, based on the optical depth τv, is introduced, bridging the thick and thin frequency
regions (eq. 34). At the limit τv → ∞, I∗ν is a power-law with index 5/2. At the limit
τv → 0, I∗ν is a power-law with index −α.

I∗ν = Iν
1− exp(−τν)

τν
(34)

Self-absorption is an example of spectral effects of interactions between electrons and
the synchrotron photons that they generate. Inverse Compton (IC) is another and even
more striking example of interaction,i.e. the up-scattering of synchrotron photons to higher
energies. The process can be described as yet another relativistic boosting. The boosting
of a synchrotron photon with energy νs to an average energy 〈νic〉 can be shown to be
proportional to γ2 [23].

〈νic〉 =
4

3
γ2νs (35)

A power-law of synchrotron emission will give a power-law of IC emission with the same
spectral index. The IC distribution, however, will scale differently. It will depend on the
energy distributions of both relativistic electrons and synchrotron photons. Everything else
equal, the IC distribution follows the synchrotron one, as illustrated by equation 36 that
captures the thin region of the IC spectrum, with spectral limits that follow from the limits
of the boosted synchrotron energies, the calculation of which is left out of account.

Iic(ν) = I0
(4/3)α−1

2
τicν

−α
∫ νmax

νmin

dν

ν
(36)
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Figure 6: Example of SSC modelled SED spectrum in the νFν-representation. The red and blue curves
represent the synchrotron and IC regions respectively. ν is the self-absorption frequency, the cutoff frequency
between optically thick and thin regions of synchrotron radition. The factor lnΛ adjusts for min-max limits of
the photon energy distributions. The factor τc represents scattering optical depth. Image courtesy: Ghisellini
[20]

To summarize the main components and features of SEDs generated by SSC, figure 6 is
reproduced from the lecture notes of Markus Boettcher [7]. It illustrates the two main
components, synchrotron (red) and IC (blue) radiation respectively. To form the SED,
the synchrotron and IC parts are simply added. It also shows that the spectral profiles of
these components are related, sharing the same spectral index (α) in the hardest parts of
the spectrum (smallest index). Once agein, the index is linearly related to the index of the
underlying electron energy distribution (EED, equation 33).

Two additional EED model parameters govern the shape of both EED and SED, the
minimum and maximum electron energy, γmin and γmax, creating sharp energy cutoffs. In
addition to these limits, self-absorption at low energies and cooling at higher energies also
shape the SED. The IC part gets more extended and attenuated due to the convolution of
the EED and synchrotron SED.

The term τc is a measure of the optical depth of the up-scattering, including the density and
cross section of electrons. It makes the transition between the spectra discrete, a downward
jump in flux from the synchrotron to the IC spectrum. The Thomson cross section section
σt has been used for the curve in the figure. It is energy independent and valid for photons
below the X- and gamma bands. At higher energies in the Klein-Nishina regime (> TeV),
the cross section is energy dependent σkn and decreasing with increasing energy. This may
add additional features to the spectrum, e.g. hardening of the synchrotron spectrum, as
well as a cutoff in the high energy end of the IC spectrum.

Several other SSC model parameters determine the level of flux, but to a lesser degree
the shape of SED, for example the magnetic field (B) of AGN and the orientation and
relativistic speed of the energy jet (bulk Lorentz factor δ). To summarize the most basic
and common parameters of SSC models, a list of names, labels and short descriptions
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Table 1: SSC components and parameters (factors) in high energy emission from AGN

SSC factor Label Description

Redshift z To estimate luminosity and reproduce the emis-
sion spectrum, correction of observed intensity
and spectrum must be made for red shift.

Lorentz factor for single
particles

γ 1√
1−( ve

c )
2

Lorentz factor for bulk
of particles

Γ 1√
1−(

vjet
c )

2

Particle density N The density of electrons in a jet blob in cm−3

Spectral index p The spectral index of a power-law distribution
of electron energies γ

Minimum electron en-
ergy

γmin A constant defining the minimum energy limit
of EED

Maximum electron en-
ergy

γmax A constant defining the maximum energy limit
of EED

Viewing angle θ Angle between the jet axis and the line of sight
in the observer frame

Beaming factor δ The relativistic Doppler effect (equation 24), ad-
justs luminosity and frequency due to the relative
motion of the source and the observer

Magnetic field B Magnetic field of AGN in the jet stream of lep-
tons (Gauss)

Timescale variability tvar The timescale over which variability can be ob-
served (seconds, hours or days)

Bulk radius R Radius of emitting region in meter

Optical depth τ The ratio of incident to transmitted radiant power
through a material

External Compton EC The up-scattering of photons external to the jet,
i.e. not produced by the jet

is presented in table 1. There is no consensus on necessary components and parameters
(primitives) of a SSC model, but the ones in the table are generally applied.

There is a direct correspondence between the synchrotron SED inferred from data and the
underlying EED The synchrotron SED model follows from the EED model. A simple
power-law for the EED implies a simple power-law for the SED, with adjustments for
self-absorption and cooling. The relation between EED models and IC SED models is
more indirect. The IC SED depends on the folding of EED and SED, as well as other
factors, as external photon sources and relativistic cross-sections. Therefore the IC SED
model cannot be explicitly derived from the EED model, but must rely on numerical
calculations and simulations.
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2.4 Markarian 421

Markarian 421 (Mrk 421) is one of the closest, brightest and most well-studied AGN. Its
redshift is z=0.031, which corresponds roughly to 120-130 Mpc. The flux above 500 GeV
is about 30 % of the Crab Nebula (7.2× 10−12 W m−2), and the photon index in the range
0.1-5 TeV is 2.2.[5], with an estimated bolometric luminosity of 3 × 105 − 4 × 105 L�
in the radio band, 1-2 ×1012 L� in the visual band, about 5× 1011 L� in the X-band and
close to 1011 L� in the gamma band [1].

It is classified as a high frequency BL Lac (HBL), characterized by rapid and large variation
in flux, a relatively featureless continuous spectrum, a synchrotron peak in the UV- and
X-ray wavelengths and a Compton peak at TeV energies [24]. It is located close to Ursa
Major and has a RA 11:04:27.2 and DE +38:12:32 (equatorial coordinates J2000) (figure
7). The SMBH at the center is supposedly fueled by material from a companion galaxy
Mrk 421-5 (figure 8). The distance between the two galaxies is about 10 kpc [25]. This
can be compared with the diameter of the Milky Way, about 30 kpc.

Mrk 421 is one out of more than 1500 Markarian galaxies identified and listed during the
sixties and seventies by the Armenian astrophysicist Benjamin Markarian. The Markarians
have only one property in common, an excessive amount of ultraviolet emission compared
with other galaxies. In 1992, Mrk 421 became the first extragalactic object reported to
emit VHE emission in the TeV-range [26]. This discovery was made thanks to the analysis
strategy developed by Michael Punch, who is member of the Astroparticle Physics Group
at Linnaeus University. Since then many studies have followed. A few of them will be
discussed briefly to give a broad view of gamma-ray emission from Mrk 421.

The TeV-range of Mrk 421 has been explored since the nineties, most notably with the
Whipple (southern Arizona, USA) and MAGIC (La Palma, EU) telescopes, both using the
Cherenkov technique (to be elaborated in the next section). Whipple 10-m was the first
gamma-ray telescope built in 1968, covering the energy range 300 GeV - 10 TeV. It was
decommissioned in 2013 and replaced with Veritas, four 12-m telescopes built at the same
site in 2007.

A summary of Whipple’s observations of Mrk 421 during a 14-year time period (1995-
2009) was published in 2014 [27]. With 878.4 h of observation over 783 nights, the dataset
is one of the largest on any single TeV-emitting AGN. The publication deals mainly with
light curves, i.e. time series of flux integrated over an energy band. The average flux (E >
400 GeV) during the period was 0.45 Crab, with yearly means ranging between 0.2-2 Crab.
Short periods of observations (2-5 minutes) sometimes exceeded 5 Crab. The maximum
was reached February 27 2001 with a flux of 13 Crab and a significance level of 47σ.
Whipple data correlated strongly with X-ray data from RXTE ASM (2-10 keV, r = 0.7-0.9
depending on binning), a finding in line with the SSC model.

Spectral analysis could only be made for limited time periods, because of data quality
issues. A photon index of 2.75 was estimated for a period of relatively low activity,
hardening to 1.89 during a period with relatively high AGN activity. This implies a change
of slope in the energy spectrum E2dN/dE or νFν , from negative to positive, and a shift of
the gamma peak, from less to greater than 1 TeV. A more systematic analysis of different
data sources confirms this range of IC emission peaks from Mrk 421 [28].

The MeV-GeV-range of gamma-ray emission has been studied by satellite-based tele-
scopes, EGRET during the nineties (30 MeV - 30 GeV), since 2008 replaced by Fermi-LAT
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Figure 8: Hubble Legacy Archive WFPC2 image of Mark 421 (brightest galaxy) and its companion galaxy
421-5 (upper left). Credit: Hubble Legacy Archive

(100 MeV - 300 GeV). The first article on EGRET observations of gamma-ray emission
from a blazar, Mrk 421, was published in 1992 [29], four months after the pioneering
publication of TeV emission from Mrk 421 [26]. EGRET observations supported a photon
index of less than 2, indicating a spectral shape (E2dN/dE or νFν) with positive slope.
Since then many spectral observations have been reported that clearly show two bumps in
the emission spectrum of Mrk 421, one in the keV-range, synchrotron emission, and one
in the range between GeV and TeV, due to inverse Compton emission, a prime feature
predicted by the SSC model.

Fermi-LAT enabled daily observations of Mrk 421 and bridged an earlier gap between
GeV and TeV emission. The SED in figure 9 is reproduced from a publication in 2011
[8], clearly revealing a double peak that is typical of SSC emission. It also shows the
importance of integrating data from different telescopes and energy bands. As mentioned,
the Fermi-LAT observations (GeV, red circles) filled a previous energy gap between the
keV and TeV-bands. More recent publications have reported similar spectral shapes and
variation consistent with SSC models [30] [9] [31]. Nevertheless, the studies also raise
questions about the validity of models and the reliability of observations.

The consistency of spectral observations and SSC models is usually evaluated in terms
of a global qualitative fit, rather than consistency of multiple EED and SED models
across energy bands. For example, in figure 9 and in the cited publication, the Fermi-
LAT observations agree with a simple power-law distribution, whereas TeV observations
support a curved distribution. Because the divergence involves a limited energy range, the
GeV-TeV transition, it is more or less insignificant when fitting a global model. Still, the
discrepancy concerns a critical feature.

There are three general explanations for the discrepant SED models. Firstly, the margins
of error for Fermi-LAT GeV observations in the highest energy range are clearly larger
than the margins for the lower energy bins (cf. error bars in figure 9). This implies
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Figure 9: SED of Mrk 421 during the multifrequency campaign from January 19 to June 1, 2009, after host
galaxy subtraction, correction for galactic extinction in the optical/X-ray bands, and for EBL absorption in
the TeV-band. Credit: Abdo et al (2011) [8]

that the energy estimation at the highest energy levels is subject to uncertainty due to
insufficient time of observation. Secondly, there may be systematic errors in Fermi-LAT
signal processing. Thirdly, the problem with model fitting may be due to the analysis
in the TeV-range rather than the GeV-range, e.g. the IC peak or break being displaced
towards too low energies. The last explanation is less likely considering that the TeV-range
has been covered by several telescopes giving more or less consistent results. A curved
bridge is expected in the transition between GeV and TeV emission, for which reason a
power-law distribution is not in accordance with expectations.

Another example of inconsistent patterns is the different slopes of UV and GeV observa-
tions. Although the curvature of an IC peak is not equal to the curvature of its corresponding
synchrotron peak, the marked difference in slopes needs to be explained.

Other findings raise more direct questions about the reliability of observations, e.g. bias
in measurement or random errors, rather than the validity of models. A recent multi-
wavelength study of Mrk 421 [30] included data from both MAGIC and VERITAS, two
Cherenkov telescopes covering the same TeV-band. The observations were made from
January to March 2013, 11 observations with MAGIC and 8 observations with VERITAS.
Five of the observations were made on the same day and close in time. The total flux
estimates from these two data sets were more or less in line with each other, i.e. similar
change of flux over time. However, estimates of photon indices showed a systematic
discrepancy. For MAGIC, all indices were less than 3, mean index 2.58 (mean error
margin 0.08). For VERITAS, all indices were equal to or larger than 3, mean index 3.21
(mean error margin 0.14). It is unclear what caused the discrepancy, for which reason it is
important to compare multiple sets of observations.

Although the power-law distribution is a default one in studies of non-thermal emission,
other distributions are applied, e.g. broken power-law, power-law with exponential cutoff,
log-parabola, among others. In the literature on Mrk 421, they are all used, but the
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criteria for their applicability are not always clear. For example, a broken power-law,
a log-parabola and a power-law with exponential cutoff can have the same degrees of
freedom. It is then unclear on statistical grounds why one should be preferred instead of
another. Also the justification for a simple power-law may be unclear. The distribution
is usually applied on a limited energy range that depends on the observation limits of the
telescope. However, in a corresponding SSC model of electron energy distribution, the
limits of a power-law may actually be model parameters, i.e. energy limits of the electrons.
Comparisons of the validity of models across energy bands are needed to ensure that model
parameters and observation limits are not confused.
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3 Gamma-ray telescopes and observational data

This thesis involves the analysis of data from two telescopes that represent two different
ways of detecting and measuring gamma-rag radiation, the space-based Fermi-LAT (Large
Area Telescope) and the ground-based High Energy Stereoscopic System (H.E.S.S.). In
this section, the techniques of observation and data processing are described, as well as
the selection of data and tools used for analysis. The two principal ways of gamma-ray
detection are firstly introduced, followed by a discussion of each telescope type, the
datasets and the software for the analysis.

Gamma-rays involve photon energies that make it impossible to use traditional methods and
observational techniques in astronomy. Firstly, gamma-rays cannot be observed directly
from the Earth as they are absorbed by the atmosphere. Secondly, gamma-ray radiation
is hard, meaning that it is impossible to focus, reflect, or refract, i.e. the wavelength are
the same order of magnitude or less than the distance between atoms, photons with E>0.1
MeV. Thirdly, gamma-rays are rare events, which necessitates relatively long periods
of observation counting single photon events. Two general detection techniques have
been developed to overcome the obstacles, satellite experiments above the atmosphere,
e.g. Fermi-LAT, E<300 GeV, on the one hand, and "Imaging Atmospheric Cherenkov
Telescopes" IACT on the ground, E>50 GeV, on the other hand. The techniques correspond
to a common subdivision of gamma-ray astrophysics into High-Energy (HE, 100 MeV
<E<100 GeV) and Very-High-Energy (VHE, E>100 GeV) astrophysics.

Figure 10: Generic space gamma-ray detector. Credit: Thompson (2015) [33]

Gamma-rays with E > 100 MeV interact primarily through electron and positron pair
production, γ → e+ + e.. This mechanism is directly targeted in gamma-ray detection
outside the atmosphere. A schematic representation of a space-based gamma-ray telescope
is reproduced in figure 10). Firstly, an anticoincidence detector is used to filter out cosmic
particles and radiation that may contaminate true gamma-ray observations. A layered
material with high proton mass (Z) then catalyses the pair production in the telescope,
followed by a tracking detector optimized for the detection of the passage of electrons
and positrons. Their 3D paths enable the reconstruction of the arrival direction of the
gamma-ray. Finally, a calorimeter measures the energy of the leptons, which is more or
less equal to the energy of the initial gamma-ray.
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Figure 11: Left: the Cherenkov light emitted by the charged particles in the shower is collected by one or
several dishes, usually several to enable stereoscopic image analysis. Right: The 3D gamma-ray induced
shower is projected onto the focal plane of the camera. Credit: de Naurois and Mazin (2015) [34]

Another way to record gamma-rays is ground-based observations of the Cherenkov light
generated by relativistic leptons produced in Extensive Air Showers (EAS) [34]. An EAS
is a cascade of high-energy particles and photons generated when a VHE gamma-ray enters
and hits the earth’s atmosphere. The atmospheric particle cascade is a chain of two types
of interactions with nuclei: (1) Bremsstrahlung of relativistic leptons leading to further
high-energy photons having a lower energy compared with previous photons in the chain,
and (2) pair production of electrons and positrons by the conversion of the gamma-rays
produced in step 1. When the energy of the photons reaches a critical threshold, the cascade
generation dies out. The critical threshold is defined by the energy at which energy losses
by ionization become equal to those by bremsstrahlung [34], i.e. Ec ≈ 83 MeV in air. The
threshold is higher than minimum energy for pair production, Emin ≈ 2 x 0.511 MeV =
1.022 MeV, the sum of the rest mass energies of the leptons.

While a cascade of photons and leptons is developing, the speed of the leptons may exceed
the speed of light in air, and in this case Cherenkov light is generated and spread along
and around the air shower. This light can be detected and measured on the ground and
used to infer the incoming direction of the air shower, and therefore the direction of the
initial gamma-ray (figure 11). Given the direction of the air shower, and the intensity
and shape of the Cherenkov light, it is also possible to estimate the energy of the initial
gamma-ray.

The two techniques of gamma-ray observation complement each other. The ground-based
Cherenkov technique is suited for gamma-rays in an energy range that allows Cherenkov
light to reach the ground and be measured, currently between 50 GeV and 10 TeV. By
collecting Cherenkov light, the atmosphere is an extension of the telescope, a calorimeter
sensitive to the initial gamma-ray energy. In order to achieve a better sensitivity and
angular resolution, several telescopes are used together to form an "array" of IACT. This
has the advantage of giving a "stereoscopic" view of the shower. The effective area of the
IACT (10 000 m2) is of the same order of magnitude of the light cone. This allows for
detection of VHE photons despite being very rare. A space-based telescope has a smaller
effective area, of the order of a square meter, which implies that it is highly inefficient for
TeV gamma-rays. The flux needs to be greater, as is the case for MeV and GeV photons.
These gamma-rays are too weak to generate a sufficient amount of Cherenkov light on the
ground, but sufficiently frequent to be measured by space-based telescopes.
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3.1 GeV observations with Fermi-LAT

The Fermi gamma-ray space telescope was launched in 2008 and consists of two parts, the
Large Area Telescope (LAT) and GLAST burst monitor (GBM). The discussion here is
limited to LAT, the primary instrument and the source of data for this thesis. The following
information is based on the mission background on the Fermi homepage [2], and two
publications [33] [35].

The main components of the telescopes are shown in figure 10, where the converter, the
tracker, the calorimeter and the anticoincidence detector (ACD) can be distinguished. The
ACD consists of plastic scintillator tiles which enable the rejection of 99.97 % of the flux
of cosmic rays, which is mostly composed of protons and electrons. This allows for the
separation of gamma-rays from the more rich cosmic-ray background of charged particles,
a factor of 104 − 105 more intense than gamma-rays. This efficient filter is followed by
multiple modules (columns) and layers of converter and tracking material. The converter
material consists of foils of tungsten, i.e. heavy nuclei that favour the conversion of
gamma-rays into an electron-positron pairs. To avoid scattering of particles, thin sheets of
tungsten are used, 0.03 radiation lengths. 1 The converter material is interleaved with the
tracking material, grids of thin silicon strip detectors. When gamma-rays convert in one
of the tungsten foils, the particles are tracked by the silicon detectors through successive
planes, enabling the reconstruction of the incoming gamma-ray direction. At the bottom of
LAT, the energy of the particles is measured by multiple modules and layers of CsI(Tl)
crystals. At each end of a crystal, PIN photodiodes read out the scintillation light. Two
different photodiodes are used to cover two energy ranges: 2 MeV - 1.6 GeV, and 100
MeV - 70 GeV.

The outputs from the ACD, converter, tracker and calorimeter are read by the data ac-
quisition system (DAQ) that processes, stores and transfers data for download from the
satellite to the ground control. It is the fifth and final component not shown in the figure
above (10). Basically, it integrates the signals from the components and selects the signals
that meet the criteria for gamma-ray events. It collects, formats and stores the raw data
that is transmitted to the Tracking and Data Relay Satellite (TDRS) White Sands ground
terminal about ten times per day. The data is first sent to the Fermi Mission Operations
Center (MOC) for separating the LAT data from other transmission data. The LAT data is
thereafter sent for proper signal processing, filtering and event reconstruction at the LAT
Instrument Science Operations Center (ISOC) at the SLAC National Accelerator Center
at Stanford University in California. Finally, photon and spacecraft data are delivered to
the Fermi Science Support Center (FSSC) at NASA’s Goddard Space Flight Center in
Maryland FSSC for public release. FSSC also provides software for data analysis, support
and documentation to the scientific community and the general public.

LAT operates in the range 20 MeV - 300 GeV. It has a large field of view, covering about
20 % of the sky (2.4 sr) at any given moment and is capable of looking at the whole sky
every two orbits in every three hours. This applies when operating in the normal scanning
mode. The continuous monitoring since 2008 and the large field of view imply that large
datasets exist on single targets like Mrk 421. Still, the effective area is smaller and limiting
the detection rate compared with ground-based telescopes, about 0.9 m2 at maximum,
varying depending on spacecraft area and photon energy. This means that gamma-ray

1The radiation length for Tungsten (W) is 6.76 g cm−2, or 0.3504 cm.
Particle Data Group: http://pdg.lbl.gov/2011/AtomicNuclearProperties/HTML_PAGES/074.html
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counts may small and unreliable on short time scales, a single day for example.

For this thesis, all Fermi-LAT data on Mrk 421 were included for analysis, covering the
period between August 2008 and May 2016. The latest version of the LAT data was
used, pass 8, published in June 2015. The pass 8 is a complete reprocessing of the entire
dataset produced during the Fermi mission. The reprocessing includes improvements of the
event reconstruction, a wider energy range, better energy measurements, and an increased
effective area. Also the point source sensitivity has been improved over the whole LAT
energy range. The result is a larger dataset, more events, compared with previous versions.
At the time of writing this thesis, the search engines Google and Google Scholar were
used to search for publications on Mrk 421, flux and spectral analysis based on the pass 8
version of Fermi-LAT. No such publication was found.

3.2 TeV observations with H.E.S.S.

The High Energy Stereoscopic System (H.E.S.S.) is located in Namibia, near the Gamsberg
mountain. It is a system of five Imaging Atmospheric Cherenkov Telescopes (IACT, figure
12), four of which are of type "Davies-Cotton" with mirrors disposed on a spherical surface
of 12-m of diameter and went operational starting from 2002-2003. The operation of
the four Davies-Cotton telescopes is called "H.E.S.S. phase I". The fifth 30-m diameter
parabolic dish telescope was inaugurated ten years later, in September 2012. The operation
of the five H.E.S.S. telescopes is referred to as "H.E.S.S. II".

H.E.S.S. is operated by a research collaboration involving 32 scientific institutions and
12 countries, henceforth the group of researchers operating and analyzing data compose
the "H.E.S.S. collaboration". On the H.E.S.S. homepage, there is information on the
telescopes, the physics of gammar-rays, Cherenkov imaging, as well as daily operations
and scientific results [3]. The general idea of atmospheric Cherenkov imaging was
introduced above in Section 3, as being the ground-based observation of the blue light
generated by superluminal leptons in the air created through pair production. The Earth’s
atmosphere is then viewed as an extension of the ground-based telescopes acting as a
calorimeter i which the gamma-ray can develop the EM cascade which then generates the
Cherenkov photons. This atmospheric conversion implies calibration challenges that are
more complex than the technical calibration of spaced-based telescopes like Fermi-LAT.
With IACT, elaborated models and Monte Carlo simulations of EAS are needed to map
gamma-ray direction and estimate its energy.

Pair production is the main physical process used by both Fermi-LAT and H.E.S.S. Fermi-
LAT records the energies of original leptons, while H.E.S.S. detects the Cherenkov light
produced by the gamma-ray showers in the athmosphere. In the most simple model of an
air shower, Bethe-Heitler [36], illustrated in the left part of figure 13, the generation of
particles, leptons and photons, takes place in discrete steps, where each step corresponds
to a common radiation length X0 for leptons and photons.

The radiation length X0 represents the amount of matter (g cm−2) that reduces the energy
E0 of a passing electron to ≈ E0/e, ≈ 36.7 g cm−2 in dry air [34]. After a passage R =
E0ln(2), a particle, lepton or photon, looses half of its energy. The energy loss is split
between two particles in the succeeding step, either between two leptons (pair production),
or between a lepton and a photon (Bremsstrahlung). After N steps, the initial photon
energy E0 has been split between 2N particles. Together with a critical energy limit Ec, an
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Figure 12: View of the full H.E.S.S. array with the four 12 m telescopes and the 28 m H.E.S.S. II telescope.
Credit: H.E.S.S. Collaboration, Clementina Medina [3].

equation (37) is derived for the number of steps until when the number of particles in the
shower is maximum, denoted by Nmax:

Nmax =
ln(E0/Ec)

ln(2)
(37)

The number of electrons will then be approximately 2/3 of the total number of parti-
cles:

nmax = 2Nmax (38)

However, this neglects some important factors, as for instance ionization. A more elaborate
model by Greisen, referenced in [34], takes this into account and yields a 50-90% reduction
in the number of electrons at shower maximum max(n), and the larger the reduction, the
higher E0:

max(n) =
0.31√

ln(E0/Ec)

(
E0

Ec

)
(39)

The air shower spreads longitudinally and laterally, along and outward from the axis
defined by the direction of the initial gamma-ray. The longitudinal development depends
on the initial gamma-ray energy and the radiation length, but on average, the altitude of
EAS maximum is approximately 10 km. The lateral spread of the shower is a function
of Compton scattering of electrons, but the effect is limited. A large proportion of the
electrons, ≈ 80-90 %, remain within a radius of 10 meters from the shower axis [37]. It
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Figure 13: Schematic description of EAS. Left: electromagnetic shower from primary gamma-rays consisting
of a chain of pair production and Bremsstrahlung. Right: hadronic shower involving a variety of particle
interactions. Credit: Elisa Prandini [36].

is more or less negligible compared to the spread of Cherenkov light that is generated by
the relativistic electrons. When they travel faster than the speed of light in air (minimum
99.97 % c, 20 MeV electron), they generate a wave-front of EM radiation at an angle θc
with respect to the direction of flight, depending on the refractive index n of the medium
(1.0003 in air) and the electron energy β=v/c, about 1.5◦ at sea level and 0.2◦ at an altitude
of 30 km:

θc =
1

βn
(40)

The wider angle closer to the ground makes the Cherenkov light generated at different
heights overlap when reaching the ground, forming a more dense light ring at a radius
about 100-150 meter from the shower axis (cf. figure 11). The Cherenkov light from a
single EAS hits the ground during a few nanoseconds. The intensity of the light is inversely
related to the square of its wavelength, with the spectral peak in the UV region. Due to
atmospheric absorption, the real peak occurs in the visual range, towards blue, about 330
nm [38]. The total flux is weak, but related to the energy of the initial gamma photon. A
TeV photon generates about 100 photons per m2 on the ground.

An IACT located within the light pool on the ground reflects and focus the light on a
camera. A H.E.S.S. I mirror (12-m diameter) reflects the light on a camera with 960
photomultipliers (PMT). A camera image is triggered by the coincidence of signals in
multiple PMT, around 5 photoelectrons (p.e.) in 3-5 pixels in a 8 x 8 pixel sector. The size
of the H.E.S.S. II mirror and camera is more than the double (28-m diameter and 2048
pixels) leading to a lower energy threshold for signal detection. However, this thesis will
only deal with data collected by H.E.S.S. I, and this is why H.E.S.S. II is not discussed
further here.

EAS from cosmic gamma-rays are not the only source of Cherenkov light on Earth’s
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Table 2: Examples of image parameters for EAS discrimination

Parameter Description

Size total number of photo-electrons in the shower image

Width half width of the minor axis of the shower ellipse

Length half length of the major axis of the shower ellipse

Distance distance between the center of the shower image (ellipse)
and the center of the camera image point

Alpha angle between the major axis of the ellipse and the direction
from the center of the camera image to the center of the
shower image

Concentration fraction of photons in the n brightest pixels

Leakage fraction of photons in the outer camera pixels

MSL Mean Scaled Length: mean deviation of measured image
length from predicted length, divided by the rms

MSW Mean Scaled Width: mean deviation of measured image
width from predicted length, divided by the rms

ground. EAS from cosmic rays, mostly protons and light nuclei, outnumber gamma-
ray EAS by a factor 104 − 105 [34] (see the right part of figure 13). The capability to
separate these two sources of EAS is essential for IACT. In the case of Fermi-LAT, the
discrimination is mainly done by an efficient anticoincidence detector (ACD), letting
gamma-rays pass and filtering out charged particles (99.97 % efficiency). With IACT, the
separation must be carried out on the basis of the Cherenkov light, rather than primary
particles. The main strategy is pattern recognition, to take advantage of the distinct image
patterns that go with the two main types of EAS, hadronic and EM EAS [36] [38] [39]
[40]. In brief, EM EAS generate more well-formed elliptic images, whereas images from
hadronic EAS are more extended, irregular and fragmented due to more varied particle
interaction: nuclear fragments, EM subshowers, muons and neutrinos.

A number of image parameters and pattern recognition algorithms have been developed
that enable efficient discrimination, the most well-known being the Hillas parameters
[41]. Examples of the most common are given in table 2. Using image parameters like
these, the rejection rate of hadronic EAS equals more or less the efficiency of the ACD of
Fermi-LAT. By comparing images from several telescopes, stereoscopic imaging, the EAS
discrimination is further refined. It also improves the reconstruction of the gamma-ray
direction and photon energy. This reconstruction relies heavily on simulations of gamma-
ray EAS and telescope imaging. A real image is compared with simulated ones. The
closest fit is the basis for determining source direction and photon energy.

Besides effective area, space-based Fermi-LAT and ground-based H.E.S.S. I also differ
in other important respects. The duty-cycle of H.E.S.S. I is about 10 %, meaning that
10 % of chronological time can be used for actual observations. Ideal conditions are
moonless nights with a clear sky. Furthermore, the field of view of H.E.S.S. I telescopes is
about 5◦. These conditions imply targeted observations, in contrast with the continuous
scanning mode of Fermi-LAT. The H.E.S.S. observations are planned and carried out in
short periods, so called "runs", usually 28 minutes long.
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The H.E.S.S. collaboration manages proposals for observations and decides on targets,
although there are also procedures for reacting to external calls to direct observations to
sudden targets of interest, flares and bursts of gamma radiation. Data is collected and
distributed to participants within the collaboration.

For this thesis, all H.E.S.S. runs targeting Mrk 421 were included. There are 83 runs of
Mrk 421 listed in the internal H.E.S.S. data register, but only 52 were finally included
in the data analysis due to quality issues in different phases of telescope operation and
data processing. Half of the valid runs (26) covered a flaring period in April 2004 [42]
[43]. Another 10 runs covered a flaring in February 2010 [44] [45]. The remaining runs
covered isolated days between 2004 and 2008. All registered and analysed runs are listed
in appendix (see table 7).

At the latitude of the H.E.S.S. telescopes in Namibia, the zenith angle of observations of
Mrk 421 ranges between 60◦ and 65◦ [42]. This implies a greater optical depth compared
with smaller zenith angles, increasing the energy threshold (above 1 TeV) and decreasing
the detector sensitivity [46]: lower detection rates, larger angular and energy resolutions
[47]. The larger zenith angle leads to a more diffuse and weaker Cherenkov light flux at
the ground level. An advantage of large zenith angles, however, is the increased sensitivity
to higher energy gamma-rays (> 10 TeV). This follows from the increase of the collection
area at higher energies, about 2 km2 at energies beyond 10 TeV.
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4 Methods of analysis

This section begins with a simple overview of a rather complex chain of data processing
activities that lead up to the datasets used for this thesis. It is followed by a summary of
the computer resources and methods of analysis that supported the analyses in question.
Gamma-ray astronomy and astrophysics rely to a large extent on complex computation
and advanced statistics of large datasets to estimate gamma-ray emission from specific
galactic or extragalactic sources. The discussion here is limited to a brief summary of the
basic procedures and models.

4.1 Initial signal processing and data analyses

The purpose of gamma-ray analysis in astrophysics is to estimate the energy flux of a
source, the variability of emission, i.e. light curves, and the energy spectrum, i.e. the
spectral energy distribution (SED), providing a basis for emission modelling, which is also
the aim of this thesis. However, this is only the final step in a chain of activities involving
signal processing and data analysis that transform raw signal data into gamma-ray data.
The chain differs between the Fermi-LAT and H.E.S.S. telescopes when going into details,
including the dataset formats and services provided to the end-users of the observational
data. For example, the Fermi-LAT data is provided ready for gamma-ray analysis, whereas
the H.E.S.S. data needs to be processed further.

Although different in practice, four levels of signal processing and data analysis can be
considered common for both Fermi-LAT and H.E.S.S.:

1. signal detection at the hardware level - monitoring, selection and storing of signals
of interest, including initial technical quality controls,

2. data formatting and event reconstruction - setting event parameter values by applying
Monte Carlo simulations to characterize a signal as a potential gamma-ray event,
e.g. energy estimates,

3. background separation or event classification at the software level - applying criteria
or "cuts" to discriminate between gamma-rays and cosmic rays,

4. signal extraction - statistical analysis to estimate source signal, strength, flux and
spectral energy distributions

The first step corresponds to the DAQ level of data processing, including criteria for
signal selection and transmission. Signals are recorded both on and off target to allow
for later statistical analysis. The second step formats the raw data by calculating and
setting the values of a large set of parameters that characterize signal events and enable
their classification, e.g. the direction of the signal source and the estimated energy. The
parameters differ depending on instrumentation, but common to Fermi-LAT and H.E.S.S:
is the the reliance on Monte Carlo simulation of gamma-rays and their detection to guide
parameter specification. The third step applies cuts, i.e. criteria and rules for classification,
to discriminate between gamma-rays and cosmic rays, filtering out a vast majority of
cosmic rays. The result is a dataset with gamma-like events, the source of which may still
be cosmic rays. In the final and fourth step, statistical tools are used to estimate the excess
of signals coming from the source and the cosmic background respectively, which allows
for further flux estimation and SED modelling.
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The Fermi-LAT data provided to end-users consists of the photon and spacecraft files.
The photon files contain estimates of photon’s characteristics. The spacecraft file contains
data on spacecraft position and orientation for in 30 second intervals. Together the photon
and spacecraft files are sufficient for separating and estimating source and background
radiation. In other words, Fermi-LAT data is delivered preprocessed at level 3. Since
the launch of the mission, there have been four major data releases ("Passes"). The
latest release, Pass 8, used in this thesis, introduced significant changes to the event-level
reconstruction [2].

The raw image data from the H.E.S.S. telescopes is first sent to data centres in France or
Germany, Lyon or Heidelberg, for initial quality control, compilation and formatting of
observation and simulation data into Data Summary Tapes (DST). These centres distribute
DST copies to the members of the H.E.S.S. collaboration. The DST copy used for this
thesis is from the Lyon Cluster, production hap-12-08c26. It corresponds to level 2
preprocessing, including camera image cleaning, image selection based on primary quality
controls, e.g. weather conditions, specification of image parameters and results from
Monte Carlo simulations used in event reconstruction. The latter process is not centralised
and standardised in the H.E.S.S. collaboration, in part due to the nature of IACT. The
instrument consists of the atmosphere and its varying conditions, as well as the physical
telescopes on the ground. A direct calibration is impossible and the role of Monte Carlo
simulations of EAS and telescopes is critical. Consequently, different software tools have
been and are developed to deal with reconstruction issues.

For this thesis, the software Paris-MVA has been used for event reconstruction of H.E.S.S.
data. It is a multivariate method of analysis combining multiple discriminant variables,
physical shower properties and multiple images [50]. The selected runs were at 2.5 offset
and with a quality cut level of 80 %. It is recommended to carry out a quality control of
a reconstruction by comparing the result with a different software, for example Image
Pixel-wise fit for Atmospheric Cherenkov Telescopes (ImPACT) [51]. Due to the aim and
scope of the thesis, a decision was made to prioritize a joint analysis of Fermi-LAT and
H.E.S.S., limiting the H.E.S.S. reconstruction to Paris-MVA.

4.2 Signal extraction and flux estimation

The goal of the initial processing and analysis (steps 1-3) is the same for Fermi-LAT and
H.E.S.S., i.e. to produce datasets on gamma-like events including their source direction
(S), arrival time (T) and energy (E). The true nature and origin of these gamma-like events
are still uncertain. They may originate from the target source of observation, but they may
also be stem from other sources, foremost cosmic rays. Depending on the instrument and
the energy band, the impact of these other sources vary, with a generally larger impact for
Fermi-LAT and the GeV-band. This influences the procedures and methods used in the
previous steps of signal processing and data analysis, with the aim of reducing the signal
noise. Still, there is no full-proof technique or method for separating true and false gamma
rays. The outcome of step 3 is data on gamma-like events without any other information
about their origin than sky position, time of observation and signal energy. Statistical
analysis is therefore used to estimate gamma-ray counts from the targeted source.

Signal extraction relies on observation data that cover both ON and OFF targets, i.e.
observations in the direction of the target and in multiple directions close to the target,
control regions. The strategies for selecting OFF targets vary and will not be discussed
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further here. They are linked to technical issues of instrumentation and would demand a
longer treatment. The issue is left with just two references to relevant literature [52] [53].
Irrespectively of the OFF target strategy, the result is a set of gamma-like counts of two
kind, ON and OFF. Signal extraction then proceeds by modeling true gamma-ray counts
by adjusting the ON counts for the OFF counts. The observed event counts are usually
modeled as Poisson processes, the number of signals n corresponding to a probability
P(n|λ) depending on intensity λ, i.e. the theoretical event rate.

P (n|λ) =
λne−λ

n!
(41)

When observing a target (ON), the event count will be the sum of gamma-like signals
from the true source and false sources, e.g. cosmic rays. The OFF target count is used
to represent false source event count, allowing for the correction of the ON target count
by subtracting the OFF target count: nexcess =nON - αnOFF , where n represent observed
counts and α an adjustment factor to account for any difference in observation time or
effective area between observations ON and OFF target.

The excess count nexcess represents the true event count from the target source. If true and
false source counts are modeled by two Poisson processes governed by rate parameters λT
and λF respectively, a test statistic can be derived that allows for statistical assessment of
the excess signal compared with the noise signal (false source event count). The test is
based on the null hypothesis that λT = 0. The Test Statistics (TS) is calculated based on
non, noff and α:

TS = 2

[
non ln

(
(1 + α)non

α(non + noff )

)
+ noff ln

(
(1 + α)noff
(non + noff )

)]
(42)

TS follows a chi square distribution ∼ χ(1). It is zero if non = noff and increases with
increasing difference between non and noff . Its square root represents the level of signifi-
cance:

σ =
√
TS (43)

The excess count serves the purpose of assessing the significance of a source signal,
whether there is a true source signal after adjusting for false source signals. The difference
between ON and OFF counts are also important components when modeling the energy flux
over time (light curves) or with respect to photon energies (spectral energy distributions).
The modeling details vary depending on instruments and energy band, but some general
principles can be described.

There are three types of source flux analysis, i.e. source flux detection, temporal flux
variability or energy flux composition, yielding three types of analysis and graphical end-
products: excess maps, light curves and spectral energy distributions (SED). The first one
only relies on ON and OFF counts as a spatial distribution for a given time window. The
second is an analysis of the temporal changes in the excess counts, whereas the third one
is an analysis of the excess count with respect to energy levels. In all cases, the analysis
must take three main parameters into account to derive proper estimates of flux Φ, the
event count N(E,Θ), the effective area Aeff (E,Θ) and the time of observation Tobs, where
E represents the energy and Θ the observation angle.
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Φ(E, θ) =
N(E, θ)

Aeff (E, θ)Tobs
(44)

Each type of analysis involves elaborate and complex calculations, but the formula illus-
trates the main parts of flux calculations. Count models N(E,Θ) specify expected event
counts depending on energy and observation target offsets, whereas models of effective
area (Aeff ) are closely linked to technical specifications of the telescopes, e.g. the sensitiv-
ity of the telescope depending on the area of mirrors and/or sensors, which in turn depends
on the photon energy and the telescope orientation vis-à-vis the source. The discussion
here is limited to count models, more specifically N(E), simplifying by not discussing the
issue of observation angles (Θ).

When dealing with excess maps, the modeling is limited to estimates of significance levels
(TS). They do not include energy estimates, which is the case when producing light curves
and SEDs. In the latter case, explicit energy dependent count models need to be specified.
This can be described and explained in terms of the Poisson model. It accounts for the
random nature of signal events given the rate parameter λ(E). Since the signal count is
dependent on energy E, so is λ. To specify an energy dependent count model is to specify
a mathematical model for this rate parameter. It can be any mathematical function. Here
follows four common ones in studies of non-thermal emission from AGN:

Power-Law:

λ(E) =
dN

dE
= N0 × Eγ (45)

Broken Power-Law:

λ(E) =
dN

dE
= N0 ×

{
(E/Eb)

γ1 ifE < Eb
(E/Eb)

γ2 otherwise
(46)

where Eb is the energy break point.

Power-Law with Exponential Cutoff:

λ(E) =
dN

dE
= N0 ×

{
Eγ ifE < Eb
Eγ × e−k(E−Eb) otherwise

(47)

where Eb is the exponential break point.

Log-Parabola:

λ(E) =
dN

dE
= N0 × E−(α+βlog(E)) (48)

The models are often simply described as models for spectral energy distributions (SED),
but from a statistical point of view they also model the energy dependent rate parameter
of Poisson distributed event counts. The Power-Law and the Broken Power-Law are
often used for calculating light curves. In spectral analysis, all models are used. The
Log-Parabola and the Power-Law with Exponential Cutoff are used to assess the curvature
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of SED. The latter must often be taken into account when dealing with non-thermal spectra,
i.e. synchrotron and inverse Compton spectral peaks.

When analysing SEDs, several models are usually fitted to the energy dependent count
data. A statistical test, the log likelihood ratio test, is used to assess if one model makes a
better fit than another. The procedure is similar to the one used when testing for significant
excess (TS). The log likelihood ratio of two models is compared against a Chi-squared
distribution with degrees of freedom (df) equal to the difference in the numbers of model
parameters. For example, comparing a power-law with a broken power-law implies a
Chi-squared distribution with one degree of freedom.

D = −2 ln

(
likelihood(H0)

likelihood(HA)

)
(49)

where H0 represents the model with the smaller degrees of freedom, e.g. power-law, and
HA the model with the larger degrees of freedom, e.g. log-parabola and power-law with
exponential cutoff.

4.3 Hypotheses and procedures

The work plan of this thesis followed the general three steps of energy flux studies of
blazars: (1) determination of source signal and its significance at its location, (2) estimation
of the integrated flux and its variability over time, plotted on light curves, and (3) fitting
and plotting of SED models. Because of limited time and the high level of preprocessing
and validation of Fermi-LAT data, the first step was only carried out with the H.E.S.S. data
in conjunction with the event reconstruction procedure. It will only be briefly summarized
in the result section. The other two steps will be covered in detail.

The study of flux variability over time by means of light curves is essential to identify and
separate periods of steady state (quiescence) versus flaring. Different levels of gamma-ray
activity correspond to different conditions or processes of radiation. The problem is that
the observed flux is varying continuously rather than alternating between distinct and
discrete energy levels. Some peaks of gamma flux may be easy to identify through visual
inspections of light curves, but many times the change in flux is more gradual and/or
chaotic. Consequently, a guiding criterion is needed.

A flare is a contiguous period of time, associated with a given flux peak,
during which the flux exceeds half of the peak value, and this lower limit is
attained exactly twice – at the beginning and at the end of the flare [54].

The definition has been a guideline in the work on this thesis when inspecting light curves
and trying to identify flaring states. Often it is clear enough to work, but it is dependent on
the time binning. A level of activity may be a flare on a fine grained time scale, but not on
a coarser scale, and vice versa. This ambiguity is not necessarily a problem, but expected
if regions of gamma emitting plasma overlap, if they are composite and heterogeneous,
rather than isolated and homogeneous in nature. In line with this "relativity" of gamma
emitting plasma, a definition of quiescent states is added to the definition above, guiding
the identification and separation of states of low activity.

A quiescent period is a contiguous period of time, associated with a given flux
minimum, during which the flux falls below half of the minimum value, and
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this higher limit is attained exactly twice – at the beginning and at the end of
the quiescent period (reversal of the definition of flaring above).

When periods of quiescence and flaring have been identified, the next and final step of flux
analysis is to fit and evaluate SED models for the time periods in question. The power-law
distribution is then the basis for comparing and testing model fits. In other words, it is the
null hypothesis, testing the other models against it, e.g. log-parabola and power-law with
exponential cutoff. The models with the best fit provide estimates of spectral index, a key
feature of SED and an important input to multiwavelenght studies and SSC models.

Finally, I will present a limited multiwavelength study of the GeV and TeV-bands by
combing the SEDs from a flaring period of Mrk 421 in February 2010. This is the only time
period when the Fermi-LAT and H.E.S.S. datasets overlap. The SEDs will be combined
to assess the overall gamma spectral profile, as well as comparing the mixed SED with
mixed SEDs for periods when the datasets do not overlap. This comparison is a way of
assessing the consistency and variation of mixed SEDs.

4.4 Computer resources

All processing and analyses of Fermi-LAT and H.E.S.S. data have been carried out on
Linux computers of Lunarc, the center for scientific and technical computing at Lund
University. Lunarc is part of SNIC, the Swedish National Institute for Computing. Initially
the work was done on the Alarik cluster, later replaced by the Aurora cluster during the
spring of 2016. The Linux distribution CentOS (version 7.2) is running on Aurora. Some of
the software is interactive, but for demanding computational tasks, the cluster is accessible
via a batch system called the Simple Linux Utility for Resource Management (SLURM).
To execute a program, a script is sent to SLURM specifying the program to be executed,
required resources and auxiliary information.

There are separate software products to process observation data from Fermi-LAT and
H.E.S.S. respectively, but the general procedure is the same. Firstly, configuration and
script files are edited to specify the target of observation (Mrk 421), data files, processing
tasks and parameter values needed to complete the tasks. Secondly, a batch job is submitted
and monitored. Thirdly, results are retrieved from a unique job directory, checked, edited
and plotted for publication purposes.

For analysis of Fermi-LAT data (photon data and spacecraft data), the Fermi mission
(NASA) provides a suite of software tools called the Fermi Science Tools. It can be
downloaded together from the Fermi Science Support Center on NASA’s website [2]. The
site also publishes user-contributed software products that provides additional support.
Enrico is one of the latter products used for this thesis, using the Fermi Science Tools, but
enabling simpler scripting and a user-friendly interface.

Software development for H.E.S.S. is based on ROOT, an object-oriented language de-
veloped by CERN for data analysis in particle physics. In this thesis, the HESS Analysis
Package (HAP version hap-12-08c, ROOT version v5.28.00g) was used to run the 4-
telescope Paris-MVA analysis to discriminate between gamma-rays and cosmic rays. HAP
is also used for the study of the general source statistics, excess maps and light curves.
Another software written in C++, Start, is used for spectral analysis.
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5 Results

5.1 GeV gamma-rays with Fermi-LAT

In August 2013, an all-sky map of GeV emission detected by Fermi-LAT was published
for the telescope’s first five years of operation [55]. In one of the versions of the map, the
positions and names of blazars have been superimposed on the map, including the position
of Mrk 421, see figure 14.

Figure 14: Position of Mrk 421 in Fermi-LAT:s all sky-view of GeV emission (red ellipse in the upper left
part). Image credit: NASA/DOE/Fermi-LAT Collaboration

A monthly binned light curve was produced for the period August 2008 - June 2016, see
figure 15. The Chi-squared test (top right legend in the figure) serves the purpose of testing
the hypothesis that the flux over time is constant (horizontal thin red line fully across the
light curve). The hypothesis was not supported, also clear from visual inspection. Six
periods of interest were marked by thick red lines and squares. They do not strictly adhere
to formal definitions of flaring and quiescence (4.3), but address findings in previous
publications and the overall development of flux over time.

The gamma-ray outbursts in 2012 and 2013 have been analyzed in previous publications
[56] [57], but not with the current Pass 8 version of the Fermi-LAT data. The activity in
February 2010 corresponds to reports of TeV flaring [44] [45]. In addition to known flares,
three longer periods were included for spectral analysis. The period between September
2008 and August 2009 is marked with relatively low activity and can serve as a basis
for comparison with flaring periods. The quiescent period can be extended to close to
four years: August 2008 and June 2012, a period with low emission compared with the
more active period that follows, July 2012 - October 2015. During the first period, 1/4
bins have a monthly average flux clearly above the total mean for the whole period. The
corresponding share for the second period is 3/4.

The long-term trend of increased activity was revealed even more clearly with a quarterly
binned light curve, see figure 16, top left. A radical increase in emission occurred in June
2012, after which the decrease appears to be more or less gradual or step-wise. The flare in

37



Fi
gu

re
15

:F
er

m
i-L

A
T

lig
ht

cu
rv

e
fo

rt
he

pe
rio

d
A

ug
us

t2
00

8
-J

un
e

20
16

,m
on

th
ly

bi
nn

ed
ph

ot
on

s
in

th
e

ra
ng

e
0.

3-
30

0
G

eV
.T

he
th

in
re

d
lin

e
re

pr
es

en
ts

th
e

to
ta

lm
ea

n;
th

e
th

ic
k

re
d

lin
es

pe
ri

od
s

of
in

te
re

st
(s

ee
m

ai
n

te
xt

).
B

el
ow

th
e

lig
ht

cu
rv

e,
th

er
e

ar
e

si
x

pl
ot

s
th

at
sh

ow
m

od
el

di
ag

no
st

ic
s,

i.e
.w

he
th

er
th

e
ap

pl
ie

d
po

w
er

-l
aw

m
od

el
of

fl
ux

ag
re

es
w

ith
th

e
ob

se
rv

ed
fl

ux
.T

he
m

id
dl

e
pl

ot
in

th
e

up
pe

rr
ow

sh
ow

s
th

e
si

gn
if

ic
an

ce
le

ve
lσ

of
ea

ch
bi

n.
T

he
m

id
dl

e
pl

ot
in

th
e

lo
w

er
ro

w
di

sp
la

ys
ob

se
rv

ed
va

lu
es

ag
ai

ns
tt

he
pr

ed
ic

te
d

on
es

.A
lin

ea
rr

el
at

io
n

in
di

ca
te

s
a

go
od

fi
t.

38



Figure 16: Fermi-LAT light curves. Top left: August 2008 - June 2016, quarterly binned. The vertical red
line represents a trend shift. Top right: February 2010, daily binned. One week period, centred on February
16-17 2010, was selected for spectral analysis. Bottom left: June - November 2012, weakly binned. The
period July - August was selected for spectral analysis. Bottom right: February - July 2013, weakly binned.
The period March - May was selected for spectral analysis.

Figure 17: Fermi-LAT SED for Mrk 421. Errors in parentheses.

39



Table 3: χ2-tests of Fermi-LAT SED models.

Period Model comparison χ2(1) p-value
2008-2016 PL cutoff versus PL 44 < 0.00001

2008-2016 LP versus PL 20 < 0.00001

Quiescence 2009 PL cutoff versus PL 2.6 0.107

Quiescence 2009 LP versus PL 1.7 0.192

2008-2012 PL cutoff versus PL 16.9 < 0.0001

2008-2012 LP versus PL 7.2 < 0.01

February 2010 (7 days) PL cutoff versus PL 3.4 0.065

February 2010 (7 days) LP versus PL 2.7 0.100

2012-2015 PL cutoff versus PL 18.5 < 0.0001

2012-2015 LP versus PL 8.0 < 0.01

Flaring 2012 (2 months) PL cutoff versus PL 8.7 < 0.01

Flaring 2012 (2 months) LP versus PL 4.6 0.032

Flaring 2013 (2 months) PL cutoff versus PL 13.8 < 0.001

Flaring 2013 (2 months) LP versus PL 8.6 < 0.01

February 2010 was not noticeable with quarterly and monthly binning, but emerged with
daily binning (figure 16, top right). Applying a formal criterion of a flare (definition 4.3),
the flare lasted two days, whereas the the summer flare in 2012 lasted about a year, judging
by the quarterly binning. With monthly binning (figure 15, light curve at the top), the 2012
flare lasted a couple of months, followed by multiple flaring periods. With weekly binning
(figure 16, bottom left), a two month frame of increased flaring is clearly seen. The flare
in 2013 (figure 16, bottom right) had a less clear peak and was more marked by baseline
variability.

The spectral analyses of all the periods (quiescent and flaring) demonstrated that a power-
law distribution with an exponential cutoff was generally a better fit model of SED,
although a simple power-law was preferred when the photon statistics was limited. Multiple
Chi-squared tests of the relative merits of PL cutoff and LP, compared with PL, were
carried out for the periods in question. The results are rendered in table (3). The degrees
of freedom are 2 for PL and 3 for PL cutoff and LP [2]. The general pattern is a good fit
for the 3 parameter models with longer time periods, as well as a better fit for PL cutoff
than for LP.

The spectral analyses were run with different binning to compare and verify the results.
The SED:s in figure (17) indicated a cutoff that gets more pronounced with flaring. The
cutoff value changed from 300 GeV to approximately 100 GeV. A visual inspection of
data showed that this was also the case for the flaring in 2010, although the dataset was too
limited to support a SED model with a cutoff, involving one extra parameters compared
with a simple power-law. Ignoring this and assuming a cutoff anyway, the photon index Γ
was 1.39 (0.13) and the cutoff value 63 GeV (47 GeV). The 2010 flaring will be discussed
later on in the section on the mixed SED for GeV and TeV emission.
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Figure 18: H.E.S.S. gamma-ray detection of Mrk 421 between 2004 and 2010. Top: binned squared angular
spread (Θ2) of ON and OFF events with quality cut 70, 156 runs, total significance 171, total excess 7634.
Inset shows angular spread in terms of excess and a fitted excess distribution. Bottom left: the cumulative
increase of significance (σ) with quality cut 80, 52 runs, total significance 98.9, total excess 2545. Bottom
right: spatial spread (2D-map) of significance level at Mrk 421, quality cut 80.

5.2 TeV gamma-rays with H.E.S.S.

Analysis of H.E.S.S. data began with event reconstruction. This is the main difference
between Fermi-LAT and H.E.S.S. data. With Fermi-LAT the public data includes the event
reconstruction. To illustrate its role in the analysis of H.E.S.S. data, the effects of image
selection criteria, "quality cuts", are here briefly summarized. Quality cuts specify the
criteria for the selection of the "good runs" for the analysis, as for instance the atmospheric
quality, the number of telescopes in operation (multiplicity), etc.

In the initial analysis, two cuts were tested, qc70 and qc80. The second implies higher
quality standards. The choice had a marked impact on the number of acceptable runs,
events (ON/OFF), excess and significance levels. When applying qc80 instead of qc70,
the number of runs and gamma-ray excess were reduced to a third, while the significance
increased by 72 % (figure 18). For this thesis, the recommended quality cut was qc80,
which was the one used throughout the flux analyses.

The cumulative significance showed two distinct flaring episodes, April 2004 and February
2010. Judging by the rate of increase (slope), the intensity was slightly higher in 2004
than in 2010 (figure 18, bottom left). The final runs in April 2004 indicated a particularly
high flux increase. This was supported by the inspection of the daily binned H.E.S.S. light
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Figure 19: H.E.S.S. Mrk 421 light curves. Top: all 52 runs between 2004 and 2010; three days of low
activity in January 2004, eight flaring days in April 2004; three days of low activity in 2005 and 2008; four
flaring days in February 2010. Bottom: Magnification of the flaring period in 2004.

curves (figure 19), where five distinct episodes were discerned: (1) three initial days in
January 2004 with low activity, (2) eight days in April 2004 with high activity, (3) four
days between May 2004 and May 2008 with low activity, and finally (5) three days in
February 2010 with high activity.

The light curve for the total period showed variability with respect to model of constant flux
(χ2(16) = 1171, p < 1E-5). The intra-variability during the flaring periods also diverged
from a model of constant flux (April 2004: χ2 (9) = 938, p < 1E-5; February 2010: χ2(3) =
21.3, p < 1E-4). If the formal criterion for flaring is applied (see definition 4.3), the flaring
in April 2004 would consist of two flares (figure 19). For the period between 2005 and
2009, a model of constant flux was acceptable (χ2(2) = 4.4, p = 0.11).

For the spectral analyses, four periods were selected: (1) the full period, (2) flaring 2004,
(3) quiescence 2005-2009 and (4) flaring 2010. To allow for comparison of results with
analyses in previous publications, the observation run in May 2004 was included in the
flaring period 2004. Applying a power-law model of the flaring flux in 2004 with and
without this run, the difference was a 17 % reduction in the baseline flux when including
the low activity run (Φ0 = 1.984 and 1.649), but without any significant effect on the
photon index (Γ = 3.345 and 3.341, with an error 0.04 in each case).

A curved model provided the best fit to the data (table 4). The power-law with exponential
cutoff (PL cutoff) and the log-parabola (LP) were more or less on equal footing. Since
the PL cutoff made a good fit to Fermi-LAT data, it provided a basis for comparisons of
Fermi-LAT and H.E.S.S. SED. First, the cutoff value for the H.E.S.S. model was towards
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Figure 20: H.E.S.S. SED for Mrk 421. Top: power-law with exponential cutoff for the flaring in April 2004.
Bottom: power-law for the quiescent period 2005-2009.
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Table 4: χ2-tests of H.E.S.S. SED models.

Period Model comparison χ2(1) p-value ΓPL ΓPLwithCutoff

2004-2010 PL cutoff vs PL 134 < 0.00001 3.43 (0.03) 1.85 (0.17)

2004-2010 LP vs PL 132 < 0.00001 - -

Flaring 2004 PL cutoff vs PL 111 < 0.00001 3.34 (0.04) 1.74 (0.19)

Flaring 2004 LP vs PL 108 < 0.00001 - -

2005-2009 PL cutoff vs PL 0.82 0.365 3.87 (0.34) -

2005-2009 LP vs PL 0.50 0.480 - -

Flaring 2010 PL cutoff vs PL 10.2 < 0.01 3.76 (0.11) 2.61 (0.44)

Flaring 2010 LP vs PL 8.9 < 0.01 - -

the lower end of the telescope energy range, which had a marked marked impact on photon
index estimates, a strong hardening, i.e. decreased SED slope 1-1.5. With Fermi-LAT
data, the hardening after including a cutoff was rather weak, 0-0.1, which is consistent
with cutoff values in the higher end of the telescope energy range.

The spectral indices revealed a hardening of the spectra during the flaring periods. To
make comparisons easier, the indices of simple power-law models have been included
(table 4 and figure 20). With the PL cutoff model, the H.E.S.S: indices were similar to
Fermi-LAT indices, about 1.70-1.75. A simple power-law was preferred when the dataset
was small, as was the case with Fermi-LAT data. Compared with the flaring in 2004, the
flaring in 2010 had a clearly softer spectrum, although a slightly higher flux at the low end
of the energy range.

5.3 Mixed SED of Mrk 421

The Fermi-LAT and H.E.S.S. observations and SED are complementary. For high-
frequency blazars, Fermi-LAT covers the left part of the inverse Compton peak, H.E.S.S.
the right part. In this section, observations and SED are combined in mixed SED to assess
the overall shape and character of the inverse Compton peak. The analysis is qualitative.
The main question is whether it is possible to identify a peak, whether the Fermi-LAT and
H.E.S.S. SED overlap and converge. The flaring in February 2010 provides the point of
departure for the discussion, since it is the only period of overlapping observations.

The Fermi-LAT and H.E.S.S. observations and SED of Mrk 421 flaring in 2010 were
combined in a single plot (see figure 21 to the left and model fit measures in table 5). SED
of two quiescent periods were also included, Fermi-LAT 2009 and H.E.S.S. 2005-2009,
as well as two other periods of flaring, Fermi-LAT 2012 and H.E.S.S. 2004 (figure 21 to
the right). The mixed SED implies a gap between 300 GeV and 2 TeV, due to the energy
ranges of the telescopes, an upper energy limit of 300 GeV with Fermi-LAT and a lower
energy limit of 1 TeV with H.E.S.S. that increases with large zenith angles of observation,
+1 TeV in the case of Mrk 421.

Even if the energy gap in the mixed SED implies uncertainty, the Fermi-LAT and H.E.S.S.
SED of the flaring in 2010 were not incongruent. The simple PL model of the Fermi-LAT
data is probably due to the limited number of observations. Judging by the lower mean
flux at the highest energies, its consistency with the Fermi-LAT SED of other periods,
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Figure 21: Mixed SED of Mrk 421. The plots combine Fermi-LAT and H.E.S.S. flux data and spectral
models of Mrk 421. Left: Binned mean flux and spectral models of the flaring in February 2010, compared
with two quiescent periods of Mrk 421. Right: Binned mean flux and spectral models of two other flaring
episodes, compared with the same quiescent periods.

a PL cutoff is actually expected, which also agrees with the curvature of the H.E.S.S.
model.

With the data at hand, it is difficult to pinpoint where the peak is. Considering the
systematic and random uncertainty in observations, a peak could be anywhere between
0.1-2 TeV (figure 21 to the left). The peak of the mixed SED of the quiescent periods
would seem easier to identify, approximately 0.1 TeV. Presumedly, SEDs of quiescent
periods are less variable than SEDs of flaring periods. Inspecting the Fermi-LAT and
H.E.S.S. SEDs of flarings in 2012 and 2004, they seem rather to belong to two separate
SEDs (figure 21 to the left).

Table 5: Fermi-LAT and H.E.S.S. SED models of Flaring 2010.

Model comparison Parameter Fermi-LAT H.E.S.S.
PL Γ 1.56 (0.08) 3.76 (0.11)

df 1 1

PL Cutoff vs. PL χ2 3.4 10.2

p-value 0.065 0.001

Γ 1.39 (0.13) 2.61 (0.44)

Cutoff 63 GeV (48 GeV) 4.9 TeV (3.5 TeV)

LP vs. PL χ2 2.8 8.9

p-value 0.094 0.003

The mixed SED revealed that flaring episodes can involve different spectral features. The
Fermi-LAT flaring in 2010 increased the flux as well as hardening the spectrum. The
Fermi-LAT flaring in 2012, however, involved mainly an increase in flux, but a stable
photon index. Also the H.E.S.S. SED showed variable features. The change in photon
index was clearly pronounced for the flaring in 2004, less for the flaring in 2010, while the
increase in flux was more or less equal for the two episodes.
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6 Discussion

The research on Mrk 421 is extensive [5], which raises the question whether the results
in this thesis deviated in any marked way from previous publications [28] [8] [30] [9]
[42] [44] [45] [56] [58] [10] [59]. Limiting the question to peak flux and energy of the IC
spectral humps, the estimates were in the expected range. In the E2dN/dE-diagrams, the
flux peak was was in the range 5× 10−11 − 5× 10−10 erg s−1 cm−2. The photon indices
and energy cutoffs were also in line with previous estimates, Γ0.1−500GeV = 1.5-1.8 and
Γ>1TeV = 1.5-2.5 (2.5-4) with (without) cutoff.

The most striking feature of the spectral models identified in this thesis, compared with
previous work, is the generally good fit of power-law distributions with exponential cutoffs,
even for the Fermi-LAT data. In previous publications, cutoffs have sometimes been used
to analyse emission in the TeV-range, but not in the GeV-range. A simple PL has been the
rule for GeV gamma-rays. A visual inspection and comparison of already published and
current SEDs based on Fermi-LAT also suggested a qualitative difference. The published
SEDs did not display any cutoffs. In this thesis, break points were the rule rather than
the exception. They also got more pronounced with flaring and increased flux. A simple
power-law fitted data better during quiescent states and when the number of observations
were low.

There are at least two potential explanations for the divergent findings. Firstly, the current
analyses went wrong in some way. This is possible, but given that configuration files and
analyses have been repeatedly checked and rechecked, this is not the favoured explanation
here. Secondly, the dataset versions differ, i.e. Pass 8 compared with an earlier version
not documented in the paper [8], probably Pass 6 considering the publication date. The
current version Pass 8 involves a thorough revision of Fermi-LAT data and the event
reconstruction at all levels of data processing, including recalibration of effective areas
and refined Monte Carlo simulations. A reasonable hypothesis then is that the GeV cutoff
values follow from the new version Pass 8, including more photon statistics and a broader
GeV energy band. In the case of Mrk 421, this change in gamma-ray pattern can be
interpreted as increased data quality, rather than as a source of uncertainty.

The lack of cutoff values in previous work has weakly matched the gamma-ray patterns in
the TeV regime. The TeV observations of Mrk 421 with MAGIC, VERITAS and H.E.S.S.
have mostly supported a cutoff around 1-2 TeV, whereas the Fermi-LAT GeV spectra
have not included any cutoff. The overlap between GeV and TeV spectra have therefore
appeared somewhat incoherent. A typical example is the SED in figure 9. With an energy
peak in the range 0.1-1 TeV, a curvature in the upper GeV-range of Fermi-LAT is expected.
However, more research is needed to verify that the new cutoff feature is specific to Mrk
421 and not a source of systematic error in the current analyses or the Fermi-LAT version
Pass 8.

Another noteworthy feature of the SEDs of Mrk 421 is the larger uncertainty in the Fermi-
LAT flux estimates compared with H.E.S.S. on shorter timescales. When limiting the
period of interest to days, the confidence intervals (butterfly regions) were clearly larger for
Fermi-LAT data. Considering the potential sources of uncertainty: photon flux, sensitivity
of telescope and method of event reconstruction, the difference in uncertainty ought be due
to the sensitivity of the telescopes or methods of event reconstruction. The larger effective
area of Fermi-LAT balances the longer exposure time of Fermi-LAT and the larger GeV
flux. Irrespectively of the cause, the uncertainty in the GeV-range makes it difficult to
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Figure 22: Right: SSC model fit of Mrk 421 SED. Left: Decomposition of the IC bump, contributions of
EED segments (green curve: γmin < γ < γb,1; blue curve: γb,1 < γ < γb,2; purple curve: γb,2 < γ < γmax).
Credit: Abdo et al [8].

pinpoint flux and energy peaks.

6.1 Implications for SSC modelling

In 1996 Steven Bloom and Alan Marscher published an analysis of the SSC model for
spectra of blazars using a simple PL for the electron energy distribution (EED) [60]. It was
a theoretical sensitivity analysis of the flux and spectral outcomes when systematically
varying different model parameters (cf. table 1). They showed that small uncertainties in
spectral index and cutoffs of EED could lead to estimates of IC flux that were uncertain of
several orders magnitude. They illustrated how model variations of EED systematically
related to variations in synchrotron SED and IC SED. The EED was key to SSC modelling
aimed at accounting for the SED of blazars.

Despite its critical role, the literature is not always clear about how the observed SED
constrain the underlying EED, or other components of a SSC model. The choice of an
EED model, power-law or log-parabola, appears often based on holistic and qualitative
assessments, as well as trial and error, more than formal criteria and constraints based
on the observed SED. For example, in the first publication of a SED of Mrk 421 that
covered the full IC energy range from GeV to TeV [8], a double broken PL EED was
found to make the best fit to the observed SED (figure 22). A double broken PL consists
of three power-law distributions linked at two energy breaks. A better fit, however, is
not a sufficient basis for model selection. A model with higher degrees of freedom, more
parameters, e.g. a double broken PL instead of a single broken PL, will in general make a
better fit to data. The question is what makes a model unfit. The guidance on this issue is
meagre in the literature.

The use of a double broken PL implies that multiple EED contribute to up-scattering of
multiple synchrotron photon populations. The derived SED will be a mixture of SED, with
a more marked curvature than a simple PL, also in limited energy regions, for example
the GeV-range. In this thesis, rather simple models made a good fit to the SED of Mrk
421, simple PL with cutoff. In general, it made a better fit than the LP model that is more
sensitive to a curved SED. A broken power-law is often used to approximate a curved
relationship. When considering the whole range of synchrotron and IC energies, any SED
is of course complex and a mixture of SED, a result of various particle interactions over
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time including electron injection, self-absorption, scattering, cooling, external Compton
and relativistic cross-sections. Still, the curvature should be tested in different energy
ranges, not simply assumed. Furthermore, to apply a complex EED to account for a
complex SED without any criteria for model blurs the distinction between the initial
(injected) and final (modified) EED.

In addition to the curvature issue, there is another and perhaps more fundamental issue of
model constraints, the electron break energy γb, representing the electron energy where
the spectral index changes and where there is a corresponding flux peak of synchrotron
emission. In early work on SSC models, the ratio between the observed IC and synchrotron
peak energies was used to constrain γb (see equation 50, where νIC and νS represent the
frequencies of the inverse Compton and synchrotron flux peaks). The γb constrained in
its turn other model parameters, e.g. the magnetic field B [11]. In the limit of relativistic
cross-sections (KN) (equation 51), the derivation of γb must be modified (equation 52).
Setting νIC and νS to common observed values, in the range 1016 Hz and 1025 − 1026 Hz,
the energy break γb will be in the range 104 − 105.

γb =

√
3νIC
4νS

(50)

γb >
3

4

mc2

h

δ

νs
(51)

γb,KN = νIC
h

mc2
1 + z

δ
exp

(
− 1

α1 − 1
− 1

α2 − α1

)
(52)

The constraints were based on analytical considerations and allowed a direct mapping
of features of EED and SED. In more recent SSC work the model fitting is global and
qualitative and the correspondence less clear. This will be illustrated with the mentioned
study [8] and two other studies that also include SSC models based on GeV and TeV
data from the same time periods as covered in this thesis [9] [10]: quiescent (steady state)
period in 2008-2009 and the flaring in 2010 (table 6). For each time period the table lists
two studies and parameter values.

Comparing the SSC parameter values of the quiescent and flaring periods, only two
parameters display a consistent pattern of variation within and between the periods: γb and
Index 2. The energy break γb more than doubles and index 2 hardens during the flaring
period, from 4.7 to less than 4.4. These changes of EED correspond to an overall increased
flux, an increased synchrotron peak energy, spectral hardening of SED and a marginal
change in IC peak energy. It means that the energy break γb increases, but the ratio of
synchrotron and IC peak frequencies decreases, which is inconsistent with the SSC model
constraint on γb (equation 50).

The energy break γb and electron spectral index p govern the shape of the EED and
the synchrotron SED, also indirectly the shape of the IC SED through the interaction
(convolution) of the EED and the synchrotron SED. The remaining parameters have less
to do with the spectral shape and more to do with the energy range and total intensity
of EED spectra. They constrain each other, but the variability time scale tvar is then the
point of departure since it relates to observables. It represents the lifetime of the VHE
emission from an electron blob in an AGN energy jet. The estimate is based on the flux
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Table 6: SSC model parameters for Mrk 421 steady state 2008-2009 and flaring 2010

Parameter Steady Estimate Flaring Estimate
γb Abdo [8] 1.7 x 105 Shukla [10] 5.5 x 105

γb Bartoli [9] 2.0 x 105 Bartoli [9] 3.6 x 105

γmin Abdo [8] 400 Shukla [10] 4.9 x 103

γmin Bartoli [9] 500 Bartoli [9] 500

γmax Abdo [8] 108 Shukla [10] 2.5 x 106

γmax Bartoli [9] 2 x 106 Bartoli [9] 3.6 x 106

p1a Abdo [8] 2.2 - - -

p1b Abdo [8] 2.7 Shukla [10] 2.2

p2 Abdo [8] 4.7 Shukla [10] 4.1

p1 Bartoli [9] 2.3 Bartoli [9] 1.85

p2 Bartoli [9] 4.7 Bartoli [9] 4.3

tvar (hr) Abdo [8] 1 Shukla [10] 24

tvar (hr) Bartoli [9] 2.5 Bartoli [9] 2.5

δ Abdo [8] 50 Shukla [10] 21

δ Bartoli [9] 38 Bartoli [9] 17

B (G) Abdo [8] 0.082 Shukla [10] 0.029

B (G) Bartoli [9] 0.048 Bartoli [9] 0.092

R (m) Abdo [8] 5.3 x 1015 Shukla [10] 5.3 x 1014

R (m) Bartoli [9] 1014 Bartoli [9] 1014
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variation over time, the lifetime of flux fluctuations. The parameter value then frames the
estimation of the other model parameters, δ, B and R. This illustrates the problem with
overdetermined models, a larger number of model parameters than observables. The same
or similar data can support different models. Table 6 shows that this is also the case for
Mrk 421. In a simulation study of model fit of the quiescence period 2008-2009 showed
further variations of parameter values, an optimisation of fit without taking the mentioned
model constraints of EED and SED into account [61].

6.2 Limitations and future research

Time did not allow for a thorough analysis of the model fit issue. The thesis is limited to
the IC energy range. When considering the issue of EED and SED correspondence, one
needs take the full energy range into account. The synchrotron SED mediates between
EED and IC SED, therefore it is necessary to consider and include UV/X-ray observations
and data to assess SSC model fit, to evaluate and develop better criteria of model fitting.
Another shortcoming is the brief consideration of the event reconstruction process that
governs data quality issues. Observations and analysis of GeV and TeV emission rely on
many layers of signal detection, data processing and event reconstruction. Systematic and
random sources of error may potentially enter in each step. Thus, a lot of work is devoted
to issues of calibration and quality checks of instruments. The recent Pass 8 version of
Fermi-LAT is an example of this, as well as the new tools of H.E.S.S. analysis, as for
instance IMPACT.

The development and refinement of observation and reconstruction techniques make it
difficult to assess and evaluate new findings in the data on old sources like Mrk 421, for
example the discovery of the exponential cutoff in the GeV SED of Mrk 421 in this thesis.
On the one hand, since it is the first time the cutoff is reported, for a source that has been
well studied, it may raise questions about the reliability of the analysis. On the other hand,
previous TeV findings displaying a curvature in the GeV and TeV transition make the
previous Fermi-LAT observations without a cutoff doubtful. Future research needs to
verify the source of this discrepancy, whether it is due to data quality improvements or
flaws with Pass 8, or flaws in the analysis presented here.

There are also intrinsic differences between the current GeV and TeV telescopes that
seem difficult to overcome. Fermi-LAT benefits from continuous observation, but the
uncertainty of estimates is relatively high on short time scales, a day or shorter. A flare
of Mrk 421 during one hour, for example, will produce highly uncertain estimates in the
normal scanning mode of Fermi-LAT. Still, one hour is the common variability time scale
in SSC models. H.E.S.S. and other Cherenkov telescopes have a larger sensitivity when
locking at targets and profiting from a large effective area during short time periods of
observation, e.g. short-time flares. The performance of the Cherenkov technique will be
further enhanced with the planned Cherenkov Telescope Array (CTA) that will cover the
full energy range GeV-TeV (15 GeV-100 TeV) [62].

CTA will include a number of telescopes of different size on both the Northern and
Southern hemispheres. It will allow for increase in flux sensitivity, angular and energy
resolution. All together, it will allow for multiwavelength studies of energies over many
orders of magnitudes. Even for well studied sources like Mrk 421, it will add more and
better knowledge of the gamma-ray flux and profile of AGNs.

50



A Abbreviations

Abbreviation Expansion Page reference
ACD Anticoincidence detector 25

AGN Active Galactic Nuclei 1

BLRG Broad Line Radio Galaxy 8

DAQ Data Acquisition 25

DST Data Summary Tapes 36

EAS Extensive Air Shower 24

EED Electron Energy Distribution 16

EM Electromagnetic 2

Fermi-LAT Fermi Large Area Telescope 23

FSSC Fermi Science Support Center 25

HBL High Frequency BL Lac 18

HE High Energy 23

H.E.S.S. High Energy Stereoscopic System 26

IACT Imaging Atmospheric Cherenkov Telescopes 26

IC Inverse Compton 15

ISCO Innermost Circular Stable Orbit 5

LP Log-Parabola 34

Mrk Markarian 18

MWL Multiwavelength 2

NED NASA/IPAC Extragalatic Database 7

NLRG Narrow Line Radio Galaxy 8

PL Power-Law 34

PL cutoff Power-Law with Exponential Cutoff 34

QSR Quasar 7

SSC Synchrotron Self-Compton 13

SED Spectral Energy Distribution 33

SMBH Supermassive Black Hole 4

TS Test Statistics 33

VHE Very-High-Energy 23
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B Table with H.E.S.S. run selection

Table 7: H.E.S.S. I runs on Mrk 421

Date Run Zenith Valid Issue
2004-01-20 18394 70.5◦ No Missing or Corrupt Raw Data
2004-01-20 18395 67.6◦ No Atmosphere
2004-01-20 18396 65.9◦ No Atmosphere
2004-01-24 18496 66.5◦ No Truncated run, Atmosphere
2004-01-24 18499 62.7◦ Yes -
2004-01-24 18503 61.0◦ No Truncated run
2004-01-24 18505 - No Missing or Corrupt Raw Data
2004-01-24 18506 62.4◦ No Truncated run
2004-01-27 18605 62.6◦ Yes -
2004-01-27 18606 61.0◦ No Atmosphere
2004-01-29 18678 - Yes -
2004-04-11 20221 - No Missing or Corrupt Raw Data
2004-04-11 20222 - No Missing or Corrupt Raw Data
2004-04-11 20223 - No Unclear, relates to 20221-20222
2004-04-11 20224 - No Unclear, relates to 20221-20222
2004-04-12 20234 61.0◦ Yes -
2004-04-12 20235 62.4◦ Yes -
2004-04-13 20259 62.6◦ Yes -
2004-04-13 20260 63.0◦ Yes -
2004-04-14 20276 62.0◦ Yes -
2004-04-14 20277 61.7◦ Yes -
2004-04-15 20292 63.6◦ No Missing or Corrupt Raw Data
2004-04-15 20293 62.6◦ Yes -
2004-04-15 20294 61.0◦ Yes -
2004-04-15 20295 62.2◦ Yes -
2004-04-15 20296 62.3◦ Yes -
2004-04-16 20314 61.8◦ Yes -
2004-04-16 20315 62.0◦ No Data selection / processing
2004-04-16 20316 62.2◦ Yes -
2004-04-16 20317 62.1◦ Yes -
2004-04-17 20334 64.0◦ No Truncated run, Camera, Hardware
2004-04-17 20335 63.1◦ Yes -
2004-04-17 20336 61.2◦ Yes -
2004-04-17 20337 62.0◦ Yes -
2004-04-17 20338 61.7◦ Yes -
2004-04-18 20357 61.7◦ Yes -
2004-04-18 20358 62.0◦ Yes -
2004-04-18 20359 61.2◦ Yes -
2004-04-18 20360 63.1◦ Yes -
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2004-04-19 20381 61.5◦ Yes -
2004-04-19 20382 61.1◦ Yes -
2004-04-19 20383 62.0◦ Yes -
2004-04-19 20384 61.6◦ Yes -
2004-04-19 20385 63.9◦ Yes -
2004-05-09 20663 63.1◦ Yes -
2004-05-09 20664 61.2◦ Yes -
2004-05-09 20665 61.5◦ Yes -
2004-05-09 20666 62.3◦ Yes -
2004-12-15 23668 67.6◦ No Failed exposure rate
2004-12-17 23695 67.0◦ No Failed exposure rate
2004-12-18 23702 66.9◦ No Atmosphere
2005-04-12 25028 62.1◦ Yes -
2005-04-12 25029 64.0◦ Yes -
2006-04-28 31523 63.1◦ Yes -
2006-04-28 31524 62.1◦ Yes -
2006-04-28 31525 61.0◦ Yes -
2006-04-28 31526 62.3◦ No Atmosphere
2006-04-28 31527 63.1◦ Yes -
2006-04-28 31528 64.7◦ Yes -
2008-01-16 44055 61.4◦ No Atmosphere
2008-01-16 44056 62.0◦ No Atmosphere
2008-05-05 45313 61.3◦ Yes -
2010-02-17 56034 64.5◦ Yes -
2010-02-17 56035 63.3◦ No Truncated run
2010-02-17 56036 62.4◦ Yes -
2010-02-17 56037 62.0◦ Yes -
2010-02-17 56038 61.8◦ Yes -
2010-02-17 56039 63.0◦ Yes -
2010-02-18 56057 62.5◦ No Data selection / processing
2010-02-18 56058 61.6◦ No Data selection / processing
2010-02-18 56059 62.0◦ Yes -
2010-02-18 56060 62.2◦ Yes -
2010-02-19 56080 61.9◦ Yes -
2010-02-19 56081 61.3◦ No Missing or Corrupt Raw Data
2010-02-19 56082 61.0◦ Yes -
2010-02-19 56083 61.7◦ Yes -
2010-02-19 56084 62.8◦ Yes -
2010-02-20 56096 63.8◦ No Atmosphere
2013-04-04 82891 61.4◦ No Atmosphere
2013-04-04 82892 62.3◦ No Atmosphere
2013-04-10 83188 99.0◦ No Unclear
2013-04-13 83274 99.0◦ No Unclear
2013-04-13 83275 61.8◦ No Unclear
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