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INTRODUCTION

Understanding the formation, structure and evolution of our Universe is one of the
greatest mysteries that humans are trying to understand. Different branches of astronomy
(astrophysics) are devoted to study cosmic objects by applying known physical principles
and rules. Initially being limited by the possibility to explore only nearby cosmic objects,
now the technical developments provide a chance to observe and investigate also very
distant extragalactic objects. These studies are crucial not only for expanding our
knowledge but also can significantly help to answer some fundamental questions such as
how and when our planet and solar system formed, etc. For example, measurements by
different experiments allowed relatively precise estimation of the age of the Universe
(13.799 £ 0.021 billion years) and to understand its different epochs (formation of galaxies,
stars, etc.) as well as investigate the processes taking place in different objects, etc. The
latter one is especially important since by studying different astrophysical objects currently
known physical processes can be tested under the extreme conditions (high magnetic field,
dense medium, etc.) which are hardly possible to form in the experiments. These makes
astrophysics one of the most interesting and progressively developing fields of physics.

Now the observations provide huge amount of high quality data allowing deep and high
resolution view of astrophysical objects and their components. For example, in the
observations at low frequencies with an exceptional angular resolution various components
and their spatial structures can be investigated. Combining it with the enormous progress
in the theoretical physics, the processes taking place in cosmic objects can be investigated
through modeling and/or numerical simulations. Taking into account, the amount of
available data which can be modeled, the number of sources which can be studied, the
precise modeling technique and our current understanding of the processes, perhaps now
we are in the golden ages for observational and theoretical astrophysics.

Currently, the astrophysical sources can be studied by detecting photons with energies
from radio to Very High Energy (VHE;> 100 GeV) y-ray bands (multiwavelength

astrophysics) as well as detecting neutrinos (multimessenger astrophysics). While
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Figure 1.1. The broadband spectral energy distribution of Markarian 421 (1).

multimessenger observations of the sources started recently when the first-time
gravitational waves and neutrinos were observed from known sources (2) (3), multi
wavelength astrophysics is one of the fastest developing and most progressive fields of
astrophysics considering the large number of currently or recently operating telescopes
(Very Large Telescope, Hubble Space Telescope, Spitzer Space Telescope, Herschel Space
Observatory, Planck Observatory, Swift Gamma Ray Burst Explorer, Nuclear Spectroscopic
Telescope Array (NuSTAR), XMM-Newton, Chandra, INTEGRAL, Fermi Large Area
Telescope (Fermi LAT), HESS, MAGIC, VERITAS, etc.). An example of the multiwavelength
spectral energy distribution (SED) of Markarian 421 obtained from simultaneous
observations with more than 13 different instruments is shown in fig. 1.1. This clearly
demonstrates the power of multiwavelength observations: the nonthermal processes can be
investigated with a high precision in a large frequency range.

Up to now various source classes are already confirmed to have strong nonthermal
emission. For example, in the HE y-ray band, there are around 5098 identified sources
which are included in the Fermi LAT 8-years point source catalogue while in VHE y-ray
band around 223 sources have been identified so far. However, the most impressive is not
the number of detected sources but the source classes identified as strong emitters up to
TeV energies. These include Galactic sources such as pulsars, supernova remnants, pulsar

wind nebulae and binary systems, and extragalactic sources such as Gamma-Ray Bursts



(GRBs) and Active Galactic nuclei (AGNs)/quasars. The emission processes taking place in
Galactic sources are relatively well examined and are always among the most discussed
topics in astrophysics. However, the recent major progress in the telescope technique
makes it possible to investigate the physical processes in extragalactic objects as well. GRBs
are short-lived bursts of y-ray photons which last from a few milliseconds to several
minutes and are considered to be the most energetic transient events in the Universe (4).
The huge energetics of GRBs (e.g., 10°! erg in the y-ray band (5)) allowed to detect them
up to the redshift of z = 8.0 — 9.0 (e.g., GRB 090423 at z = 8.2 (6)). As distinct from GRBs
which last only a few seconds, AGNs can constantly emit for a very long period (> 107 yr),
making them one of the most powerful long-lived objects in the Universe (7). AGNs are the
galaxies with a very luminous nucleus: the central region is more luminous than the
remaining galaxy. There are various theories currently applied to explain the huge energy
output from AGNSs. It is well established that the huge amount of energy is realized from
very compact region so it cannot be explained by the most powerful energy release (nuclear
fusion) involved in the evolutionary stage of normal stars. Indeed, the efficiency of nuclear
fusion is around 0.8 % which implies that the object should have ~10° solar mass (M) to
produce the energy typically released in the AGNs. However, in the sources with such a
mass the gravitational effects play a crucial role and the energy will be released through
converting the potential energy of the matter falling onto a super massive black hole (8).
The efficiency of such an energy release mechanism can be as large as 29 % for the
rotating black hole (9) (Blandford and Znajek process (10), (11)), much more efficient than
the ‘classical’ nuclear fusion.

Under the name of AGN wide range of objects having different properties are
summarized. According to the current unification theories AGNs have almost the same
structure and their various observational properties are related with different viewing
angles. One of the main components in the AGN structure is the accretion disk formed
when the gas orbits around the central supermassive black hole. The accretion disk is a
strong source of thermal emission sometimes observed even at X-ray band. Within 103

Schwarzschild radii around the black hole broad lines from the photoionized gas can be



observed while from much more extended regions narrow lines are produced. The strong
infrared emission in all AGNs indicates the presence of obscuring matter (torus) along the
plane in which the accretion occurs. In some type of AGNs (about 10 % radio-loud objects),
from the central source an extremely energetic and highly collimated outflowing plasma
structure (jet) can be observed. The plasma in the jet movies with mildly to highly relativistic
velocities and often they remain highly collimated up to several hundreds of kilo parsecs
(kpc). Depending on the orientation of the jet, the AGNs can be sub grouped in different
source classes. For example, when the jet makes systematically larger angles to the
observers, the AGNs appear as a radio galaxy. These are interesting sources where the
nonthermal emission from both jet and extended components can be investigated (e.g.,
large scale lobes of Centaurus A (12) and Fornax A (13)). The most extreme type of AGNs is
blazar, when the AGNs are seen exactly along the jet axis (a few degrees of inclination
angle), due to which the emitted radiation will be Doppler boosted and will appear brighter
to the observer. Commonly, the blazars are divided into BL Lacertae (BL Lac) objects and
Flat-Spectrum Radio Quasars (FSRQs), where BL Lacs show no sign of emission lines,
whereas the FSRQs are more distant, more luminous, and have stronger emission lines.
Blazars are the most interesting subclass of AGNs and their study is fundamental for
understanding not only the physics of the jet but also the formation and evolution of the
Universe. For example, detecting y-rays (> 100 GeV) from the distant blazars allows to
constrain the density of extragalactic background light photons which represents all the
light and radiation accumulated since the beginning of the Universe so it is the indicator of
the energetics of the Universe. On the other hand, the short time scale variability of the
blazars (sometimes down to a few minutes) provides unique chance to investigate the jet in
sub-parsec scales which are crucial for understanding the physics of particle acceleration
and emission. As the blazars are the main candidates for extragalactic neutrino emission
which was recently strengthened by detecting neutrinos from TXS0506+056 (3), their
study with both neutrinos and y-rays is essential for investigating the hadronic processes in

astrophysical environments.



Although AGNs and their different types were always investigated since their discovery,

there are various open issues to understand their physics. For example, even if the jets are
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Figure 1.2. Schematic representation of SED of AGNs with and without jets. The contribution of

different components is highlighted in colors (14).

observed their connection to the central sources and propagation are still under the
discussion. Once the jet is formed, it is still unclear their impact on the environments where
they propagate or the mechanisms which accelerates the electrons and protons. Even if the
photons from radio to VHE y-rays are observed, they are not enough to reveal the particle
content of the jet (the ratio of proton/electron densities) which is necessary to understand
the collimation of the jets, etc. Each of these should be clearly investigated in order to truly
understand the phenomena of the AGNs.

There are various methods which are applied to study the mentioned problems. The
progress of theoretical astrophysics in understanding various processes allowed developing
numerical simulation techniques to follow the jet from the beginning up to its termination
point. For example, the impact of the jets on the environment where they propagate and
their collimation and propagation can be investigated by realistic high-resolution simulations

of the jets. By three-dimensional general relativistic magneto-hydrodynamic simulation of



jet formation from an accretion disk allows to investigate their launching and acceleration.
Of course, the simulations are a powerful tool for investigating different properties of the
jet but they require initial parameters which can be obtained only from observations and
theoretical modeling of the results. For example, the observations in radio band are unique
to probe their morphology and the internal structures of the jet or the monitoring in HE y-
ray bands allows following the evolution of the system in time. On the other hand, the
theoretical modeling of the broadband emission spectra will allow to estimate or at least
constrain several important parameters, such as emitting particle energy density and
distribution, magnetic field, etc., which are necessary to investigate the physics of the jets.
Therefore, the high quality of the observed multiwavelength data and their theoretical
modeling has become one of the most actively discussed topics in modern astrophysics. As
mentioned above, the modeling of multiwavelength spectra of blazars is a powerful method
to investigate the physics of blazar jets. In fig. 1.2, schematically is shown the broadband
SED of AGNs with and without jet. As one can see, non-jetted AGNs are characterized by a
faint nonthermal emission spectrum which is sometimes dominated by different
components and it extends only up to X-ray band. Alternatively, blazars (as a representative
class of AGNs with jet) are characterized with a strong nonthermal emission from radio to
VHE y-ray bands. Since the blazar jets are closely aligned to the observers their emission is
amplified due to Doppler boosting and it appears brighter for the observer and almost
always the nonthermal emission of the jet dominates over the other components. This
nonthermal emission is characterized by two broadband humps, one in the infrared-optical
spectral range (low energy) and the other in the MeV-GeV band (HE component). While the
nature of the first component is relatively well known; it is well explained by synchrotron
emission of relativistic electrons in the magnetic field (supported by the observed strong
polarization) there are various theories proposed/applied to explain the second component.
These theories are divided into leptonic and hadronic depending on the particles which
produce the emission. In the leptonic interpretation, the accelerated electrons interact with
various photon fields and the second component is formed. Instead in the hadronic models,

the HE component entirely or partially is dominated by the interaction of protons with the
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magnetic field, low energy photons or protons. Currently, one of the actual problems in the
blazar research is to identify the nature of the HE component.

Blazars are dominant extragalactic sources in the HE and VHE y-ray bands. In the most
recent eight-year Fermi LAT point source catalogue there are more than 2940 identified or
associated blazars. This implies that these blazars are continuously monitored in y-ray band
since 04 August 2008 which is crucial for the investigation of the origin of their variable
emission. Moreover, combining this with the available data at low energy band will allow
selecting simultaneous SEDs in the flaring and quiescent states necessary for the theoretical
modeling. This implies that from single source study numerous time resolved SEDs can be
constrained and used in the theoretical modeling. This allows not only to test various
emission processes but also to propose new mechanism responsible for blazar
multiwavelength emission.

Now, with the available data, the evolution of the broadband emission from blazars can
be followed in physically reasonable timescales. In the theoretical modeling of blazar
emission two most actual problems are 1) identifying processes responsible for the time
averaged emission from radio to HE/VHE y-ray bands and 2) finding a model which can
explain time evolution of SEDs that is physical connection between the emission in different
states (flaring and quiescent). These are ambitious and very complicated problems but are
the ultimate goals of any currently developing and proposed theories. In principle, these
two problems are linked: in order to find a unique dynamical evolving radiative model to
explain the overall emission from blazars it is necessary to be able to explain the emission in
different states which then can be generalized within one single emission scenario. In other
words, in order to understand the global emission processes in the jet, initially the
empirical models explaining the SEDs at any given period should be very well investigated.
This will also provide most detailed information on the jet parameters and their evolution
time which are necessary for developing a self-consistent radiation model.

Up to now various theories and models were proposed to explain the observed
multiwavelength emission from blazars. Most of them were successful in explaining the

multiwavelength spectra in a given period but usually they fail to model the SED observed
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in another period. This is normal since these models do not include physical connection
between different states of the jet and are meant only to understand the emission observed
at a given period. Moreover, sometimes the problems are even more complicated: two
different models or the same model with another set of free parameters can equally well
explain the observed date which introduces significant difficulties for theoretical modeling.
Since the main aim of the applied theoretical models is to gain as much as possible
information from the observed spectra various statistical methods should be applied to
compare different models or to find the set of free parameters which statistically better
explain the observed data. The latter one is especially important as finding the parameters
best explaining the data allows direct insight into the processes ongoing in the jet and
constraining the parameters describing the jet. This implies that successful application of
any theoretical model should also contain effective optimization of model free parameters.
Since the models have nonlinear dependence from the model free parameters the effective
optimization of the parameters is not a trivial task. There are various methods which can be
used to find best description of the data one of the simplest one being calculation of chi-
squares (y?) when the data and the models are compared. However, it is well known that
the models with many free parameters are best optimized by Markov Chain Monte Carlo
(MCMC) method. Running MCMC samplers allows finding the best-fit and uncertainties of
the model free parameters. Due to the recent developments in high performance
computing now the MCMC samplers with high number of steps can be used so most precise

results can be obtained.

The aims of the thesis are:
e Study particle acceleration and emission processes in the jets of blazars.
e Investigate jet accelerated particle emission spectra as well as their variation when
emission region moves different distances from the central source.
e Develop a numerical package for fitting multiwavelength SEDs of blazars which uses
various statistical methods for model free parameter estimation.
e By modeling the observed SEDs in the quiescent and flaring periods, investigate the

origin of emission from the jets of FSRQs which are detected in VHE y-ray band.
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e Investigate HE and VHE processes in the jet of distant blazar PKS 1441+25
(z=0.939) which resulted in the detection of VHE y-rays by MAGIC and VERITAS
telescopes.

e Investigate the origin of bright flares of CTA 102 observed in the optical, UV, X-ray
and y-ray bands, during 2016-2018.

Scientific novelty

e A numerical code for fitting the multiwavelength SEDs of blazars has been
developed. The code uses an MCMC method for model-free parameter estimations and
allows finding the parameters which statistically better explain the observed data.

e It is shown that the flares of PKS 1510-89, PKS 1222+216 U 3C 273 can be explained
assuming the emission region is outside the BLR and HE/VHE y-ray emission is mostly
due to inverse Compton (IC) scattering of IR photons from the torus.

e It is shown that PKS 1441+25 blazar was flaring on January 24, when the flux
increased up to (2.22 + 0.38) x 107° photon cm™2s~t. From 2015 April 13 to April 28,
the MeV-to-GeV photon index has hardened and changes in the range of I' = (1.73 —
1.79) for most of the time with the hardest photon index of I' = 1.54 + 0.16 observed
on MJD 57 131.46 which is not common for FSRQs.

e The modeling shows that there is a hint of hardening of the low-energy index
(1.98 + 0.03) of the underlying non-thermal distribution of electrons responsible for the
emission in 2015 April when the source was observed in the VHE y-ray band.

e It is shown that CTA 102 blazar was in the flaring state from November 2016 up to
February 2017 almost in all energy bands. For example, on December 16 within 4.31
minutes the corresponding isotropic y-ray luminosity was L, =3.25x 10°°erg s,
comparable to the highest values observed from blazars so far. It is shown that in the X-
ray and y-ray bands follows harder-when-brighter behavior and the shortest time for flux
variation was 4.08 + 1.44 hr.

e By modeling, it is shown that the high-energy data are better described when the
infrared thermal radiation of the dusty torus is considered. In the flaring periods when

the correlation between the y-ray and UV/optical/X-ray bands is lacking, the y-ray
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emission can be produced from the interaction of fresh electrons in a different blob,

which does not make a dominant contribution at lower energies.

The thesis is structured as follows: in Chapter 1 different types of AGNs, their main
properties and components are presented and discussed. Relativistic transformation
(Doppler boosted) of varies quantities from the jet to observer frame are presented.

In Chapter 2 the main emission mechanisms of accelerated electrons (synchrotron and
IC scattering) in the relativistic jets are briefly summarized. For the IC scattering various
internal and external photon fields are considered and discussed.

In Chapter 3 the main theoretical background of MCMC optimization of model free
parameters and the fitting technique is described. Step by step the sampling of likelihood
distribution of model free parameters and their optimization with MCMC is presented. The
application of MCMC method in the modeling of blazar SED is described, the structure of
the code, its main components and working principles are described in details. The
application of the code is demonstrated by modeling the SEDs of two well-known blazars
Mkn 501 and PKS 0537-441. Within two different emission scenarios the main parameters
of the emitting electrons and the jet parameters are estimated. Then the code is used to
model the emission from FSRQs up to now detected in the VHE y-ray band (PKS 1510-089,
PKS 1222+216 and 3C 279). The emission spectra in several flaring and quiescent periods
are modeled and the parameters characterizing the emitting electrons and the jet in these
two periods are estimated and compared.

In Chapter 4 the origin of the multiwavelength emission from PKS 1441+25, one of the
most distant FSRQ detected in the VHE y-ray band so far (z = 0.939), is investigated. Using
HE y-ray data accumulated from January to December of 2015 quiescent and flaring
periods of the source are selected and modeling with one-zone synchrotron/synchrotron
self-Compton (SSC) and/or external inverse Compton (EIC) emission scenarios. The origin
of the flares is interpreted as change in the location of the emitting region which is either
due to the change in the bulk Lorentz factor or due to the change of the location of the

emitting region and due to the magnetic field amplification. The results from the modeling
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of SEDs observed during the bright flare in January and when the source was emitting VHE
y-rays are compared and discussed.

In Chapter 5 the origin of broadband emission from another distant blazar CTA 102
(z=1.037) is investigated. The data accumulated from NuSTAR, Swift UVOT/XRT and
Fermi LAT observations of CTA 102 during the active periods in 2016-2017 are analyzed
and used to constrain SEDs before, during and after the flares. One and two zone leptonic
models are used to model the SEDs when contemporaneous or no contemporaneous flux
changes in optical, X-ray and y-ray bands are observed. Considering all relevant photon
fields for IC scattering (synchrotron, BLR reflected and torus photons) the SEDs are
modeled considering different location for the emitting region.

In Conclusion the main results obtained in the thesis are summarized as well as its
possible application in current blazar research is demonstrated and briefly the future

continuation of the work is discussed.
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Chapter 1

1. OBSERVATIONAL PROPERTIES OF BLAZARS

1.1. AGN multiwavelength survey

The recent technological developments enabled to observer and study AGNs in various
energy bands (namely in radio, infrared, optical, ultraviolet, X-ray and y-ray bands). The
observations in the individual bands give us insights into different physical processes
occurring in AGNs. Each band of observed electromagnetic spectra (i.e. radio, optical, y,
etc.) reveal specific observational features, meanwhile the combination of all observable
spectra gives more comprehensive picture of central engine, jet formation and content,
physics and nature.

As some of AGNs are powerful radio emitters the radio observations contain significant
information. The distinct sensitivity of radio telescopes and smaller angular resolution (e.g.,
when interferometry is used) allows not only to observe very distant objects, such as AGNs
at z > 7 redshift but also make detailed investigation of their structure and morphology.
Also, the radio observations contain valuable information on the relativistic bulk motions,
dynamics of various components and morphology of AGN jets. The main AGNs division
being either a radio -loud or —quiet, is based on the radio luminosity ratios to optical one,
once more stresses the importance of radio observations.

Infrared observations can help to understand the non-thermal radiation from the jet as
well as the thermal radiation produced from a dusty torus surrounding the central source.
Understanding the absorption, emission and geometrical properties of the dust in AGNs is
one of the central questions in AGN physics.

Optical/UV observations can provide information especially about disk thermal radiation,
absorption and emission lines of broad and narrow line regions (henceforth BLR and NLR).
The most observational data are collected from AGNs optical survey. Optical/UV

observations allow studying the core of AGNs and as farther the host galaxy as brighter the
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AGN core luminosity, hence is easier to observe AGN core and distinguish it from the host
galaxy.

X-ray observations are carried out only by satellite base telescopes, as the Earth’s
atmosphere is opaque for the X-ray photons. X-ray emission from AGNs is mostly of
nonthermal origin produced from the jet but sometimes also direct thermal emission from
accretion disc can be observed as well. In the X-ray band, currently or past operating
telescopes discovered more than thousands of AGNs. The observations in the X-ray band
are crucial for understanding the origin of emission from different components in AGNs
emission spectra.

As AGNs are the dominating extragalactic sources on the y-ray sky, their observations in
the y-ray band are crucial for understanding their physics. One of the best instruments for
studying the y-ray sky is Fermi LAT which is sensitive to photons in the energy range from
100 (20) MeV to 300 GeV which allows continuous monitoring of y-ray emitting sources
more than 10 years. The photons with energy above 100-300 GeV can be only effectively
observed with ground-based Cherenkov telescopes, such as MAGIC, H.E.S.S, VERITAS and
CTA (under the construction). By these telescopes the photons with energies up to tens of
TeV can be observed constraining the highest tail of the non-thermal emission spectra.
Also, the observations in the y-ray band are crucial for distinguishing various emission
components in the AGN spectra.

The multiwavelength observations allow to have comprehensive view of ongoing physical
processes and can help to understand the jet physics (e.g. their launch, propagation,
kinetics, content, etc.), as well as processes responsible for particle acceleration,

distribution, propagation and emission.

1.2. Classification of AGNs

Despite there are large number of AGNs classified up to now, they show some common
features. Based on the observational properties, the AGNs can be classified in different
ways: by their radio emission power (loudness), properties at optical/UV emission spectra,

etc.
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The radio loudness is defined as the ratio of radio and optical fluxes at 5 GHz and B-
bands, respectively, and if the ratio is bigger than 10, the AGN is classifies as radio loud,
otherwise radio quiet. The examples of radio quiet AGNs are Seyfert 1 (Sy 1) and Seyfert 2
(Sy 2), quasars, etc., while the radio loud class includes FR 1 and FR 2 type of radio
galaxies, BL Lac and FSRQ blazars, etc. (see in fig. 1.3).

Optical Emission Line Propermies

Type 2 (Narrow line)  Tvpe 1 (Broad Lire) Type O (Unusual)
o - : Sy 2 Syl
% Radio-quiet: "~
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Figure 1.3. AGN taxonomy (15).

According to the features at optical/UV spectrum, the

Narrow Line whole population of AGNs can be divided into three large

Region
/ groups. The first group (Type 1) is characterized by bright

Broad Line
Region

continua and broad emission lines (15). Among the

population of Type 1 AGNs, the radio quiet Sy 1 and QSO

Accretion
Disk

galaxies are included, which have low and high

e : luminosities and are typically observed at near and large
Obscuring
Torus . . .
distances, respectively. In the case of radio loud

population, two sub-groups, the low- luminosity broad line

Figure 1.4. AGN compounds.  region galaxies (BLRG), and high- luminosity step
spectrum radio quasar (SSRQ) and FSRQ are included (15). Unlike the Type 1 group of
AGNs, Type 2 is characterized by a weak emission continuum and only narrow emission
lines are observed (BLR either being obscured or missing). In the Type 2 group radio quiet
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and loud sources are included. From the radio quite objects, low luminous object such as
Sy 2 and high luminous objects such as narrow-emission-line X-ray galaxies (NELG) are
included. Radio loud objects are narrow-line-radio-galaxies (NLRG), which are
conventionally divided into Fanaroff-Riley (FR) type 1 and FR type 2 galaxies, based on their
morphologies. The FR 1 objects typically have symmetric jets, whose brightness falls along
the jet moving off the central engine. Alternatively, FR 2 class objects are well-known by
their more collimated jets, lobes with bright hot spots (15).

The third, more extreme type (Type 0) of AGNs are characterized with high polarization,
short and strong variations both in time and amplitude, and their radio loud sub-classes are
divided largely into BL Lacs and FSRQs sources, based on their emission line features, i.e.,
the lines are either narrow (<5°) or missing in BL Lacs objects, instead, very broad
emission lines (> 5°) with a strong thermal component are typically observed in FSRQs.

The unified theory of AGNs proposed by (15), is the most popular model. According to
this unified theory, all AGNs have the same inner structure, i.e. accretion disk, BLR and
NLR, dusty torus and relativistic jets, and their observed different properties are explained
as the result of different orientation of the source in respect to the observer. In this model,
if an AGN is observed edge-on to the observer line of sight, i.e. close to the torus plane, the
direct radiation from accretion disk and BLR is obscured by the torus, and only narrow
lines are observed. Those objects are classified as Sy 2 or narrow line region galaxies
(NLRG) for radio quiet and loud cases, respectively (see in fig 1.4). Changing the viewing
angle of the jet, in addition to the NLR, also the emission from BLR can be observed. These
objects, which make some angle in respect to the torus plane are called either Sy 1 or
BLRG depending on their radio quietness and loudness, respectively (see in fig 1.3). Finally,
the AGNs which are observed face-on (i.e., which makes small angle) in respect to the

observer are classified as blazars (see in fig 1.3).
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1.3. Relativistic effects in AGNs: Beaming and Doppler

boosting

In the objects when the plasma is moving with relativistic velocities (e.g., the jets of
blazars) the relativistic effects are starting to play crucial role. In these systems, when the
time, size, emission luminosity etc. are being computed the relativistic effects should be
taken into consideration. In the innermost part of blazar jets, usually peculiar phenomenon
of superluminal motion can be observed, when the velocity of bright (emitting) regions are
estimated to be larger than the speed of light (c). This phenomenon was first predicted by
Martin Rees in 1996 and then observed in 1997 by Very Long Baseline Interferometer
(VLBI) at radio frequency. In order to explain the effect of superluminal emission the fig.

1.6 is used.
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Figure 1.5. Classification of AGNs by viewing angle (7).

Assume we have a source moving with a relativistic velocity V which forms 8 angle in
respect to the observer. Considering two instant emissions (pulses) from the source at two
different positions “S” and “T” (see in fig 1.6), and the travel time between them is At. The

first pulse will travel a distance of cAt when the second pulse will leave the source at the
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position of “T”. So, the observer will measure the time lag between the pulses equal to

tops = CAt — VAt cosB, and an apparent velocity of the source is

_ vAtsind  Pcsinb (1.1)
Vapp = CAt — vAtcosd 11— B cos@’

Figure 1.6. Schematic of apparent superluminal motion.

This means, that the observed apparent velocity depends on the speed of the source and
angle between the velocity direction and observer’s line of sight. It is easy to see, that only
if & =90 the apparent velocity is equal to the real velocity of the source. For small angles
apparent (observed) velocity can be larger than the speed of light.

The non-thermal emission from blazars originates in the regions moving with relativistic
speeds and form small angles in respect to the observer’s sight, therefore besides the usual
Lorentz transformations a Doppler factor (8) also should be considered, which is related to
the velocity and viewing angle of the emitting region. From Lorentz transformations the

Lorentz factor is T =

where g = V/.. The Doppler factor in the relativistic case has a

1

_ , where 6-is the angle of emitting region moving vector direction

form of § = T eost)
with respect to the observer. When the quantities are transformed from the rest frame to
the observer frame the Doppler factor should be taken into account. One of the primary
measurable quantities is the flux which is linked to the luminosity by F = 47D?L, where D is

the distance from the source. The luminosity is defined as the radiated energy per second

21



[erg s™']. The bolometric luminosity is an integral of monochromatic luminosity (luminosity

per unit of frequency) which gives the total luminosity emitted in all bands:

o)

Lyy, = f L(v) dv (1.2)

0

Going from the rest to the observed frame the bolometric luminosity (flux) is amplified by
5*. The energy/frequency will be increased by § (v = §v’). Another important quantity is
radiative energy density u [erg cm™3]. Radiative energy density is a radiated energy per
volume of space. In order to calculate the radiative energy density of a spherical source,
with the luminosity of L and size R, two different scenarios are considered:

A. The observer is outside the source, at the distance of D >> R

B. The observer is inside the source, which emits uniformly
Case A: Let us consider the observer is at the distance of D >> R from the source. The shell
with the width of dD = cdt will have dV = 4nD?cdt volume, and in the time of dt the
source will emit dE = Ldt amount of energy (see in fig. 1.7). The radiative energy density

will be:

_ dE _ Ldt _ L (13)
" dV  4mD?cdt 4mD3%c
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Figure 1.7. Schematic depiction of a source with radius R which emits a luminosity L (16).

The equation is valid also for a uniformly emitting shell, as the energy density is the same in

any location inside the shell (16).
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Case B: For a case, when the observer is inside a uniformly emitting source, let us assume
that the source is optically thin and homogeneous. In such case, the energy density will be
proportional to the mean escape time of photons from the source (u ~ t,s). The mean
escape time will be less than R/c, since the photons, originated near the sphere boarders,
will leave the source immediately with the probability of 1/2 and a probability less than 1/2 to

pass 2R distance. Hence, the mean probability for the sphere will be t.,. ~ ZR/C, and the

radiative energy density is

_E. 3L 3R _ L (1.4)
U= plese ¥ rR3a e~ “°4nRec

It is worth to note, that the Eq. 1.4 is valid only for optically thin sources (16). The Lorentz

transformation for the radiative energy density is (16)
u= 6% (1.5)

In the Table 1.1 transformation of some quantities from the rest to observer frame is

presented.

Table 1.1. Useful transformations.

Frequency v= &V
Time t=t'/8
Volume V=28V
Radiation flux (VF,) F= &8*F'
Radiation energy density u= &%

1.4. Blazars: Broadband spectrum

Blazars are the most interesting and extreme class of AGNs. Blazars are the most
luminous persistent sources in the Universe, that is why they are observed even in large
distances (z > 7). According to the unified theory, blazars are AGNs which have jets that
are oriented at a small angle to the line of sight of the observer (15). They are characterized
by the extreme variability in both amplitude and time (as short as minutes e.g. (17) (18)
(19)), strong polarization from radio to optical wavelengths (20) (21), superluminal motion,
and very high luminosities (e.g. bolometric luminosities of some blazars exceed 10*°

erg s~') and usually have core-dominated radio structures. The short variability indicates
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the compactness of the emitting region. The central source produces collimated outflows
with the bulk Lorentz factor typically in the range of 10 — 20. Therefore, the emission from
blazars is affected by relativistic beaming so they are significantly brighter in the observer
frame.

Blazars conventionally are divided into two sub-classes, based on their observational
features. BL Lac objects exhibit extremely narrow (equivalent width < 5A) or no emission
lines which might be associated with the low accretion rate onto the supermassive black
hole, unlike FSRQs where in the optical/UV band very broad lines are observed and they
are generally more powerful. The accretion disks of FSRQs are so powerful, that sometimes
the thermal radiation dominates over the non-thermal component. Depending on the peak
of the synchrotron emission (low component), blazars can be further divided into low- (LSP:
vs < 10* Hz), intermediate- (ISP: 10'* Hz < vg < 10'® Hz) and high-synchrotron-energy
peaked sources (HSP: vg > 105 Hz) (22). The synchrotron peaks of most BL Lac objects
are found within 10'* — 107 Hz, in contrast to FSRQs case which are typically LSP blazars
and tend to exhibit more power in the y-ray band.

Blazars have been subjects of investigation since their discovery, but several crucial
problems for understanding their physics are still unclear. For example, how the jets are
formed and remain collimated over large distances, what are the particle acceleration and
emission processes, where does the emission originate along the jet? etc. The exact origin
of emission from blazar jets is still under debate. The electromagnetic emission from
blazars is observed in a wide energy range from radio to HE y-ray bands. This broadband
emission is predominantly of a nonthermal origin, although, sometimes, thermal emission
from some components can be also observed. The broadband SED of blazars has two
nonthermal peaks - one at optical/UV or X-rays (the low-energy component) and the other
at higher energies (the y-ray band). The observed high-degree polarization indicates that
the low-energy component is most likely due to the synchrotron emission of electrons
accelerated in the jet. While the synchrotron emission can explain the observed features of
the low-energy component, the origin of the HE component is still unclear, so various

models/scenarios were proposed. One of the most widely applied models is that the HE
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component is produced via IC scattering of soft photons being either internal (e.g.,
synchrotron photons; SSC (23) (24)) or external: EIC (25) (26) to the jet. These models
have been successful in explaining the SEDs of blazars but sometimes fail to reproduce
some observed features. As a distinct alternative, models involving the radiative output of
protons accelerated in the jet (hadronic models) were proposed (27) (28). The protons
carry significant amount of energy and the exact estimation of their content in the jet can
be crucial for understanding the physics of the jet. Even in the leptonic scenarios, hadrons
(protons) are expected to be present in the jet to ensure the charge neutrality of the
plasma. Then these protons can be effectively accelerated and by interacting with a dense
target (proton-proton interaction), magnetic (proton-synchrotron) and/or photon fields (py
interaction) produce the observed HE component. In the case of hadronic models, more
extreme parameters are required as compared with leptonic models (e.g., in the last two
cases the protons should be accelerated beyond 10'° eV and propagate in a magnetic field
exceeding 30 G (28) (29) (30)) but in principle these conditions can be formed in the jet
and sometimes the hadronic models give better modeling of SEDs (31) (32).

Leptonic one-zone emission scenarios are the most common models applied to
explain the broadband emission from blazars. The emitting region is assumed to have a
spherical geometry (blob) carrying a magnetic field with an intensity of B and a
population of relativistic electrons/positrons. Since the emission region moves along the
jet with a bulk Lorentz factor of I,;, the observed radiation will be amplified by a
relativistic Doppler factor of & = 1/, (1 — B cos(O,ps)), Where 0,,s is the jet
inclination angle (usually < 8° for blazars). The size of emission region can be
constrained by the observed variability time-scale (t), R, < 6 c /(1 + z). It has already
been noted that blazars are characterized by extreme variability (in both time and
amplitude), which implies that the emission region should be very compact. For typical
parameters of t,, ~few hours and § ~ 10 =+ 20, the emission region cannot exceed
10> — 10® cm. This implies that blazar observations are unique tools for investigation of
the sub-parsec structures of their jets.

As the one-zone models assume the emission is produced from a single population of
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electrons, it is expected to have correlated flux changes in various bands (33). However,
for some blazars the expected correlations were not observed, so alternative two-zone
models were proposed (34). The basic idea of two-zone models is that the
multiwavelength emission is produced from two blobs having different size or location
along the jet and each containing different population of particles. For example, one of
these models assumes that particles are accelerated in one blob, but they emit whenever
they are injected in the second blob. As an alternative, in order to explain the rapid
variability in the y-ray band, a model where the emission is produced in two emitting
regions of different sizes and distances from the central source was proposed. Of
course, two-zone models contain more free parameters, so are easier for modeling, but
these are only possibilities, when complex changes of multiwavelength flux are observed.
Now in the era of available large amount of multiwavelength data, not only currently
known theories can be tested but also new emission models can be proposed. This
makes the blazar research one of the hottest topics in astrophysics.

The observations of blazars (especially in the y-ray band) can help also to understand
the formation of the Universe. The detection of distant y-ray sources is restricted not
only by their low emission flux (below telescopes sensitivities), but also the produced
photons can be absorbed. They can interact with the photons of diffuse radiation in the
universe, so called extragalactic background light (EBL) and produce electron-positron
pairs. The density of EBL photon field is composed by the light emitted since the
formation of the Universe (stars, galaxies etc.) and it contains valuable information on
the history of star and galaxy formation. The EBL density cannot be measured directly
and it can be done only indirectly, namely when the y-ray emission from a very distant
blazar is observed, it can help to measure the limit of EBL photon density. Especially are
important the observations of very distant blazars with Fermi LAT and ground based
Cherenkov telescopes (MAGIC, VERITAS, HESS) so combining the data in the MeV/GeV
(unabsorbed) and TeV (absorbed) bands can help to constrain the density of EBL. This
once more emphasizes the importance of studying blazars in general and the origin of

their emission in particular.
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Chapter 2

2. EMISSION MECHANISMS OF BLAZARS

Here, the main processes responsible for nonthermal emission in blazars are discussed.
Since the physical processes in blazars are taking place under the extreme conditions (e.g.
relativistic velocity, large magnetic fields etc.), the investigation/understanding of particle
acceleration and emission mechanisms occurring in these sources is one of the most
important topics in the modern astrophysics. The main emission mechanisms of electrons,

synchrotron radiation and IC scattering, are presented and discussed.

2.1. Synchrotron radiation

The low component of a blazar multiwavelength spectrum, ranging from radio to
optical/UV and/or X-ray band, is well described by the synchrotron emission of relativistic
electrons. The synchrotron emission is produced when electrons are spiraling around the

jet’s magnetic field lines. Equation of motion of an electron in a magnetic field is

d(ymﬁ)_fe o 16
——= —[vx5], (1.6)

where v- is the vector of an electron velocity and y- is the Lorentz factor, e is the electron
charge, B is the magnetic field, m, is the electron rest mass. Since the electron spiraling
around the magnetic field lines, the force on the electron is perpendicular to the motion
and the magnetic field does not do work on the electron, therefore its speed remains
constant, i.e. || = const. The electron velocity is constant, but its direction may change.
Let us consider the directions perpendicular and parallel to the magnetic field B. Let v
have components v, and v, along these directions. Then

dvy _ (1.7)
a !

and
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—= = —[6xB] (1.8)
Eq. 1.8 can be rewritten as
e
a =—pBsinb, (1.9)
ym

where 6 is the so-called pitch-angle or the inclination of the velocity vector to the magnetic
field lines and g = %
An electron emitting synchrotron radiation loses some amount of energy which at unit

time (radiation power) can be calculated from Larmor formula:

dEe 2e2a’?
dt  3c3

_ 2e%(a.* + q'%) _ 2e*a® (1.10)

4
3¢3 3¢3 Ve

14

P(t) = —

by taking into account a;' =0 and Lorentz transformation of a,’=y?a, (35), where
primed quantities refer to the rest frame of particles and non-primed quantities to the
observer’s frame. Inserting (5) into (6) for synchrotron radiation loses one will obtain:

2

dEe 2e?a? 2e?  /efB 2 ,
T 303 vyt = 33 y4< sm@) = Erozcﬂzysz sin? @, (1.11)
2
where ry = mecz is the classical electron radius. For an electron population we can assume

an isotropic distribution of pitch angles and average sin® 8 over the solid angle
79 =~ (1.12)

Taking into account Eq. 1.11 and Eq. 1.12 also 8 =~ 1 and assignments of Uy = %— magnetic

2
field energy density and oy =227 _ Thomson cross-section the energy loss rate of
electrons can be rewritten as:
dE 4
® = —cory?Uz = 1.29 x 107°B2y2 571 (1.13)

dt 3

and the corresponding cooling time will be
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E.  38m(m.c?)’

toyn = o == .
Yt dE, 4 EeB,’oqc
dt

(1.14)

The Eq. 1.14 shows that the higher energy particles loss energy faster. It is demonstrated in

the fig. 2.1 where the cooling times of an electron in 1 and 0.1 G magnetic fields are shown.

lOIU'
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10-¢ 10~ 0.01 1 100 104 10°
Figure 2.1. The cooling times of an electron in B = 0.1 G and B = 1 G magnetic fields.

Eq. 1.13 shows the energy loss rate of an electron when it emits via synchrotron radiation.
When the electrons emit photons via the synchrotron emission, the amount of energy that
they lose is being transferred to photons. For a single emitting electron with energy E, in

the magnetic field B, the emitted photons will have characteristic frequency (v.) of

Uc

3eB ( E, )2 (1.15)

4mm,c \m,c?

and the differential energy spectrum can be computed from

dN, V3 B (ﬂ) (1.16)
dE,dt C2m mec?hE, \E,
where, F(x) is defined by
inf
F(x) = xf 1’(5/3 (x"dx', (1.17)
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where K5/3 is the modified Bessel function of the order of 5/3 (36).
In the numerical calculations is more convenient to use an approximation of F(x). This can
be approximated by

1, 1+0.884x ’/3 +0.471x "3 - (1.18)

F(x) ~ 2.15x /3(1 + 3.06x) 76
1+ 1.64x7/3 + 0.974x"/3

which provides better than 0.2% accuracy over the entire range of the variable x. However,
in a case of chaotic magnetic field, the Eq. 1.16 should be averaged over directions of

magnetic field and F(x) should be replaced by
_ X 2 2 (1.19)
G(x) - % [(8 + 3x )(k1/3) + Xk2/3(2k1/3 - 3xk2/3)], *
where k;/,3 = K;,3(x/2), ky/3 = Kp/3(x/2). The Eq. 1.19 expression in its turn can be
approximated by (36)

L808x/3 1+2212x73+03472"3 _,
GO ~ . (1.20)

21+ 1.353x/3 + 0.217x 375
1+ 3.4x3

In the fig. 2.2 both functions of F(x) and G(x) are depicted which clearly shows the

difference when the magnetic field is averaged or not over the angle.
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Figure 2.2. The emissivity functions for synchrotron radiation F(x) and G(x).
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Figure 2.3. Synchrotron vF(v) emission spectrum.

Above, the emission from a single electron in the magnetic field is discussed, but as in all
astronomical sources, also in blazar jets, the emission is produced from population of
particles. In order to obtain the differential synchrotron emission spectrum for an electron
population, the energy density of the electron population with the single electron spectrum
Eq. 1.16 should be integrated over electrons energy:

Emax

(dEydt>N B J <dEydt>1 N(Eo)dE..
for which the luminosity will be
Emax
dN
—F.2 Y (1.22)
Leyn = E, f ( ar, dt) N(E,)dE,.
Emin L

Assuming the electron energy distribution follows ~E, “Exp[—(E./Ecutorr)] law with the
electrons total energy of 10°°eV, E;, = 0.511 MeV, E,, = 5.11TeV, E; = 5.11 GeV,
B = 1mG, a = 2.1, § = 10 the corresponding spectrum of electron synchrotron emission

(vf(v)) is shown in fig 2.3. As one can see, up to the characteristic frequency of photons

2 1
defined by (~%(%) > the spectrum follows v%° spectrum (since f(v) =v~ z for

the synchrotron emission) and then starts to decrease when the number of electrons is low
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(after Ecyutorr). This cut-off feature in the electron spectrum sometimes is defined by the X-
ray data which allows estimating the maximum energy of accelerated particles from the

observations.

2.2. Inverse Compton Scattering

One of the mechanisms to generate HE emission in blazar jets is the |C scattering, when the
low energy photons are up-scattered by relativistic electrons. Here, the low energy photon
gains additional energy defined by the loss of the electrons. In IC process the cross-section
of an electron and a photon interaction depends on the energy of the photon and electron
before the interaction and also to the energy of produced photons. Depending on the initial
energies of the interacting photons and electrons, the interaction can be either in Thomson
or Klein-Nishina regimes. In the Thomson regime the energy of a scattered photon is
proportional to y?, instead for Klein-Nishina regime it is proportional to y. In general, if the
photon energy before and after interaction is € and €;, respectively, then the differential

spectrum of the |C scattering is given by (37):

dN 2w ry’mycn(e)de (2.1)
dt dEl - yz FC(q'Fe);
where

F(a ) = |2gmlal + (142001 —q) 4~ D7 22

c\q,1g) = |44 IN|q q q 21+ g q

E; 4ye

_ 2 _ _ e

El - Sl(y mec )' q I—ve(l _ El)' 1—;2 meczi

is the total IC scattering cross-section (monochromatic differential cross-section) and n(g) is
the target photon distribution, y is the energy of interacting electrons. The Eq. 2.1 is given
for one electron and in order to obtain the emission spectrum for electrons population Eq.
2.1 should be integrated over the whole energies of electrons. For the case of isotropic and
homogeneous distributions of photons and electrons the luminosity [ergs™'] can be

calculated by (38)
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where u(e) = en(e) and N,(y) are the photon and electron energy densities, respectively,
and ¢ is the scattered photon energy. In the fig. 2.4 is plotted the IC scattering of CMB
photons on the electrons, having the same parameters as in the case of fig 2.3. In this plot

the same features as in the case of synchrotron emission can be noticed, since it is well

a—1

known that also the IC scattering spectrum in Thomson regime follows f(v) =v™ 2 law.

The calculation of electron energy loss rate by IC mechanism is more complicated than in
the case of synchrotron emission. When the energy loss of electrons is being calculated, it
is necessary to distinguish, whether it is in the Thomson or Klein-Nishina regimes. The
Thomson regime can be described in the framework of classical electro-dynamics, while in
the case of Klein-Nishina process the quantum treatment is necessary. In general, the

energy lose rate is given by,

dy 4cor 1 emax -
—=5—— Uo¥?Fyxn, Fxn = _f fKN(b) Uede (2.4)
dt  3mec? Uo Jemin y
W
10%7
éﬁ 1026
10%
10:-] : 5 i = 4
10! 10" 102 102 102
v[Hz|
Figure 2.4. Inverse Compton vF(v) emission spectrum.
where U, = f;mmiix U, de is the whole energy density of low energy photon field, U, is the

energy distribution of photons and b = 4ye/m.c?. In the Thomson regime, when the

energy of photons (in the frame of electron) with regard to the electron rest energy is too
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small (b < 1), fyxy = 1, however, in Klein-Nishina regime, when b > 1, fyy = %(ln(l;) —
11/6). For the cases of b « 10*, fyxy function can be approximated by the following

equation fxy = ﬁ, therefore (39):

1

dy 5
(1+Db)rs’

4
- §O'TCUO)/

(2.5)

Eq. 2.5 implies, that in the case of low energies (Thomson regime) %ﬂ/z , and in the case

of high energies (Klein-Nishina regime), %~ln(y). In the fig. 2.5 the energy loss of

electrons is plotted for the synchrotron (in 1 uG magnetic field) and IC (with CMB photons)
processes. Since in both cases at low energies the energy loss rate depends on y?, then the
energy loss rate will be dominated by the IC scattering, because the energy density of 1 uG
maghnetic field is approximately 9 times smaller than the density of CMB photons. When the

IC scattering takes place in Klein-Nishina regime, the energy loss rate rapidly decreases.
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Figure 2.5. Electron energy loss by synchrotron (in B = 1 uG magnetic field) and IC radiations
(in CMB photon field).

As one can see from Eq. 2.5, the energy loss rate depends on the density of low energy
photons. In general, HE component of blazar emission can be produced by the IC

scattering of
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e Synchrotron photons

o Accretion disk photons (the photons produced by thermal radiation of accretion disk)
e BLR photons (accretion disk’s photons reflected from broad line-region)

e Torus photons (IR photons from dusty torus)

Below, the IC scattering considering all above mentioned photon fields is discussed.

2.2.1. Synchrotron self-Compton radiation

In blazars, under the influence of magnetic field, the relativistic electrons radiate photons
(synchrotron radiation), a fraction of which can be scattered on the same electrons through
the inverse Compton scattering, because the emitting region is compact. The up scattering
of synchrotron photons on the same electron population is called SSC. The electron energy
loss in SSC process can be calculated by Eq. 2.5, as well as the emission spectrum of
isotropic and homogenous photon and electron distributions can be computed through Eq.

2.3, by substituting u(e) = ugsc(e) with the following limits of the parameters ¢ <1 and

q=1/4y% and yp, = %% 1+ /1+ﬁ . The photon energy density of
Sp

synchrotron radiation can be computed by

2.24 Lgy (£)

2 )
4mcR,

(2.6)

ussc(e) =

where Ry, is the radius of emitting region. It is assumed that the emission is produced in a
relativistic moving spherical emission region with the volume of V, = gan’f, which moves

with a I'- bulk Lorentz factor. The radius of an emitting region can be constrained from the

temporal variability:

, SDCtv 27
RbS(1+Z), (2.7)

where t, is the observed variability. In the fig. 2.6 the SEDs of synchrotron and SSC
emission are plotted, for the parameters of R, = 10'® cm, B =100mG, (6, =~ I = 10);
and the electrons have a power-law with exponential cutoff distribution with a = 2,
E.; = 0511 GeV,E,;, = 5.11 MeV, Epge = 5.11 TeV.
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Figure 2.6. SED of synchrotron and SSC radiations.

2.2.2. Inverse Compton scattering of external radiation field

In contrast to SSC process, when the seed photon field is originated within the jet, for the
EIC the source of low energy photons is outside the jet. Main photon fields, which can
contribute to the radiation in IC process are: photons emitted from the accretion disk
directly, and/or when the same photons are reflected by the BLR and/or thermal radiation
of dusty torus. Since the seed photons are originated outside the jet, then the photon field
and electron population are in different co-moving frames, so in order to calculate the EIC
radiation, there are two different approaches:
1. Convert an external photon field to the co-moving frame (jet frame), then
calculate the emission (38).
2. Convert the electron distribution to the frame of a photon field and then calculate
the emission (40).

In the case of the first approach, the formula 2.3 can be re-written as:

oo ,ul(gl) oo NI (yl)
Lgic = 3caspéd 502f de o2 f dy ;,2 F.(q,I2), (2.8)
0 y!

min
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where the primed quantities refer to the source (initial) frame. In Eq. 2.38 all quantities are
transferred into jet’s co-moving frame: u(e) = 6% v’ (%),N(y) = N,(y"), e = 6pe’. So
when the density of seed photons is known, the spectra of the HE component can be easily
computed.

Accretion disk: To calculation the radiation of the accretion disk, we will consider the disc

has annulus structure emitting by black body. From the equality of the viscous dissipation

rate of Keplerian disk: D(R) =

: 1/2
21— (%)71 and blackbody flux: oy, T* the

temperature of an accretion disk, depending on the radius, can be calculated by

1
3 ReLaisic (&) /2

T(R) =
(R) l6emaggR3 R

1 (2.9)

, 014"y
D enrrekts )
osg = 5,6704 X 10 %erg cm™2s 1K ™4,
where Rg is Schwarzschild radius, Ly — the maximum luminosity radiated from the disk,
Té’iiik— the maximum temperature of the disk, ogz- Stefan-Boltzman constant and &- a
coefficient which indicates the efficiency of the accretion. Typically, = 0.1 (10%) , 10 % of
the whole accretion disk radiation. Each ring of the disk will radiate

2v3h
,(erg s~ tem™2Hz lsr71)

I, = By(T(R)) = m (2.10)

amount of energy, and by taking into account the Eq. 2.9 we can calculate the disk
radiation by integrating the emission of rings within the inner and outer radii (R;, = 3R;

and R,,;) :

4 rRoy
_471th t  RdR 2.11)

hv
Rin  oKT(R) — 1

In the blazar jet, the emitting region is characterized with large bulk Lorentz factor, and the
contribution of accretion disk direct radiated photons is negligible because of the de-
beaming effects. However, these photons can be reflected/ reproduced from the gas in the

BLR clouds, and serve as a strong (beamed) seed photon field for the IC process. BLR is a
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region at the distance of 101> — 108 cm (sub-parsec) from the central clouds, filled with
small clouds rotating in high speeds (1000 - 10000 km s~*). Doppler broadened emission
lines at optical and UV bands are observed from BLR which is believed to be produced in
the photoionization gas. Another strong seed photon field can be the dusty torus, which is
located far from central source beyond the BLR. Dusty torus is believed to have a toroidal
shape, from several hundreds to few thousands kelvin temperature and emits mostly in the
IR band.

The radiation luminosity of the external fields can be computed by (38):

(<‘5/kText)4
Exp [g/kText] -1

where &,,; is the fraction of the reprocessed emission from the accretion disk (Lgjsi), which

(2.12)

Lext(g) = Ffextl'disk

typically are &4, = 0.3, ¢z = 0.6 and T,,, is the temperature. The corresponding photon

energy densities are (41) (42)

Lyt (€) 1 ' (2_13)
4mc Rextz 1+ (r/Rexe) et

Uext (5’ T‘) =

113 ”»

where “ext” can be either dusty torus or BLR, and n,;=3 and 4 are used
correspondingly for BLR and dusty torus, r - is the distance of the emission region from

the central source. The distance of BLR and dusty torus from the central source can be

\05
calculated as Rg;p = 10 (i‘é—‘j;‘) cm  (33) and  Rguse = 0.4(Lgisk/10%%)%5(1500 K/

Taust)*® pe (43).

Eq. 2.13 shows that the photon energy density is defined by the position of the emitting
region along the jet. In the fig 2.7, the energy densities of CMB, BLR, torus depending on
the position of the emitting region are plotted. As one can see, for some combinations of
parameters, the external photon fields can dominate over the synchrotron photon field.
Moreover, within the BLR, the photon field reflected from BLR clouds are dominating but

their density drops out of BLR and IR from dusty torus starts to dominate.
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Figure 2.7. Dependence of energy density of different photon fields on the distance of emission

The spectra produced by SSC and EIC are presented in the fig 2.8 (right panel). It is

calculated for the electron population having a power-law with exponential cut-off

distribution

R = 3 X 105 cm (emission region radius), Lg;s, = 10*° erg s~1. On the left side, the photon
energy density of different fields is depicted assuming the emission region is located within

the BLR. The plots show the spectra of HE components when the emission is dominated by

various fields.
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Figure 2.8. Left panel: the energy densities of the photon fields of synchrotron, BLR and

dusty torus. Right panel: the corresponding SEDs.

2.3. Particle acceleration mechanisms in jets
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The exact mechanism responsible for the acceleration of electrons in blazar jets is still
under debate. The non-thermal emission is extended from tens of parsecs up to kpc scales,
which primarily indicates the existence of very powerful acceleration mechanisms within the
jets. It is believed, that acceleration in blazars is through conversion of magnetic field
energy to bulk kinetic energy. The kinetic energy which then transforms to radiation can be
driven by the reconnection of magnetic field lines and/or dissipation of shocks (11) (44). The
dominance of different acceleration and emission mechanisms will lead to the formation of
different emitting particle spectra. For example, one of the most expected mechanisms for
electrons acceleration is the diffuse shock acceleration (Fermi acceleration) which predicts a
power-law spectrum (45), or when the efficiency of shock acceleration mechanism is
considered, this spectrum becomes a power-law with an exponential cutoff distribution
(46). When the accelerated particles cool in reasonable timescales, then a broken power-
law electron spectrum can be formed (46) (47); and when the main particle acceleration
mechanism is stochastic acceleration, then a log-parabolic spectrum will be formed (48). In
general the spectra described below can be used in the theoretical modeling:

e power-law

E -
NE) =W, () (2:14)
Eq
where W, is the total energy in electrons, E, and E, are the electron energy and

normalization, and «a is the slope,

e broken power-law

f Ee —-al
J w, (22) E, < Ep,

N(E,) = Ebo wrat p a , (2.15)
lWe (E_O> (E_O) Ee > Epr

where E,, is the break energy, a; and a, are the power-law indices before and after
the break, respectively,

e exponential cutoff power-law

—a B
N(E,) = W, (g—:) exp <_ (E E: ff) ) (2.16)
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where Eg,¢055 is the cutoff energy and g is the rate of exponential decay, and
e log-parabola

Ee
—-a—p log(E—O) (21 7)

N(E,) =W, (i—o) ,

where g defines the curvature in the spectra.
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Chapter 3
3. Theoretical modeling of blazar SEDs

3.1. Parameter optimization and fitting technique

Statistics is widely used in astrophysics, from classification different sources to analyzing
and modeling observed data. In the modeling each theoretical scenario contains several
free parameters that cannot be directly derived from the observations. One of the methods
to find or at least constrain the free parameters is by fitting the observed spectra with the
proposed model. Since different combinations of model free parameters the observed data
can be equally good modeled some statistical approach should be applied to differentiate
between various models. Among different parameters, the computation of Bayesian factor
is the best way to select which model provides better fit to the observed data. This is known
as Bayesian model comparison. In the Bayesian formulation, the parameter quantifying the
usefulness of the model M for explaining the given dataset is called posterior distribution
and is given by

p(DIM) X p(M) (3.1)
p(D)

p(M|D) =

where p(M)-is the prior model probability, p(D) is a normalization constant which also
independent of the model, p(D|M)-is the likelihood distribution. In order to compare two
M; and M, models, for the given data, the Bayesian factor, i.e. the ratio of p(M,|D) and

p(M,|D) needs to compute,

_ p(Mz|D) _ p(DIM3)p(M2) (3.2)
17 p(My|D)  p(DIM)Pp(M,)

which determines the model, which better explains the given data.
Once a model is specified, the next step is to find the parameter values of a model that best
fit the data. In general, fitting of observed data is equivalent to derive free coefficients of

variables (parameters) of a function (model) describing the process which is believed to
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produce the observed data. Finding parameters of a model, which statistically best describe
the observed data, is perhaps one of the most actual problems in the fitting the
multiwavelength SEDs of blazars.

There are two main methods of optimizing model free parameters: analytic (e.g. chi-
square (%) minimization, maximum log-likelihood estimation, etc.) and numerical (e.g.
Newton’s, steepest-descent, MCMC methods). Among analytical methods perhaps the
simplest method defining the best fit of a function is the chi-square minimization, the idea
of which is to minimize the difference between the observed data and prediction by the

model:

N 0BS MOD
Yi ~ — i
X = § ( MOD ) ’ (5-3)

where y°? and yP55 are the predicted and observed values, respectively. For a simplest

linear function (model) of

yMoP = By + Bix, (3.4)
through the minimization of
N N
J(Bo, B1) = Z(yf’BS —y'°P)? = Z(yf’“ — Bo = B1x)? (3.5)
i=1 i=1

one can easily derive the statistically best values for 8, and ;

Bo=y — pi1x
B, = 2it (i = D) — ) (3.6)
-0

where j = %Z?’:lyl', x = %Z’i"zlxi.

Also important to calculate the reduced chi-square (yZ) as a chi-square per degree of
freedom v, defined as the difference between numbers of data points and fitted
parameters. The reduced chi-square value enables to estimate the goodness of match
between the data and model in accordance to the data error, e.g., if y2 <1 there is

overfitting and when yZ > 1 there is a poor fitting and a good fit is obtained when y2 ~ 1.
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P parameter a = = parameter a

Figure 3.1. Minimization of model / function free parameters through minimum chi-square method.

For left: one parameter and right: two parameters space function (49).

Unlike the chi-square method, which is primarily a descriptive tool, the maximum
likelihood estimation method is widely accepted method of optimizing model parameters,
especially for cases of non-linear modeling. The method allows to estimate free parameters
of a given model such to maximize the likelihood that the model can produce the observed
data. If individual observations (x;°5%) are statistically independent of each other, so the

likelihood can be expressed as the product of individual probabilities for a given set of 6,

L(0]xOBS) = Hp(xi%’sw). (3.7)
i=1

To maximize the likelihood function, the Eq. 3.7 should be expressed in logarithmic form,

In[£(6]x055)] = z In[ p(x,%55]0)]. (3.8)

i=1
With the form of Eq. 3.8 the maximization of log-probability function is easy and is just a

calculus of the following equation,

On[L(O1OP)] _ (3.9)
26

Eq. 3.9 gives the global/local maximum or minimum of the function, and as we are

interested in the maximum of log-probability function, we will check by,

92In[L(6]x°F5)] 3.10
2 <0. (3.10)
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3.2. Markov Chain Monte Carlo Method

Discussed parameter optimization methods are widely used in astrophysics, however,
for models containing many free parameters those analytical methods are not efficient (e.g.
expensive to compute) and therefore, much more complex methods should be applied. For
high-dimensional problems, the probability distribution function p(6|D) of parameters 6
explaining the data needs to be numerically evaluated using sampling methods. The most
commonly used random sampling methods are MCMC methods (e.g. Metropolis method,
Gibbs and slice samplings etc.), which provide an efficient way to sample points from any
given distribution which is analogous to evaluating the distribution. MCMC methods
comprise a Markov chain process which generates a sequence of states {X(t)}, such as, the
probability of a certain X(t) state depends only upon the previous state of the chain,

X(t—-1):
p(X5|X4,X3,X2,X1) = p(X5|X4) (311)

In simple words, if we have n states, the probability of being in each state is equal to
P(X(t)) and the transition probability from one state to another is Q(X(t);Y), then we can
calculate the probability of being at each state after any iterations. For example, if the initial
probability (i.e. probability of being at initial state ¢t = 0) is P(X(0)) and the transition
probability is Q(X(t);Y), then after one iteration the probability of being at the state of
t =1 will be defined as P(X(1)) = P(X(0)) x Q(X(0); X(1)), similarly after n iterations we
will have a probability of P(X(n)) = P(X(0)) x Q™"(X(t);Y). Apparently, for the first
iterations the current state of the chain will be dependent on the starting P(X(0)) state, and
only after some number of iterations the chain will gradually ‘forget’ the initial state and
start behaving independently. The former phase is called burn-in, and the latter one -
posterior (stationary phase). These two main phases of the Markov chain are depicted in the
fig. 3.2.

In other words:

Burn in: It is the initial iterations of the chain (states) which are not relevant and not close
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to the converging phase. Usually the probabilities of some states are not counted and being
removed as they may over-sample regions with low-probabilities.
Posterior: This is the chain after burn in phase, where the walkers (values) being oscillated

around a certain (desired) value.

a) burn-in chains b) posterior chains

walker |

0 400 1000
steps

Figure 3.2. Two main phases of Markov chain process: burn-in and posterior (49).

The simplest MCMC algorithm is the “random walk" Metropolis algorithm (50), the
efficiency of which depends on a specific task and the dimensionality of the parameter
space, as the efficiency decreases while dimensionality increases.

The Metropolis-Hastings Algorithm: In the MCMC methods the Metropolis-Hastings (M-H) is
the simplest and most often used algorithm. Assume, we are interested to sample a
distribution of p(X|D). To move the sample of parameters from a position X(t) to a new
proposal position Y the transition kernel Q(Y; X(t)) should be determined. The new move

X(t+1) —> Y will be accepted with a probability of

. p(Y|ID) QX({@);Y) 3.12
min (1’p(X(t)|D) Q(Y;X(t))>’ 512

otherwise, the sample of parameters for this step won’t change the position, i.e. X(t +
1) —> X(t). The M-H algorithm of the MCMC method can be effectively used to solve many
problems, however, its efficiency strongly depends on the scaling of the proposal density:
when the variance of the proposal is too small, the chain will converge slowly and in the
contrary when the variance is too large, the Metropolis algorithm will reject high proportion

of its proposed moves (51).
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Affine-invariant ensemble sampling algorithm: An affine-invariant ensemble (AIE) sampling
algorithm is proposed by (52) and is usually preferred over the standard M-H algorithms,
since it is significantly faster especially on highly skewed distributions. In this algorithm, one
step of the Markov chain, X(t)—> X(t + 1), is considered to consist of a cycle through L
walkers in the ensemble (52). For a single position move this is expressed in pseudo-code
as,

fork=1,...,L

Xi(t) = Xpe(t + 1)
Each walker X, is updated using the current position of one (randomly chosen)

complementary walker X; € X, where
Xpi () = X0 (¢ + 1), X (t + 1), oo, X (£ + 1), X1 (0, .o, X, (D). (3.13)

The new position through “stretch move” is proposed by (see fig. 3.3):

Xe(@® - Y = X+ Z(X () — X)), (3.14)

where Z is a scaling variable randomly drawn from a distribution g(Z) (53). The move is
symmetric, i.e. (Pr[Xy(t) = Y]=Pr[Y = X, (t)]) , when g G) =2zg(z) (53). Under this

condition, the move X, (t+ 1) =Y will be accepted with the probability of

= min (1 zv-1 PO 315
q mm(l,Z p(Xk(t))>' ( )

where N is the dimension of the parameter space (52), otherwise set X, (t + 1) = X, (t).

Note, that the proposal value Y lies on the ray
y—X;= A(X,@®-X) 1>0, (3.16)
where y belongs to the real coordinate space of N dimensions (52).

In summary, to update X(t) a “stretch move” approach for per walker is applied. For each
walker “k” a randomly chosen X; € X[y, is used, then Y = X; + Z(X, (¢t) — X;) is generated,
where all of Z-s are chosen independently, consequently, the stretch move of X,(t) —
X (t+1) =Y is accepted with the probability of g (in Eq. 3.15), otherwise being rejected

and set X, (t + 1) = X, (t).

47


https://en.wikipedia.org/wiki/Dimension

Figure 2.3. Shift of Xy position. The gray dots represent X walkers not participating in this move.

The Y proposal is generated by stretching along the straight line connecting X to X; (52).

In (54) the authors parallelized the “stretch move” algorithm which allows to update
each walker simultaneously based on the condition of the ensemble, instead of advancing
the walkers in series. To implement this, in (54) they split the full ensemble into two subsets
S = {Xk; k=1, g} and S, = {X;; k :§+ 1,...,L}and updated S; by means of “stretch
move” technique based on the current positions of the walkers in S, set , then vice versa.
The MCMC algorithm, proposed in (52) and briefly discussed above, was adopted in emcee
package (54) which has wide applicability in various astrophysical tasks, ranging from
Hubble constant measurement (55) through estimation of parameters of neutron stars (56)
and late-type M dwarf (57). For example, in (57), the emcee package is applied to estimate
the values of unobservable star parameters such as the mass and age (for more applications

of emcee see (58)). The advantages of the emcee package are applied in the modeling of

the SEDs of blazars.

3.3. Application

In order to optimize the free parameters, when multiwavelength SEDs of blazars are
modeled, during the PhD | developed a python code. It is based on the Naima package
(99), which is based on the emcee package, enables to constrain a model’s free
parameters by performing MCMC fitting. The MCMC approach, which is based on the
Bayesian statistics, is superior to the grid approach with a more efficient sampling of the

parameter space of interest, especially for high dimensions (60). The algorithm behind
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the code is the affine-invariant ensemble sampling algorithm for MCMC method
(discussed in section 3.2) proposed by Goodman & Weare (52), which has several
advantages over traditional MCMC sampling methods (e.g. the Metropolis-Hastings
algorithm) and excellent performance as measured by the autocorrelation time (54). The
code derives the best-fit model and uncertainty distributions of spectral model
parameters through MCMC sampling of their likelihood distributions. The measurements
and uncertainties in the observed data are assumed to be correct, Gaussian, and
independent (59). Under this assumption, the likelihood of the observed data given the

spectral model S(p; E), for a parameter vector p, is

N A ) — )2
=11 1 exp(_(soo,m F) ) 817

, 5 207
i=1 |270;

L
where (F;,0;) are the flux measurement and uncertainty at E; over N spectral

measurements. The corresponding log-likelihood will be:

N
_ (S(p; E) — F)? (3.18)
InL=K iil 507 :

l

Given that the MCMC procedure will sample the areas of the distribution with
maximum value of the objective function, it is useful to define the objective function as

the log-likelihood disregarding the constant factor:

N
(S@B; E) — F)? (3.19)
InL « ; 207 :

The InL function, in this assumption, can be related to the x? parameter as
x? = —2InL, so that maximization of the log-likelihood is equivalent to the minimization
of x? (59). In addition to the likelihood from the data points, a prior likelihood for all
free parameters should be considered. This prior likelihood should be constrained using
our knowledge of parameters, for example if it can be inferred from observed
parameters or from previous modeling. The combination of the prior and data likelihood
functions are used to initiate MCMC run to find parameters best describing the data.

The prepared package consists of three major sub-packages: radiative models- where
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all cross-sections of electron interaction are defined (see section 2.1-2.2), electron
spectral models- where all possible electron spectra expected from their acceleration and
cooling are defined (see section 2.3), and optimization sub-package- that optimize the
model free parameters. Each of them should be properly defined before running the
program.

Before starting the fit, the initial values for all considered parameters should be
provided together with the parameters known from the observations (e.g., size of the
emission region, Doppler factor etc.). Also, the parameters for the external photon
field(s) should be provided and defined which fields should be considered for the IC
calculations. In order to optimize the step for providing initial parameters for the
electron energy distribution (EED) and magnetic field, after lunching the program an
interactive window will appear (see in fig 3.4), which allows to change the parameters
manually in order to reach reasonable fit to data (visual). Especially in the cases of
complex models (e.g. synchrotron + SSC + EIC) visual fitting the curve to the data will
allow the program to escape of getting stuck in a local maximum. Also, this optimization
can be done with the defined Nelder-Mead algorithm. Nelder-Mead algorithm is an
effective and computationally compact way to search the maximum likelihood of
parameter vector and/or a local minimum/maximum of a multivariable function (see
more in (61)).

The programs allow to the users to perform the fitting in fast (nwalkers = 32, nburn
=10, nrun =10, thread = 4) and slow (nwalkers = 64, nburn = 100, nrun = 100, thread
= 4) modes, which use different division of the provided range of parameters. The
nwalkers parameter is defined in Goodman & Weare (52), which specifies how many
walkers will be used in the sampling procedure; nburn specifies how many steps should
be run as burn-in and after nburn steps the sampler is reset and the chain history
discarded; the nrun specifies how many steps to run after the burn-in and save these
samples in the sampler object, and the thread is the number of threads to use for
sampling (59). The user can choose which mode is better, depending on the number of

data points and free parameters.

50



A

10%

E*dN/dE [ergs'om

Eneray [¢V]

legl0{norm) 4.857
== Auto update

cutotfiGeV)

Update mode|
alpha p

legl0iB{Gnormj] [ | 0.7426
Do Nelder-Mead fit

Emin{MeV}

Close window

Emax(GeV)

Figure 3.4. Interactive window before fitting, which enables to set the best initial

parameters.

Sometimes the emission from distant blazars can be absorbed, when the produced
photons interact with EBL photons and in the modeling this absorption should be taken
into account. The code includes several models for EBL absorption (e.g., (62), (63) ,
etc.) which can be defined by the user. As a result, the code creates several files
including a table of derived values with uncertainties of parameters, distribution plot of
each parameter, all curves (including the best) of attempted fits, etc.

In order to show practical application of the code the modeling of SEDs of two well-
known blazars PKS 0537-441 and Mkn 501 is illustrated. These two sources are selected
from both types of blazars, the first one is a BL Lac, and the second one is a FSRQ to
demonstrate the data fitting using both SSC and EIC models.

Mkn 501 at a redshift z = 0.034 is among the most studied BL Lacs in the y-ray band
(64). For the modeling, the simultaneous data observed between 2009 March 15 (MJD
54905) to 2009 August 1 (MJD 55044) are used. The emission is assumed to be
produced from a region (“blob”) with a size of R = 1.3 x 107 ¢m and a Doppler factor
of § = 12 (64).

PKS 0537-441 is a bright FSRQ blazar at the distance of z = 0.896 (65). For
modeling the averaged spectrum observed during 2008 August 4-2010 February 4 (MJD
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546 82-552 31) is used. The blob with a size of R = 1.6 x 107 ¢m (65) is assumed to
move with a bulk Lorentz factor of I}, =8 =50 . It is assumed, that the emitting
region is outside the BLR and the torus photons are dominating. The torus is assumed to
have a blackbody spectrum with a luminosity of Ly, = 3.3 x 10*2ergs™ and a
temperature of Tg = 3 X 102K (65) and fills a volume that for simplicity is
approximated as a spherical shell with a radius of Ryys = 0.4(Lgisr/10%%)%5(1500 K/
Tause)® pe (43).

The broadband SEDs of Mkn 501 and PKS 0537-441 are shown in fig. 3.5, where the
data are from (64) and (65), respectively. The data are modeled with slow-mode,
because of the large number of data points, in the framework of one-zone leptonic
model involving synchrotron, SSC and EIC processes. In the modeling of the SEDs of
Mkn 501 and PKS 0537-441, the synchrotron/SSC and synchrotron/EIC scenarios have
been correspondingly considered.

The electron energy distribution responsible for the nonthermal emission is assumed
to be broken power-law, which is naturally formed from the cooling of relativistic
electrons (46) (47). The prior likelihood, our prior knowledge of the probability
distribution of a given model parameter, and the data likelihood functions are passed on
to the emcee sampler (54) function for an affine-invariant MCMC run. There are seven
model free parameters (e.g. the magnetic field, electron spectral indices etc.) and for
each of them physically reasonable ranges are provided: 1 < (ay;) < 10,
0.511 MeV < Egprminmax) < 1TeV, and W, and B are defined as positive parameters.
Using MCMC fitting, the predicted emission spectra for each combination of the seven
parameters are calculated and combined with the data, and then the maximum log-
likelihoods are obtained. The modeling results of SEDs are shown in fig. 3.5 and the
estimated parameters are in Table 3.1. In addition, the posterior distributions of spectral
model parameters are obtained, and two of them with the posterior distribution and
parameter values with respect to the step number of the chains are depicted in fig. 3.6.
Since a strong EBL absorption is expected for the distance of PKS 0537-441 (z =

0.896), in the SED modeling the EBL absorption was taken into account using the model

52



of Franceschini et al. (2008) (62).
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Figure 3.5: Modeling the broadband SEDs of Mkn 501 and PKS 0537. Dotted

lines show the high-energy models. The model parameters are presented in Table

3.1.

Table 3.1. Model parameters.

PKS 0537-
Parameter Mkn 501
441
Doppler factor é 12 50
Total electron energy W, x 10%° erg 0.11 2.72

Low-energy electron spectral
index

High-energy electron spectral
index

Minimum electron energy
Break electron energy
Maximum electron energy
Magnetic field

Jet power in magnetic field

Jet power in electrons

441

az
Emin (MeV)
Epr(GeV)
Emax(TeV)
B[mG]

Lg X 10*2erg s~1
Le X 10%*%erg st

2361598
3.39£0.01
126.41%1959
431.9113923

3.80%939

7.95%%7%

0.58

0.28

2.42913:993
3.68+0.03
0.7315:33
1.00%39%
6.051003
67.47+0:5
1092.62

95.69

The application is further used to investigate the physical processes taking place in four
different FSRQs which are detected in VHE y-ray band (66). The majority of the blazars
detected in the VHE y-ray band are high-frequency-peaked BL Lacs for which the
synchrotron bump is in the UV/X-ray bands. In addition to BL Lacs, there are also 7 FSRQs,
S3 0218+35, TON 0599, PKS 0736+017, PKS 1222+216, 3C 279, PKS 1441+25 and PKS
1510-089, detected in the VHE y-ray band which is rather surprising, since the BLR
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structure of these objects, which is rich in optical-UV photons, makes these environments

strongly opaque to VHE y-rays.
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Figure 3.6. The posterior distributions for a,, Enin, Emax, Epr and parameters of PKS
0537-441 fitting, assessed through MCMC sampling, with several statistical and computational

parameters are plotted.

In this section, we investigate the emission from 3 FSRQs, PKS 1510-089, PKS

1222+216 and 3C 279, which are alternatingly in the flaring or quiescent states.

in

PKS 1510-089 at a redshift z = 0.361 is a y-ray bright quasar (67), (68). It is monitored

many energy bands, showing several bright periods with most rapid changes observed in

the HE y-ray band (the flux doubling timescale is as short as ~20 minutes (18)). From

many flares we selected these observed in March 2009 (69), in February-April 2012 (68),

on 18 May 2015 (2015A) and on 22 May 2015 (2015B) (70) which demonstrated interesting

modification of the flux and photon index. The data in the quiescent state are time-averaged

spectra from ASI science data center (71).
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PKS 1222+216 has been active in the MeV/GeV band since September 2009 followed by
brightening also in other observable wavebands. The source underwent two major flares
with the maximum of F, 100 mey = 107> photon cm™2s! in April and June 2010 (72).
During the second flare the MAGIC telescope also observed increased y-ray emission with a
flux doubling timescale of ~ 10 min (17). The data for Flare 1 are from (73), while for the
quiescent state (collected from August 2008 to 12 September 2009) and Flare 2 are from
(74).

3C 279 is probably one of the best and most studied blazar in the y-ray sky. The
emission from this blazar is variable in almost all observed frequencies. Sometimes the
flares are simultaneous while in general different time lags are observed. In (42), analyzing
multiwavelength light curves, they found at least 5 periods between 2008 and 2010 when
the source was in the flaring state. Each of these flares is different (by means of the flux
changes observed in different bands) and needs to be studied individually. For the current
study we picked the Flare B (19 November- 9 December 2008) and G (30 July - 2 August
2009) from (42). During the first flare, the flux in the optical and y-ray bands increased
simultaneously, while the X-ray flux was relatively constant. On the contrary, during the
second flare, the increase was observed in all bands (optical, X-ray and y-ray). For the

quiescent state the data collected from April to July 2010 are used (75).

3.4. The Origin of Emission in the Quiescent and Flaring

States: PKS 1510-089, PKS 1222+216 and 3C 279

In fig. 3.7 the multiwavelength SEDs of PKS 1510-089, PKS 1222+216 and 3C 279 are
shown in the quiescent and flaring states. The observed fast variability indicates that their
emission regions are compact but their localization is an open problem. Along the jet, the
emission can be produced in different zones, and depending on the distance from the
central black hole different components can contribute to the observed emission (41).

The strong amplification of the emission from blazars can be explained by means of
introducing changes in the emission region parameters, e.g., in the magnetic field, emitting

region size, bulk Lorentz factor and others, and/or particle energy distribution. Usually, the
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change in one or two parameters is enough to explain the flares. An interesting study of the

flaring activity in FSRQs as a result of changes in different parameters has been performed
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Figure 3.7. The broadband SEDs of blazars in the flaring and quiescent states. When EBL

absorption is significant, the model and data are corrected for EBL absorption

in (76). During the flaring periods considered here both the low-energy and HE
components are increased but the modification of HE emission component is more drastic.
The increase of the second component is most likely due to moving of the emitting region
outside the BLR. In principle, there are two possibilities: i) either the emitting region moves

faster due to increasing bulk Lorentz factor and leaves the BLR or ii) the bulk Lorentz
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factor is unchanged and only the emitting region is moving beyond the BLR. In the first
case, since the external photon density in the commoving frame of the jet depends on the
Doppler boosting factor, a strong increase in the Compton dominance will be observed. We
note that the change of the bulk Lorentz factor will also affect the low-energy component.
In the second case, the flaring activity is due to the change of the location of the emitting
region and due to the magnetic field amplification. Accordingly, in the modeling of
broadband SEDs we discuss two possibilities. First, we assume that § has increased from
the quiescent to the flaring periods (the values are given in Table 3.2), and then we assume

that it was constant.

3.4.1. Emission processes

We modeled the SEDs during high and quiescent states in the framework of single-zone
leptonic models that include the synchrotron, SSC, and EIC processes. The emission region
(the "blob"), assumed to be a sphere with a radius of R which is moving with a bulk Lorentz
factor of I', carries a magnetic field with an intensity of B and a population of relativistic
electrons. The blob velocity makes a small angle with respect to the line of sight, so the
emission is amplified by a relativistic Doppler factor of §. The energy spectrum of the

population of electrons in the jet frame, which is responsible for the non-thermal emission,

A
Ee
e

is assumed to have a broken power-law shape: N;(E;) = Né(m =

)%t when E,;,, < E; < Ej,

Ep _ Ef —
and Ng(E;) = Né(ﬁ)“z o (Kecz) % when E}, < E, < Ejq Where @, and a, are the low

and high indexes of electrons correspondingly below and above the break energy E;, and

min and Ep.. are the minimum and maximum energies of electrons in the jet frame,
respectively. The low-energy (from radio to optical/X-ray) emission is due to the
synchrotron emission of electrons in a homogeneous and randomly oriented magnetic field.
For the quiescent state we assume the energy dissipation occurs close to the central source
region and it is explained as an IC scattering of synchrotron photons (SSC). Instead, the
high state emission is dominated by that from a region well outside the BLR in order to

avoid the strong absorption of VHE photons. In this case the dominant external photon field

is the IR radiation from the dusty torus which, as we assume, has a blackbody spectrum
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with a luminosity of L;z = 1 Lgis (8 = 0.6, (26)) and a temperature of T = 1200 K and fills a
volume that for simplicity is approximated as a spherical shell, the radius of which is
defined from the relation R,z = 3.54 X 108(Lg;5,/10%%)%° cm (43).

For the emitting region size the following parameters were considered: for PKS 1510-
089: R = 4 x 10'* ¢m and R = 10*°cm for the quiescent and flaring states respectively; for
PKS 1222+216: R = 4.6 X 10* ¢cm and R = 10%°cm for the quiescent and flaring states
respectively; for 3C 279: R = 3.4 x 10%®cm, R = 1.1 X 10*® cm and R = 1.4 X 108 ¢cm for
the quiescent, periods B and G respectively.

In order to constrain the model free parameters, the code described in Chapter 3.3 is
used. In the parameter sampling, the following expected ranges are considered: 1.5 <
(a;2) <10, 0511 MeV < Epinprmax < 1TeV and N, and B are defined as positive
parameters. The synchrotron emission is calculated using the parameterization of the
emissivity function of synchrotron radiation in random magnetic fields presented in (77)
while the IC emission is computed based on the monochromatic differential cross section of

(78).

3.4.2. Results

The results of the SEDs modeling are shown in fig. 3.7 with the corresponding parameters
in Table 3.2 where along with the best fit values also the uncertainties in the parameter

estimation are provided.

Table 3.2. The parameters derived from the modeling of the SEDs of blazars in the quiescent and

flaring states.

Lg/10*t  L./10%

o 120 Ellz)r(GeV) B(G) (erg S—l) (erg S—l)

PKS 1510-089

5 = 10) 2.13739%  4.05%518 1.39%939 5.23%0¢¢ 16.4 1.5

(5= 25) 1.83%53:95  3.961392 0.58%5:902 0.37%9:91 3.2 22.0
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Table 3.2. (Continued)

2009

(6 = 25) 1911591 4.13%920 0.63%5:1 0.45%0:51 4.9 537.0
o5 193U 3847383 030781 0.36730%3 3.0 604.4
oos 202183 3687088 0467008 034733 2.7 759.0
ooyn 2118 404708 052708 0467302 5.0 598.2
PKS 12224216
Gosan 226788 324708 0501881 2267933 49.8 32
(5375) 1.867002 3934006 1 7+004  ( 1¥0.003 55 30.3
(;':r;"s) 2247932 3417916 03137 0.42+393 36.8 10.5
(;"j;i) 1.9670005 3917001 (3340005 ) 47+0003 47.2 15.2
3¢ 279
(5:’;1_ %) 1981593 3.4715:08 0.1415:01 2.07+0:93 242.0 3.7
(8=Q36_5) 1911331 4281592 2.8613:97 0.02+9-3902 2.3 285.7
(;':;‘*6?5) 2601031 417+043 (4g+011 0.56+006 1872.7 9.3
aoe®aa0%E azeRg g L @0 a0

PKS 1510-089: The multiwavelength SED in the quiescent state has been modeled using
one-zone synchrotron/SSC emission model, assuming that the jet Doppler boosting factor is
d = 10 which then increases to § = 25 (upper left panel in fig. 3.7). When § = 10, the
power-law indexes and break energy of underlying electron distribution are a; =2.13 +
0.05, a, = 4.05+ 0.17 and E;, = 1.39 £+ 0.24 GeV. The magnetic field is B = 5.23 + 0.53 G

and its luminosity corresponds to the small fraction of the total jet luminosity Lj., = Lp +
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L, =15x%x10* ergs~. When § increases to § = 25, a; = 1.83 + 0.05 and a, = 3.96 +
0.02 with lower E;.=0.58+0.02GeV and B =0.37+0.01G are obtained. These
decreases are due to the increase of § (accordingly also the emitting region size) and are
necessary to not overproduce the low energy component by the synchrotron emission. The
required total jet luminosity increases to Lj,, =2.2x 10** ergs~' and again mostly
dominated by the non-thermal energy of electrons.

Since during the flaring periods also VHE y-ray emission above > 100 GeV has been
detected, the emitting region should be well outside the BLR, in order to avoid the strong
absorption of these photons. In this case the dominant external photon field is the IR
radiation from the dusty torus, and the HE emission is modeled assuming that it is entirely
due to the IC scattering of external photons. When the SEDs are modeled (fig. 3.7 upper
right panel), the electron distribution as well as the magnetic field should vary. The
parameter ranges which can reproduce the observed data are: power-law indexes of
electrons a; = (1.91 —2.11) and a, = (3.68 —4.13), the break energy E;,,. = (0.30—
0.63) GeV and the magnetic field B = (0.34 — 0.46) G. Noticeable is the change in the total
jet power; Li, = (5.4 —7.6) X 10*® erg s~! is needed to explain the increase of the flux.
Also, in order to explain large Compton dominance, the jet should be strongly particle-
energy-dominant with U, /Uy > 10°.

PKS 1222+216: The data from the quiescent state allow to constrain both the low- (Swift
XRT/BAT) and high- (Fermi LAT) energy power-law indexes of the underlying electron
distribution (middle left panel in fig. 3.7). The synchrotron/SSC model can explain the
observed data in the quiescent state when § = 34.7, if the power-law index changes from
a; = 2.26 + 0.08 to a, = 3.24 + 0.04 at the break energy of E,, = 0.50 + 0.06 GeV. When
8 =75, the corresponding parameters are a; =1.86+0.02, a, =3.93+0.05 and
E;,. = 1.07 £ 0.03 GeV. This change of parameters is related with the changes in the
emitting region size and magnetic field, e.g., a, is defined by the HE component (SSC)
which strongly depends on the magnetic field which changes from B = (2.26 + 0.03) G to
B = (0.16 + 0.003) G resulting in the change of a;. A larger E;, is needed when § =75 is

considered, since due to the drop of the magnetic field, E;, should increase to produce the
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peaks (both low- and high-energy) around the same frequency. A total jet luminosity up to
Lier = 3.0 X 10** erg s~ is needed to account for the observed data.

During the flares the second emission peak increased by intensity and shifted to HEs
(middle right panel in fig. 3.7). The large Compton dominance and the detection of VHEs y-
rays indicates that /) the main contribution is from the photon fields external to the jet and
1i) the emission region should be outside the BLR. Moreover, the different properties
observed in the X-ray and y-ray bands (e.g., the variability time scales, the flux increase
amplitude, etc.) indicate that perhaps two different components are responsible for the
emission in the X- and y-ray bands. Accordingly, we assume that the X-ray emission is due
to IC scattering of synchrotron photons, while the emission in the MeV/GeV bands is due to
IC scattering of dusty torus photons. Both flares can be modeled not changing significantly
E,- = 030GeV and B = (042-0.47)G. For Flare 1 and Flare 2 different a; are
estimated, a; = 2.24 + 0.37 and a; = 1.96 + 0.004, respectively, since it is defined by the
SSC component, and the X-ray spectrum, which is different for these flares. The required
total jet luminosity did not change by much and is almost the same as in the quiescent state.

3C 279: Among the considered sources, most interesting and complex SEDs are
observed for 3C 279 (lower panel in fig. 3.7). In the quiescent state the tail of the
synchrotron emission is defined by the optical data, implying that the peak of the low-
energy (synchrotron) component should be < 10 Hz. The IC scattering of these
synchrotron photons is in the Klein-Nishina regime (~y vgy,), which means that it can
explain the observed y-ray data only if high 6 is assumed. Thus, we assume two
possibilities: when § = 11.4 is considered, the emission is explained by SSC, plus an
additional contribution from BLR photons, instead, when § = 36.5, the emission in both X-
and y-ray bands are from IC scattering of synchrotron photons. In both cases, @; does not
change significantly: @; =1.98+0.11 and a; =191+ 0.01 for § =11.4 and § = 36.5,
respectively. The break energy is higher when § = 36.5 is used (E;, = (2.86 + 0.11) GeV
versus Ey, = (0.14 + 0.01) GeV), since the average energy of synchrotron photons is lower
than that of BLR photons. When SSC+BLR model is used, the data can be explained for the

jet with a total luminosity of Ly, = 3.9 x 10** ergs~', and both the electrons and the
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magnetic field are almost in equipartition U, /Up = 15.3. For only SSC model, L., = 2.9 X
10*¢ erg s~ and U, /Uy = 1.3 x 10°.

During the Flare B, the emission in both optical and y-ray bands increased, but it was
almost constant in the X-ray band. Accordingly, in the fit we assume that the X-rays are due
to another component, and require that SSC emission from the electron population
producing the radio to optical emission does not over predict the observed X-ray flux (low
right panel in fig. 3.7). HE emission is modeled by IC scattering of dusty torus photons on
the electrons with the power-law indexes a; = 2.56 + 0.44 and a, = 4.17 + 0.41 changing
at Ej, ~ (0.48 £ 0.10) GeV, and Lj,; = 1.1 X 10*° erg s~ 1.

During the Flare G, due to the simultaneous increase observed in the optical, X-ray and
y-ray bands, we conclude that the same SSC component is responsible for the emission in
these bands. The emitting region size is larger (in (42) it has been shown that the flux
variation time is 15 days), so a lower magnetic field B = (560 + 30) uG is obtained which
results in the change of other parameters, e.g., E;,. = 11.72 + 0.98 GeV. The X-ray data
allows the precise estimate of a; to be 2.10 + 0.05, a value which is expected from strong
shock acceleration theories. In the jet the particle energy strongly dominates over the

maghnetic field (U, /Up > 10°) and the jet total luminosity is L;,; = 4.8 X 10*” erg s~*.

3.4.3. Discussions

The results of the study of the multiwavelength emission from PKS 1510-089, PKS
1222+216 and 3C 279 FSRQs are presented. The SEDs observed during quiescent and
flaring states are modeled using one-zone leptonic synchrotron and IC models, taking into
account the seed photons originating inside and outside of the jet. The obtained results
allow to quantitatively evaluate the jet energetics, break energy in the underlying electron
distribution in different states which are crucial for investigating the changes in the physical
state of the jet which caused the flares. However, the parameters describing the underlying
electron distribution below the break are poorly constrained, because the data describing
the rising part of both low-energy and HE components are missing. It did not allow us to

exactly identify the processes responsible for the acceleration of particles in the jet. In
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principle, a similar study for the periods identified by the X-ray data can provide a chance
to investigate the dominant particle acceleration processes, if the X-ray spectra define the

rising part of the HE component.
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Chapter 4

4. High Energy Gamma-Ray Emission from PKS
1441+25

4.1. INTRODUCTION

As it has been already mentioned, studying the emission from blazars not only helps to
understand the physical processes occurring in the relativistic jets but sometimes also to
measure the density of EBL photons. In this regards, particularly interesting are blazars
observed at the large distances. The observed curvatures in the spectra from MeV/GeV to
TeV bands puts straightforward constrain on the density of EBL photons. However,
theoretical investigation of the processes occurring in the jets are necessary to check
whether the curvatures in the spectra are due to similar features in the emitting particle
spectra or are naturally formed due to EBL absorption. Therefore, particle acceleration and
emission processes are deeply investigated in the distant blazars, PKS 1441+25 and CTA
102 (next chapter).
| start with very brief introduction on blazars (summarizing from previous chapters).
Blazars are an extreme class of AGNs which have jets that are forming a small angle with
respect to the line of sight (15). By their emission line features blazars are commonly
grouped as BL Lacs and FSRQs (15). BL Lacs have weak or no emission lines, while FSRQs
have stronger emission lines. Blazars are known to emit electromagnetic radiation in almost
all frequencies that are currently being observed. Their broadband spectrum is mainly
dominated by non-thermal emissions produced in a relativistic jet pointing toward the
observer. A key feature of their nonthermal emission is the distinct variability at all
frequencies (with different variability time scales - from years down to a few minutes). The
shortest variability time scales are usually observed for the highest energy band; an
example is the minute scale variability of PKS 2155-304 (79) and IC 310 (80) which implies

that the emission is produced in a very compact region. Their SED has two broad non-
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thermal peaks - one at the IR/optical/UV/X-ray and the other at the HE y-ray band. The low-
energy peak is believed to be due to the non-thermal synchrotron emission of relativistic
electrons while for the origin of the second component IC scattering of low energy photons
are proposed. The emission from BL Lacs are successfully explained by synchrotron/SSC
processes while for FSRQs usually EIC models which are used. The external photon field
can be dominated either by the photons reflected by (BLR; (25)) or by photons from a dusty
torus (81) (26). Domination of one of the components mostly depends on the localization of
the emitting region; for example, if the energy dissipation occurs within BLR then the
observed HE emission is mostly due to IC scattering of BLR reflected photons, otherwise, if
the emitting region is far from the central source, then the IC scattering of torus photons
will dominate. SSC and EC models assume that the emission is produced by the same
population of electrons, though up to now it is not clear whether it is produced in the same
part of the jet or by different electron populations. Alternatively, the HE emission can be
explained by the interaction of energetic protons; e.g., a significant fraction of the jet power
goes for acceleration of protons so that they reach the threshold for pion production (30)
(82).

The majority of the blazars detected in VHE y-ray band are high-frequency-peaked BL
Lacs for which the synchrotron bump is in the UV/X-ray bands. In addition to BL Lacs,
there are also 5 FSRQs detected in the VHE y-ray band (in 2017) which is rather surprising,
since the BLR structure of these objects, which is rich in optical-UV photons, makes these
environments strongly opaque to VHE y-rays (83) (84). Moreover, FSRQs have a relatively
steep photon index in the energy range of > 100 MeV as was observed with the Fermi LAT
which does not make them as strong emitters of VHE y-ray photons. Detection of FSRQs in
the VHE y-ray band is challenging for the near-black-hole dissipation scenarios; it assumes
that the y-rays are most likely produced farther from the central source, outside the BLR,
where the dominant photon field is the IR emission from the dusty torus. Typically, the
temperature of torus photons ~103 K is lower than that of the photons reflected in the BLR
~10° K, and, in principle, VHE photons with energy up to ~ 1 TeV can escape from the

region. Thus, the observations of FSRQs in VHE y-ray band provide an alternative view of
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blazar emission as compared to BL Lacs. Moreover, since FSRQs are more luminous than
BL Lacs, they could, in principle, be observed at greater distances. Indeed, the farthest
sources detected in the VHE y-ray band are the FSRQs at a redshift of z > 0.9 (e.g., PKS
1441+25 (85), (86) and S3 0218+35 (87)). That is why FSRQs are ideal for estimation of
the intensity of Extragalactic Background Light (EBL) through the absorption of VHE
photons when they interact with the EBL photons (88), (89).

Among FSRQs, PKS 1441+25 is one of the most distant sources detected so far at
z =10.939 (90). In April 2015 both VERITAS and MAGIC collaborations announced the
detection of VHE y-rays from PKS 1441+25 (with up to 250 GeV photons) (91), (92). A
strong emission from the source had been detected on April 20 to 27, 2015. During the
same period, the source had been also observed with the telescopes Swift and NuSTAR.
The origin of the multiwavelength emission from PKS 1441+25 observed in April is modeled
assuming the emission region is beyond the BLR, and the emission in the VHE y-ray band is
mostly due to the IC scattering of the dusty torus photons (85) (86). Moreover, the large
distance to PKS 1441+25 allowed to indirectly probe the EBL absorption at redshifts up to
z ~ 1 with the help of ground-based y-ray instruments.

In the theoretical interpretation of the multiwavelength emission from blazars, the
size/location of the emitting region, magnetic field and electron energy distribution are
uncertain. Only during flaring periods some of the unknown parameters can be constrained
based on the observations in different bands. The observations of PKS 1441+25 during the
bright period in April 2015 by different instruments provide us with data on the maximums
of the emitting components (Swift UVOT/ASAS-SN and Fermi LAT) as well as on the
transition region between these components in the energy range from 0.3 to 30 keV (Swift
XRT and NuSTAR) (85). Similar data (up to HE y-ray band) are available also from the
observations carried out on January 06 to 28, 2015, which is the period of the large flare
that was observed with Fermi LAT. Thus, by modeling the emission in these two periods and
estimating the parameter space that describes the underlying particle distribution
responsible for the emission through MCMC technique, one can investigate and explore

particle acceleration/emission processes and jet properties in these two significant flaring
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periods which are crucial for understanding the origin of the flares. This motivated us to
have a new look at the origin of the multiwavelength emission from PKS 1441+25, using

currently available data from Swift, NuSTAR and Fermi LAT.

4.2. Fermi LAT DATA ANALYSIS

The Large Area Telescope on board the Fermi satellite is a pair-conversion telescope
sensitive to y-rays in the energy range from 20 MeV to 300 GeV. It constantly scans the
whole sky every 3 hours already more than 8 years. More details about Fermi LAT can be
found in (93). For studying the spectra of PKS 1441+25 during the flaring periods, the
publicly available Fermi LAT data acquired in the periods from January 06 to 28 and from
April 15 to 26, 2015. These two periods have been picked, because they are
contemporaneous with the Swift XRT observations of the source (85). The data were
analyzed with the standard Fermi Science Tools vi0OrOp5 software package released on May
18, 2015 available from the Fermi Science Support Center (94). The latest reprocessed
PASS 8 events and spacecraft data are used with the instrument response function P8R2_
SOURCE_ V6. The photons in the energy range from 100 MeV to 100 GeV from a region of
interest defined as a circle of a 20°radius centered at the y-ray position of PKS 1441+25
(RA,Dec) = (220.996,25.039) (95) are downloaded. Only the events with higher
probability of being photons (evclass = 128 evtype = 3) have been considered in the
analysis. A cut on the zenith angle of 90° is applied to reduce contamination from the Earth-
limb y-rays produced by cosmic rays at their interaction with the upper atmosphere. The
model file, describing the region of interest, contains point sources from the Fermi LAT
third source catalog (95) (3FGL) within 25° from the target, as well as contains Galactic
gll_iem_v05_revl and isotropic iso_source_v05 diffuse components. All point-source
spectra were modeled with those given in the catalog, allowing the photon index and
normalization of the sources within 20° to be free in the analysis. Also, the normalization of

diffuse background components was not fixed.
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Table 4.1. The best parameters obtained with gtlike for power-law modeling. For each time period,

photon flux in the range 0.1 — 100 GeV, photon index and detection significance are presented.

Parameter name Blue Red
Flux (photon cm™2s71) (5.89 + 0.30) x 1077 (3.63 £ 0.36) x 1077
a 1.99 + 0.04 1.74 + 0.06
TS 2174 910
-9.5¢
~ =10.0
);
g I
£ -10.5}
§} L
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Figure 4.1. The y-ray spectrum of PKS 1441+25 above 100 MeV averaged over the Fermi LAT

observations in January (blue) and April (red).

4.2.1. Spectral analysis

In order to find the best matches between spectral models and events, an unbinned
likelihood analysis is performed with gtlike. The PKS 1441425 spectrum has been initially
modeled as a power-law function where the normalization and the power-law index are
taken as free parameters. The best fit parameters obtained with gtlike analysis are
presented in Table 4.1 and the corresponding spectrum is shown in fig. 4.1 (blue and red
data for January and April, respectively). The spectrum is calculated by separately running
gtlike for 5 energy bands equal on a log scale.

The fluxes presented in Table 4.1 significantly exceed the averaged flux given in 3FGL
(~ 1.28 x 108 photon cm™?s™1) (95). The photon index estimated in January 2015 is

consistent with the value reported in 3FGL a = 2.13 (averaged over 4 years of
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observations); however, a relative hardening of @ = 1.74 + 0.06 is observed in April, which
is rarely observed for FSRQs. Moreover, we note an indication of deviation of the power-law
model with respect to the data above 10 s of GeV energies observed in April (red bowtie
plot in fig. 4.1). In order to check for a statistically significant curvature in the spectrum, an
alternative fit of the power-law with an exponential cutoff function in the form of
dN/dE ~E; % X Exp(—E,/E,) is done, which results in @« = 1.56 £ 0.1 and E,, = 17.7 +
8.9 GeV (black bowtie plot in fig 4.1). The power-law and cutoff models are compared with a
log likelihood ratio test: the TS is twice the difference in the log likelihoods, which gives 8
for this case. Note that the TS probability distribution can be approximated by a x?
distribution with 1 degree of freedom (dof) corresponding to the difference of the dof
between the two functions. The results give P(y?) = 0.0046, which again indicates a
deviation from a simple power-law function. The best-fit cutoff power-law function is shown
as a black bowtie line in fig. 4.1. However, 2.80 is not a high enough significance to claim
for a statistically significant curvature although it is as high as 3.86 ¢ if the data collected

during the whole month of April are considered.

4.2.2. Temporal analysis

In order to investigate the size of the y-ray emitting region, light curves with different
time binning are generated. A characteristic timescale for flux variation T would limit the
(intrinsic) size of the emission region to R < ¢ x & X t/(z+ 1). Thus, it is crucial to do a
variability analysis in order to distinguish between different emission processes.

The light curve of PKS 1441+25 for the period from January to December 2015 has
been calculated by the gtlike tool, applying the unbinned likelihood analysis method.
(0.1 — 100) GeV photons from a region with a 10° radius centered on the position of PKS
1441+25 are used in the analysis with the appropriate quality cuts applied as in the previous
case. During the analysis, in order to reduce the uncertainty in the flux estimations, in the
model file the photon indices of all background sources are fixed to the best guess values.
Two different sets of light curves are calculated, considering the power-law index of PKS

1441+25 as being fixed and then as free. Since no variability is expected for the background
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diffuse emission, the normalization of both background components is also fixed to the
values obtained for the whole time period.

The y-ray light curve of PKS 1441+25 obtained with one-day and three-days binning is
presented in fig. 4.2 (a) (blue and green data respectively). In the light curve there can be
identified several periods when the flux was in high as well as in quiescent states. A major
increase of the y-ray flux had been detected in the period from January 21 to 28, 2015, with
a daily averaged maximum of (1.55 + 0.18) x 107 photon cm™2s~! observed on January
25, 2015. Unfortunately, the peak flare of January 25 was not observed by Swift. The y-ray
photon index evolution in time in a three-day long binning is shown in fig. 4.2 (c) with
green data (three-day long binning is used since the photon index uncertainties are less
than in one-day binning). During the flaring period the photon index is 1.9 — 2.0. Also an
increase in the flux can be noticed around January 22nd which lasted just one day. In order
to check if this brightening is statistically significant, light curves with denser time sampling
(half a day and 4 hours) are generated. However, the corresponding flux increase is within
the uncertainty of the surrounding bins, while the peak of the flux around 25th of January is
present in both light curves. In addition, a substantial increase in the y-ray flux was
observed in April, from June to about July 15, mid-August and around October-November;
but the maximum flux intensity was lower as compared with that observed during the strong
y-ray outburst of January 21 to 28 (fig. 4.2). The active state in April is the period when
PKS 1441+25 was observed by MAGIC on MJD 57130-57139 and VERITAS on MJD 57133-
57140 (85), (86). The y-ray light curve with three-day binning shows that, between MJD
57125.56- 57140.64 (from April 13 to April 28, 2015), the y-ray photon index is
significantly harder, I' = (1.73 — 1.79). It implies that during the observations in the VHE
band the source was in a state characterized by a hard y-ray photon index in the MeV-to-
GeV range.

Next, in order to investigate the flux changes in time, and in particular in the flaring
periods, the light curves have been generated by an adaptive binning method. In this
method, the time bin widths are flexible and chosen to produce bins with constant flux

uncertainty (96). This method allows detailed investigation of the flaring periods, since at
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times of a high source flux, the time bins are narrower than during lower flux levels,
therefore the rapid changes of the flux can be found. In order to reach the necessary
relative flux uncertainty, the integral fluxes are computed above the optimal energies (96)

which correspond to E, = 215.4 MeV in this case.
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Figure 4.2. The y-ray light curve of PKS 1441+25 from 2015 January to December (a). The bin
intervals correspond to 1 day (blue data) and 3 days (green data). The light curve obtained by
adaptive binning method assuming 20 per cent of uncertainty is presented in red (b). The changes

of photon index for 3-day binning (green) and with adaptive binning method are shown in (c).

Adaptively binned light curves in the 215 MeV — 300 GeV energy range with 20% and 15%
uncertainties have been generated. Flare is present in both light curves. The light curve
with 20% flux uncertainty at each bin is presented in fig. 4.2 (b) with red color. It confirms
all the features visible in the constant-bin-width light curve, but also allows us to investigate

fast variability during high-flux states in greater detail. The first flare episode occurred
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during MJD 57043.30-57049.38, when the time width was less than ~ 15 hours. A strong
flaring period is observed around the 24th — 25th of January. The flux peak of (1.14 +
0.24) x 107® photon cm™% s~ was observed on the 24th of January at 22:35 pm in a bin
with a half-width of 3.1 hours. The analysis of the data acquired in the mentioned period on
the energies of > 100 MeV results in a flux of (2.22 £+ 0.38) x 107° photon cm~%s~* , which
is the highest photon flux detected from this source. The data analysis for the entire flaring
period (January 21-28) resulted in a flux of (1.05 =+ 0.06) X 107® photon cm™%s~! and a
photon index of ~1.98 + 0.04 (97). After MJD 57049.38, PKS 1441+25 was in its quiescent
state, and the data should be accumulated for more than a day to reach 20 % uncertainty.
Then from MJD 57109.89 to MJD 57143.91, PKS 1441+25 was again in its active state which
was characterized by emission with a significantly hardened y-ray photon index. Starting
from MJD 57126.70 to MJD 57141.93, the photon index of PKS 1441+25 hardened and
reached < 1.9 most of the time. Measured within a few hours, the photon index kept
varying from I'=1.73 to I' =1.91. The hardest photon index of I'=1.54+0.16 was
observed on MJD 57131.46 with 11.80 and the data being accumulated for = 29 hours.
Other periods, when PKS 1441+25 was bright enough to be detected on sub-day scales, are
MJD 57177.38-57199.76 and MJD 57243.02-57249.39. For the rest of the time the source
was in its quiescent state and the data should be accumulated for a few days or even longer
in order to detect the source. The analysis of the light curve with the new adaptive binning
method for the first time allowed us to investigate the flaring activity of PKS 1441+25 with a
sub-day resolution and to perform detailed investigation of the flux and photon index
changes.

Furthermore, to derive the flare doubling timescales and understand the nature of the

January flare, the light curve is fitted with an exponential function in the form of (98)

t—to to—t\ "1 41
F(t)=FC+F0><<etr +etd> , (4.1)

where t, is the time of the maximum intensity of the flare (F,), F. is the constant level

present in the flare, t, and t; are the rise and decay time constants, respectively.
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Figure 4.3. The light curve’s sub interval that covers a major flaring period. The red dashed line

shows the flare fit with Eq. 4.1.

The fit shows that the flare is best explained when t, = 57048.25 + 0.18, t, = 1.92 + 0.3,
ty =0.72 £ 0.1 and Fy = (22.6 + 1.4) x 10”7 photon cm™?s~*. The fit of the flaring period
is shown in fig. 4.3 with a dashed red line. Using this technique, it is also possible to
estimate the shortest time variability (flux doubling) defined by 7 = 2t, 4, corresponding to
7 = 1.44 days which is used to put an important constraint on the radiative region size. We
note that the previous PKS 1441+25 y-ray emission studies with the Fermi LAT data that
covered only the period in April did not allow to properly estimate the y-ray emitting region
size, while here the analysis of the flaring period in January allowed to constrain the flare

doubling time which is necessary for constraining the y-ray emission region size.
4.3. BROADBAND SED MODELLING

It is hard to make theoretical modeling of the observed broadband SED because the
structure of the central region of blazars is complex and the exact localization of emitting
regions is unknown. The observed fast variability indicates compactness of the emitting
region but its localization remains an open problem. Along the jet, the emission can be
produced in different zones and depending on the distance from the central black hole

different components can contribute to the observed emission (41).
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4.3.1 Broadband SED

The broadband SEDs of PKS 1441+25 for different periods are shown in fig. 4.4 where with
red and blue colors are the SED observed in January and April respectively, while the
archival data from ASI science data center (99) are shown with gray color. We note that
during the high states, the second emission peak increased by intensity and shifted to HEs.
This kind of change has already been observed during the flaring state of 4C+49.22 (100)
and PKS 1510-089 (101). During the flaring periods the low-energy component's intensity
increased as compared with the quiescent state; the increase in April exceeded that one
observed in January (although the power-law photon index in the X-ray band (=~ 2.3) had
been relatively constant during both observations). More evident and drastic is the change
of the peak intensity of the low energy component; from January to April it increased by
nearly an order of magnitude and as compared with the quiescent state it increased > 15
times. On the contrary, the peak of the second component (in the HE y-ray band) is
relatively constant, only the photon index in the MeV-GeV energy range is harder during
the observations in April. The Compton dominance of the source is stronger and evident
during the flaring periods, which suggests that the density of the external photon fields
significantly exceeds the synchrotron photon density (Uey/Usyn > 1).

Such a strong amplification of the emission from blazars can be explained by means of
introducing changes in the emission region parameters, e.g., in the magnetic field, emitting
region size, bulk Lorentz factor and others, and/or particle energy distribution. In principle,
all the parameters describing the emitting region can be changed at the same time if the
flares are due to a global change in the physical processes in the jet, which also affect the
jet dynamics and properties. However, usually, the change in one or two parameters is
enough to explain the flares. An interesting study of the flaring activity in FSRQs as a result
of changes in different parameters has been investigated in (76). Namely, the emission
spectra evolution as a function of changes in different parameters (e.g., bulk Lorentz
factor, magnetic field, accretion rate, etc.) is investigated. In the case of PKS 1441+25,
during its flaring periods, both the low energy and HE components increased several times.

The increase of the second component is most likely due to moving of the emitting region
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outside its BLR. In principle, there are two possibilities: i) either the emitting region moves
faster due to increasing bulk Lorentz factor and leaves the BLR or ii) the bulk Lorentz
factor is unchanged and only the emitting region is moving beyond the BLR. In the first
case, since the external photon density in the commoving frame of the jet depends on the
Doppler boosting factor, a strong increase in the Compton dominance will be observed. We
note that the change of the bulk Lorentz factor will also affect the low energy component. In
the second case, the flaring activity is due to the change of the location of the emitting
region and due to the magnetic field amplification. Additional increase of the magnetic field
from January to April is also evident when the low energy component kept increasing (this
corresponds to the case shown in fig. 1 (b) in (76)). Accordingly, we discuss two
possibilities. First, we assume that § has increased from 10 in the quiescent to 18 in the
flaring periods, and then we assume that it was constant (§ = 18) in both periods. These
values are below and above the estimated mean bulk Lorentz factor of FSRQs obtained
from the analysis of a large sample of y-ray emitting FSRQs (102). The emission region size
can be estimated through the observed variability time scale 7 =1.44d implying that

R, < 8ct/(1+ z) =~ 3.5 X 10'® cm when § = 18 and R, = 1.92 X 10'® cm when 6 = 10.

4.3.2. Theoretical modeling

The SEDs in the high states of January and April as well as in the quiescent state are
modelled. Even if a quiescent state SED is constrained with non-simultaneous data, its
modeling provides an insight into the dominant physical processes which are constantly
present in the jet but are covered by the flaring components during the high states.

We modeled the PKS 1441+25 SED for high and quiescent states in the framework of
single-zone leptonic models that include the synchrotron, SSC, and EC processes. The
emission region (the "blob"), assumed to be a sphere with a radius of R which is moving
with a bulk Lorentz factor of T', carries a magnetic field with an intensity of B and a
population of relativistic electrons. The blob velocity makes a small angle with respect to the
line of sight, so the emission is amplified by a relativistic Doppler factor of §. The energy

spectrum of the population of electrons in the jet frame, which is responsible for the non-
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thermal emission is assumed to have a broken power-law shape:

! E, _al 1A A !
( NO (m:cz> Ee,min < Ee < Ebr 4 2
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Where Ny is connected with the total electron energy U, = fE,e""_“x E.N/(E})dE}, a; and a,

are the low and high indexes of electrons correspondingly below and above the break
energy Ey,, and E; .., and E¢ 4, are the minimum and maximum energies of electrons in
the jet frame, respectively. The electron spectrum given in Eq. 4.2 is naturally formed from
the cooling of relativistic electrons (47) (46).

The low-energy (from radio to optical/X-ray) emission is due to the synchrotron
emission of electrons with an energy spectrum as given by Eq. 4.2 in a homogeneous and
randomly oriented magnetic field. For the quiescent state we assume the energy dissipation
occurs close to the central source region and it is explained as an IC scattering of
synchrotron photons (SSC). Instead the high state emission is dominated by that from a
region well outside the BLR in order to avoid the strong absorption of photons with
energies > 100 GeV (similar assumptions have been already made in (85), (86)). In this
case the dominant external photon field is the IR radiation from the dusty torus which, as
we assume, has a blackbody spectrum with a luminosity of L,z = nLg;s. (n = 06, (26)) and a
temperature of T =103 K and fills a volume that for simplicity is approximated as a
spherical shell with a radius of Rz =3.54 X 10%8(Ly;5,/10*%)%° c¢m (43). The disk
luminosity is estimated from the BLR luminosity, Lgig = 10 X Lgp = 2 X 10* ergs™!

(103).

4.3.3. Fitting technique

In order to constrain the model parameters, the code described in Chapter 3.3 is used.
It uses MCMC method, which enables to derive the confidence intervals for each model
parameter. It derives the best-fit and uncertainty distributions of spectral model
parameters through MCMC sampling of their likelihood distributions. The prior

likelihood, our prior knowledge of the probability distribution of a given model
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parameter and the data likelihood functions are passed onto the emcee sampler function
for an affine-invariant MCMC run. We run the sampling with 64 simultaneous walkers,
for 100 steps of burn-in, and 100 steps of run. In the parameter sampling, the following
expected ranges are considered: 1.5 < (a;,) < 10, 0.511 MeV < E(pp minmax) < 1 TeV,
and N, and B are defined as positive parameters. The synchrotron emission is calculated
using the parameterization of the emissivity function of synchrotron radiation in random
magnetic fields presented in (77) while the IC emission is computed based on the

monochromatic differential cross section of (78).
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Figure 4.4. The broadband SED of PKS 1441+25 for January (red), April (blue) and for the
quiescent state (gray). The blue, red and gray lines are the models fitting the data with the electron
spectrum given by Eq. 4.2 for January, April and for the quiescent state, respectively. The model
parameters are presented in Table 4.2. The UV-X-ray and VHE y-ray data observed in January and

April are from (85) and HE y-ray data (Fermi LAT) are from this work.

4.3.4. SED modeling and results

The results of SED modeling are shown in fig. 4.4 with the corresponding parameters in
Table 4.2. The radio emission is due to the low-energy electrons which are accumulated for
longer periods, that is why, the radio data are treated as an upper limit for the purposes of
our modeling. To have an indication of a change in the energetic contents of the jet, as well

as of changes in the radiating particle distribution, first we try to fit the SED in a quiescent
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state which is modeled assuming two different Doppler boosting factors. The gray solid line
in fig. 4.4 shows the synchrotron/SSC emission assuming that the jet Doppler boosting
factor is § = 10, and the gray dashed line is the case of § = 18. In case of § = 10, as the
emitting region size is as small as R, = 1.92 x 10'® ¢m, the magnetic field should be as
strong as B = 0.19 G to account for the observed data, while at § = 18 the magnetic field is
much weaker, B = 0.046 G. Also, the underlying electron distribution for the case of § = 10
is characterized by a slightly higher break (2.83 GeV versus 1.11 GeV) in order to account
for the observed emission.

The emission in flaring periods is modeled assuming that the HE emission is entirely due
to the IC scattering of external photons (fig. 4.4). In all calculations the absorption due to
the EBL was taken into account using a model from (62) since a strong absorption is
evident at > 100 GeV (red dashed line in fig. 4.4). In both periods the HE electron spectral
index is within the range of a,~(3.46 — 3.64) which is required to explain the UV-X-ray
data with a photon index of ~ 2.3. The lack of low-energy data makes the precise estimation
of the low energy electron index harder. Only the Swift XRT/NuSTAR data from the
observation of the transition region between low and high energy (HE;> 100 MeV)
components allows to define the parameters E,,;,, and a;. The low energy electron index is

in a typical range expected from shock acceleration theories, a; ~ 2.

Table 4.2. Model parameters

Parameter Quiescent Quiescent January April
Doppler factor 8 10 18 18 18
Normalization of 23.837511 6.1211¢7
o Ngx10%ey~t  10.68%303 43.441532 732 ~1s6
electron distribution "° ¢ 20 776
Low-energy electron +0.03 +0.04
a 2.14 + 0.04 2.09+0.93 2.10+9.0¢ 1.98 4 0.03

spectral index

High-energy 3.39+027
electron spectral a; o014 3.38 £ 0.06 3.46 + 0.06 3.64 £ 0.01
index

Minimum electron ,

E 286.3713244
energy

) (MeV) 184+1.75 197+0.31 416t%gg
min *OF-1.23 +77-0.34
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Table 4.2. (Continued)

Break electron 1.11%913

enerey E;,. (GeV) 2.83%551 1.621923 3.117333
Maximum electron , 82.32+1347 127.82+26.74
energy Emax (GeV)  46.277137% 1714 2475 202.79*312
Magnetic field B [G] 0.19 £ 0.013  0.046 + 0.002 0.11+3:393 0.183:3%2
Jet power in Lg
; _ 0.49 0.31 1.71 4.51
magnetic field x 10*3ergs™!
Jet power in L,
2.11 4.07 9.60 4.47
electrons X 10*°ergs™!

As distinct from the quiescent state, in order to explain the flaring activities, both, the
electron distribution and the magnetic field should be varying. We note that the magnetic
field required for modeling of flaring periods, B > 0.11G, is weaker than that one
estimated in the quiescent state in case of § =10 (B~0.19 G). Since the synchrotron
emission depends on the total number of emitting electrons N,, § and magnetic field
strength B, in case of smaller § (and emitting region size) the magnetic field should be
stronger. Instead, when § is constantly equal to 18 in both states, the magnetic field should
be nearly ~2.4 and ~ 3.9 times stronger in January and April, respectively, in order to
explain the observed data. As the synchrotron photon density is proportional to B?, the
increase in the magnetic field strength resulted in the observed increase of the synchrotron
flux by a factor of 5.7 and 15.3 (fig. 4.4). In the modeling of the SEDs observed in the
flaring periods of January and April, the magnetic field should be changed in accordance
with the increase in the low energy component. Since the emission in the HE band is
dominated by the IC scattering of external photons, this component remains stable during
those periods (this corresponds to fig. 1 (b) in (76)).

The electron spectra obtained during the fit of SEDs in quiescent and flaring states are
shown in fig. 4.5. It is clear the evolution of the electron spectra during the quiescent and
high states. The low energy indexes of the underlying electron distribution in the quiescent
state (6 = 10) are softer as compared with the flaring period (April). The total electron

energy for modeling the emission in the quiescent period, when § = 18, is almost of the
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same order as that in the flaring periods, which is expected, as the magnetic field is

weaker, most of the jet energy is carried by particles.
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Figure 4.5. The electron spectra (broken power laws) obtained from the fit of the quiescent and

flaring states of PKS 1441+25. Details on the parameter values are given in Table 4.2.

During the flaring periods, there are evident changes also in the underlying electron
distribution. The electron distribution best describing the data observed in April hints at /)
hardening of the low energy index, /i) a higher break at ~3.1 GeV' and maximum energies
of ~203 GeV. Ey, and E,,,, are expected to shift, as the y-ray spectrum observed in April is
slightly inclined toward HEs, as compared with the January spectrum (see fig. 4.4).
However, due to the large uncertainties in the estimations, especially for a; (since the data
in between 100 keV and 100 MeV are missing), no definite conclusions can be drawn. For a
statistically significant claim for hardening, there are required additional data in the energy
range characterizing the rising part of the low and HE components, which will allow to
constrain a; with higher confidence. We note, however, that the significant hardening of
the y-ray emission observed in April (fig. 4.2 (c)) supports and strengthens the assumptions
on the hardening of the low energy electron index.

Similar modeling of the SED of PKS 1441+25 observed in April has been already done in
(85), but it was done in a different manner. For example, in (86) the low electron energy
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index is fixed to be a; = 2, a value expected from strong shock acceleration theories, while
in our case all the parameters can vary in the fitting procedure. After having observed the
hardening of the y-ray photon index in April, we believe that exact estimation of a; is
important. Moreover, possible hardening or softening of a; would point out the
acceleration processes in the jet. However, the main difference in the modeling presented
here, as compared with the previous ones, is the size of the emitting region (blob). They
used larger blob size, 5% 10'® ¢m, in (86) and 4 x 10'7 cm in (85). In our case, the

modeling of the January flare time profile allowed us to constrain the emitting region size
by R, < 3.5x10% (15—8) cm. Another difference with the previously reported parameters is

that in our case the electron energy density is nearly 100 times higher than the magnetic
field energy density. In (85) U,/Ugz = 1.5, which is related to the fact that much bigger
emitting region size is used. We note that in (86), where the considered blob size is similar
to our case, they also found that U,/Ug > 10. Moreover, in our case the radius of the IR
torus is derived from a different scaling law, which can cause additional difference in the
estimation of the total energy. Despite using different approaches and parameters as
compared with those used in the previous modelings, we note, that the main parameters for
the underlying electron distribution obtained during April are similar to the previously

reported values.

4.4. DISCUSSION and CONCLUSIONS

We present the results of the study of the y-ray emission from PKS 1441+25 during
January-December 2015. The data from the observations of a bright GeV flare in January
allow us to estimate the emitting region size whereas the modeling of the broadband SED of
PKS 1441425 in January and April provided a chance to probe into the physical process
during the flaring periods.

The y-ray light curve generated with an adaptive binning method shows that the source
entered its high activity state around MJD 57043.3 and the flux reached its maximum on
January 24, when, within a few hours, the flux increases up to F,(> 100MeV) = (2.22 £

0.38) x 107® photon cm™% s~1. During this y-ray brightening the fit of the flare profile
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shows a slow rise and a fast decay trend with the shortest variability (flux doubling) time
being 14, = 1.44 days. The rise of the flare can be attributed to the shock acceleration,
whereas the decay phase cannot be explained by cooling of particles. Indeed, for the
electrons that emit y-rays with €, =1 GeV, as measured in the observer frame, the
corresponding cooling timescale would then be ~(3m,.c/oruR) % (6;r(1 + 2)/€,)%> (19)
which corresponds to 0.47 days in this case. This timescale is shorter than the observed e-
folding decay timescales of the flares, implying that the observed flux decrease is related to
the processes other than radiative losses.

After the flare on MJD 57049.38, the source is in its quiet state and the next increase in
the flux is observed starting from MJD 57109.89. Even if during this period, the flux
amplitude is lower than one that observed in January, an interesting modification of the y-
ray emission spectrum is observed. First, the y-ray photon index hardened during MJD
57126.70-57141.93, it was < 1.9. This period coincides with the one when VHE y-rays from
PKS 1441+25 were detected. The hardest y-ray photon index, I' = 1.54 + 0.16, has been
observed on MJD 57131.46 with a convincingly high detection significance of 11.8¢. This
photon index is unusual for FSRQs which are with an averaged photon index of 2.4 in the
third Fermi-LAT AGN catalog (see fig. 8 of (104)). This photon index is even harder than the
index of B3 1151+408 (T = 1.77) which has the hardest photon indexes in the clean sample
of Fermi LAT detected FSRQs. Although, hard photon indexes have been occasionally
observed during rapid flaring events in FSRQs (105). The observed hardening was perhaps
related to the emission of new energetic particles that were either injected into the emitting
region or re-accelerated. Next, the data analysis covering only the period in April shows
that the y-ray flux hints at a spectral curvature and a power-law with an exponential cut-off
model is preferred over the simple power-law modeling assuming a break around
E..: = 17.7 £ 8.9 GeV with a significance of 2.80. Although the low statistics does not allow
to claim for a statistically significant curvature in the spectrum, the y-ray photon index
observed in the VHE y-ray band (~5.4, which corresponds to an intrinsic index of 3.4 after
correction for the EBL) strongly supports the presence of a break or a cut-off in the PKS

1441+25 spectrum around tens of GeV. Most likely, this break is defined by the break
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present in the radiating electron spectrum rather than is caused by the absorption within
BLR (84) (otherwise the photons with > 100 GeV would be strongly absorbed).

The origin of multiwavelength emission: The SEDs observed during quiescent and
flaring states are modeled using one-zone leptonic models and the model parameters are
estimated using the MCMC method. The HE y-ray emission observed in the flaring states
can be explained by IC scattering of IR photons from the dusty torus whereas the SSC
model gives a satisfactory representation of the data observed during the quiescent state.
The flares observed in January and April can be explained assuming there are changes in
the bulk Lorentz factor or in the magnetic field. If the emitting region leaves the BLR
region due to the increase of the bulk Lorentz factor (from § = 10 to § = 18), the Compton
dominance will increase as it has been observed in the y-ray band. Indeed in the flaring
states, the IC to synchrotron luminosities ratio L, /Lgy, = 200 and =~ 28 in January and
April, respectively as compared with that in the quiescent state L, /Lsy, = (2 —4). At the
same time, the increase in the low energy component indicates that the magnetic field also
increased between the flares in January and April (76). On the other hand, if the bulk
Lorentz factor is unchanged (§ = 18), only the change in the emitting region location and
amplification of the magnetic field can explain the multifrequency behavior observed during
the flares. It is possible to distinguish between these two scenarios, provided there are data
in the hard X-ray or soft y-ray band, as the modeling with § = 18 predicts a higher flux in
the hard X-ray band than when § = 10 is assumed (grey dashed and solid lines in fig. 4.2).
Such data are missing in this case, making it hard to give exact interpretation of the origin
of the flare. Anyway, physically reasonable parameters are used in both of these scenarios.

When comparing the electron parameters required for the modeling of the SEDs in
January and April, we find a hint of possible hardening of the low energy electron index in
April. We note, however, that no definite conclusions can be drawn since a; is poorly
constrained (due to missing or nonsufficient data). For all that, the April hardening of the
y-ray photon index in the MeV-GeV energy region supports our assumptions on hardening
of the power-law index of the underlying electron distribution.

Jet Energetics: The jet power in the form of magnetic field and electron kinetic energy
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are calculated by Ly = ncRZT?Uy and L, = mcRET?U,, respectively, and are given in Table
4.2. The jet power in the electrons changes in the range (4.5 — 9.6) x 10*® erg s~! during
the flares, while in the quiescent state it is of the order of (2.1 —4.1) X 10*> erg s~1.
Assuming one proton per relativistic electron (e.g., (106), (16)), the total kinetic energy in
the jet is Ly, = 8.02 x 10*7 erg s~ and Ly;, = 1.35 x 10*” erg s~ for January and April,
respectively. The maximum y-ray flux during the period of high activity is (2.22 £+ 0.38) x

1

107° photon cm™?s™" which corresponds to an isotropic y-ray luminosity of L, = 1.22 x

10* erg s~

(using a distance of d; = 6112.8 Mpc). Likewise, the y-ray luminosities in the
periods of January and April were L, = 3.48 x 10*® erg s~! and L, = 5.21 x 10*® erg s,

respectively. Yet, at § = 18 the total power emitted in the y-ray band in the proper frame

. L .
of the jet would be Le,,, = ”/2 52 = 1.89x10%* erg s~* during the peak flux and would

change within L,,,, = (5.38 — 8.04) x 10**> erg s* in January and April. These luminosity
values account for only a small fraction (< 6.7%) of the total kinetic energy of the jet.
However, assuming that the standard radiative efficiency of the accretion disk 145, ~10%,
the accretion power would be L,.. = 2 x 10*® erg s~*. Thus during the flaring period the
power emitted as y-ray photons constitutes the bulk of the total accretion power L.y, ./
Lgcc = 1, while in January and April it made a substantial fraction of it - L., /Lgce = (0.3 —
0.4); this is in a good agreement with the recent results by (107), which showed that the
radiative jet power in blazars is higher than (or of the order of) the accretion disk
luminosity.

The observations in both X-ray and y-ray bands show that after the activity observed in
January and April the emission from the source again enters a quiescent state. A small
increase in the y-ray flux has been observed only in June, August and October-November
2015. Also, the UV/X-ray flux measured by Swift in May 2015 (85) shows that the
synchrotron component is weaker than it was in April. Thus, this indicates that the magnetic
field in the emitting region started to decrease. In addition, in the y-ray band, the flux
slowly decreases down to a few times 1077 photon cm™2s~! for most of the time after
August 2015, and the y-ray photon index reaches its mean level. These point out that the
emission from the blob outside the BLR region weakened, and the decrease of the
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Compton component shows that the emission responsible for the emission in the quiescent
state (SSC) starts to dominate again. Since in this case the emission occurs close to the
central source, due to the strong absorption, it is not expected to have emission of VHE y-
ray photons.

The multiwavelength observations of PKS 1441+25 during the flaring periods allowed us
to investigate and discuss the changes that possibly took place in the jets and caused flaring
activities. However, the parameters describing the underlying electron distribution below
the break are poorly constrained, because the data describing the rising part of both low
and HE components are missing. It did not allow us to exactly identify the processes
responsible for the acceleration of particles in the jet. However, the future possible
observations of flaring periods also in other energy bands will provide a chance to

investigate the dominant particle acceleration processes.
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Chapter 5

5. On the multi-wavelength Emission from CTA 102

The modeling of blazar SEDs in quiescent and flaring states enables to understand the
physical processes responsible for the emission. However, considering only the seven
FSRQs detected in VHE y-ray band we are limited for detailed investigation of the emission
processes. Since the data only for observation in short periods are available and sometimes
they are not simultaneous. Therefore, studying the emission only from FSRQs detected in
the VHE y-ray band does not allow to investigate the radiative output of emitting region
while it moves along the jet. In order to study the emission produced from different zones
of the jet we investigated the emission from well know blazar CTA 102. This source was
selected since it is continuously monitored in various energy bands which provides huge
amount of data allowing to study not only temporal correlation of emission in various bands
but also model SEDs with simultaneous data observed in various periods. CTA 102 is a
distant HE y-ray emitting blazar (z = 1.037) detected but due to its distant most likely it
cannot be observed in the VHE y-ray band due to EBL strong absorption. For this blazar
the large amount of data in radio, optical, X-ray and y-ray bands are available, which
enable to investigate the physical processes in both quiescent and active states of the jet, as

well as distinguish the emission regions along the jet in different active periods.

5.1. Introduction

The blazars are the most extreme class of radio-loud AGNs and they are dominant sources
in the extragalactic y-ray sky. After the lunch of Fermi Large Area Telescope (Fermi LAT)
several thousand blazars were detected in the y-ray band (104) which opens new
perspectives for investigation of the broadband emission from them. The observations
indirectly show that the y-rays can be produced either close to or far from the central black
hole. As the y-ray emission regions are very compact, inferred from extreme short time

scale variabilities (e.g., in minute scales (108) (109) (18) (110) (111) (112) (19) (113)) and that
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there is a sharp break in the GeV y-ray spectra of some blazars (84), the emission is most
likely produced within the BLR. On the other hand, the recent detection of > 100 GeV
photons from several FSRQs (86), (68) (17) (97) implies that the y-ray emission region
should most likely be beyond the BLR in order to bypass strong absorption of VHE photons
(84) (83). Unfortunately, the angular resolution of y-ray instruments is not high enough
(and will not be in the near future) to resolve and localize the y-ray emission regions which
makes it difficult to determine the exact origin of y-ray emission from blazars as the jet
dissipation can occur at any distance from the central black hole.

Among the FSRQs detected by Fermi LAT, the powerful GeV y-ray emitter CTA 102,
z =1.037 (114), is flaring frequently, its y-ray flux sometimes exceeding 10~° photon
cm~?s71. CTA 102 is a luminous, well-studied highly polarized quasar (115) having variable
optical emission (116). It has been initially identified by Compton Gamma Ray Observatory
mission as a y-ray emitter (the flux > 100 MeV being (2.4 + 0.5) X 10~7 photon cm™2s™1,
and then it is being included in all the point source catalogs of Fermi LAT (95). Since 2016,
CTA 102 was in the enhanced emission state in the UV/optical, X-ray and HE y-ray bands
(117) (118) (119) (120) (121) (122) (123) (124) (125) (126) with several prominent y-ray bright
periods. Considering the available large amount of multiwavelength data which allows to
constrain the emitting region size and location, magnetic field and electron energy

distribution, etc., CTA 102 is an ideal object for exploring the physics of FSRQ jets.

5.2. Observations and Data Reduction

5.2.1. y-ray observations: Fermi LAT

For the present study we use the publicly available Fermi LAT data acquired in the period
from 01 January 2016 to 09 January 2018 when large-amplitude flares of CTA 102 were
observed. Fermi Science Tools vI0rOp5 was used to analyze the data with
P8R2_SOURCE_V6 instrument response function. Only the 100 MeV - 300 GeV events
extracted from a 12° region of interest (ROI) centered on the location of CTA 102

[(RA,dec) = (338.139,11.720)] have been analyzed. However, the results were checked by
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repeating the same analyses selecting ROl radii of 10" and 15°. To eliminate the Earth limb
events, the recommended quality cuts, (DATA_QUAL == 1) && (LAT_CONFIG == 1) and a
zenith angle cut at 90" were applied. After binning the data into pixels of 0.1° x 0.1° and
into 34 equal logarithmically-spaced energy bins, with the help of gtlike a binned likelihood
analysis is performed. The model file describing ROl was created using the Fermi LAT third
source catalog (95) (3FGL) which contains sources within ROI+5° from the target, as well as

Galactic gll_iem_v06 and iso_P8R2_SOURCE_V6_v06 diffuse components.
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Figure 5.1. Multifrequency light curve of CTA 102 obtained for the period from 2008 August to
2018 January. a) y-ray light curves with adaptive (red; > 156.1 MeV) and 2-day (blue; 100 MeV)
bins, b) and c) the flux and photon index with 2- and 7-days binning, d) Swift XRT light curve in the
0.3 — 10 keV range, e) UV/optical fluxes in V, B, U, W1, M2 and W2 bands and f) the energy and
arrival times of the highest-energy photons. The vertical blue dashed line shows the period when a

large flare in the R- band was observed (28 December 2016).
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All point-source spectra were modeled with those given in the catalog, allowing the photon
index and normalization of the sources within 12° to be free in the analysis. Also, the
normalization of diffuse background components are free. To check if there are new y-ray
sources in the ROI, a Test Statistics (TS) map (TS defined as TS = 2(logL — logL,), where
L and L, are the likelihoods whether or not the source is included) is created with gttsmap
tool which places a point source at each pixel and evaluates its TS. In the TS map, there are
new hotspots (pixels) with TS > 25 (50) which possibly hints at the presence of new
sources. For each new hotspot we sequentially added a new point source with a power-law
spectral definition. For the further analysis the model file containing these additional point
sources is used.

In the whole-time analysis, the y-ray spectrum of CTA 102 was first modeled using a log-
parabola (127) as in 3FGL and then assuming a power-law shape. The latter will be used in
the light curve calculations, as shorter periods will be considered and a power law can be a
good approximation of the spectrum. During the analysis of each individual flare a different
model file obtained from the analyses of the data accumulated during one/two- month
periods covering the flares was also used. An unbinned maximum likelihood analysis was
performed using (0.1 —300) GeV photons with the appropriate quality cuts mentioned
above, to obtain the y-ray light curves. Since no variability is expected from the underlying
background diffuse emission, we fix the normalization of both background components to
the best fit values obtained for the whole time period.

Initially, the light curve was calculated with the help of an adaptive binning method. At
regular (fixed) time binning, the long bins will smooth out the fast variation while short bins
might result in many upper limits during the low-activity periods. In the adaptive binning
method, the time bin widths are adjusted to produce bins with constant flux uncertainty
above the optimal energies (96) meant to find rapid changes in y-ray fluxes. The adaptively
binned light curve with 15% uncertainty and above E, = 156.1 MeV in fig. 5.1 shows
several bright y-ray states: from MJD 57420 to MJD 57445 and from MJD 57700 to MJD
57900. The peak flux of (2.52 +0.42) X 107> photon cm™2s~1 with a photon index of
['=1.99 £ 0.15 was observed on MJD 57738.47 within 4.31 minutes with a convincingly
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high ~20.0 0. It corresponds to a flux of (3.55 % 0.55) x 107> photon cm™2s™! above
100 MeV which ~221 times exceeds the average y-ray flux given in 3FGL (= 1.60 x 1077
photon cm™2s~! but the source is variable with a variability index of 1602.3 in 3FGL). In
addition, we used gtfindsrc tool to determine the best coordinates of the y-ray emission in
this period, yielding (RA,dec) = (338.115,11.746) with a 95% confidence error circle
radius of 795 = 0.06. These coordinates are offset only by 0.03" from the y-ray position of
CTA 102, indicating that it is the most likely source of the emission. The hardest photon
index of 1.61 + 0.10 (22.56 ) was observed on MJD 57752.45 within 9.46 minutes, which
is significantly harder than the mean photon index observed during the considered period,
[ ean = 2.22.

In the adaptively binned light curve there is a hint at flux changes in minute scales. For
example, the interval of MJD 57737.88- MJD 57739.00 (~1.13 days), contains 67 adaptive
bins each having a width of the order of a few minutes and a detection significance of
> 14.30. Another such active period was observed on MJD 57752.0, though the time bin
widths were a few tens of minute. Many times during the considered period, the source flux
exceeded 107> photon cm™2 s~1, mostly observed during the extremely active period from
MJD 57736.4 to MJD 57798.46 as well as a few times on MJD 57439.0 and MJD 57862.0.
During these periods, the photon flux and index vary within (1.01 — 2.52) x 10~° photon
cm~?s71 and 1.61 — 2.56, respectively, the minimum and maximum bin widths being 4.31
and 194.54 minutes and the detection significance varying from 13.18¢ to 22.610.
fig. 5.1 b) shows the y-ray light curve > 1 GeV (2 days; red color) and > 10 GeV (7 days;
blue color) with a noticeable increase in the flux, the peaks being (2.32 + 0.10) x 107°
photon cm™? s71 and (6.43 + 0.94) x 1078 photon cm™2 s~ 1, at 2-day and 7-day binning,
respectively. Above 10 GeV, among 105 total bins only in 36 the detection significance is at
least 40, but, e.g., on MJD 57741.0 and MJD 57748.0 it is as large as ~ 290, N,,.4 varying
within 46-55.
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Figure 5.2. CTA 102 y-ray photon index vs. flux in adaptive (orange) and two-day bins (blue).

Similar plot for the X-ray band is shown in the insert.

The y-ray photon index variation above 0.1 and 10 GeV is shown in the fig. 5.1 c) with red
and blue colors, respectively. There is an obvious hardening above 0.1 GeV, when the
photon index changed to T = 2.0, during the most bright periods of the source. The mean
y-ray photon index above 10 GeV is ['peqn = 3.41 but on MJD 57776.0 T = 1.79 + 0.55 with
7.850.

The y-ray photon index versus flux is presented in fig. 5.2 for adaptive (orange) and 2-
day binning (blue; > 0.1 GeV). When 2-day intervals are considered, there is a hint of
spectral hardening as the source gets brighter. In the y-ray band such behavior has been
already observed from several blazars (e.g., PKS 1502+106 (128), PKS 1510-089 (101),
sometimes from 3C 454.3 (129), etc.) and radio galaxies (e.g., NGC 1275 (130)). Such
evolution of spectral index and flux is expectable when accelerated HE electrons are cooled
down (e.g., (34)). It is hard to see similar relation in the case of adaptive bins as the bright
periods last shorter, leading to larger uncertainties. The linear-Pearson correlation test
applied to 2-day and adaptively binned intervals yielded r, = —0.569 and 7, = —0.533,
respectively, the p-value being << 107°. This suggests negative correlation between the
flux and photon index, i.e., as the flux increases, the photon index decreases (hardens).

The distribution of highest energy events (> 10 GeV) detected from CTA 102, calculated
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using the gtsrcprob tool is presented in fig. 5.1 f). Most of the HE photons are observed
during MJD 57700-57800 with the maximum of 97.93 GeV detected on MJD 57773.34.

5.2.2. Swift UVOT/XRT observations

The data from seventy Swift (Neil Gehrels Swift observatory) observations of CTA 102
carried out from 01 January 2016 to 09 January 2018 have been analyzed. The exposures
range from 0.3 ks (ObsID:33509083) to 3.14 ks (ObsID:33509095) and most of the
observations were made in the photon counting and only two in the window timing mode.
The XRT data were analyzed with XRTDAS (v.3.3.0) using standard procedure and the
most recent calibration databases. Events for the spectral analysis were selected within a 20
pixel (47") circle with the source at the center, while the background region as an annulus
with the same center and having inner and outer radii of 51 (120"”) and 85 pixels (200"),

respectively. The count rate in some observations was above 0.5 count s™*

implying pile-up
in the inner part of the PSF. This effect was removed by excluding the events within a 3
pixel radius circle centered on the source position. The Cash statistics (131) on ungrouped
data was used as for some observations the number of counts was low. However for the
observations with a high count rate, the results were also cross-checked by re-binning to
have at least 20 counts per bin and then fitted using the y? minimization technique. The
individual spectra were fitted with XSPEC v12.9.1a adopting an absorbed power-law model
with Ny = 5.35 % 102 cm™2 column density, ignoring the channels with energy below
0.3 keV and above 10keV. fig. 5.1 d) shows the X-ray flux evolution in time (the
corresponding parameters are presented in Table 5.1, where its gradual increase
contemporaneous with the y-ray flux around MJD 57750 can be seen. The highest flux of
Fos_10key = (6.71+£0.21) x 107 erg cm™2s™1 observed on MJD 57759.69 exceeds the
average flux (= 1.2 x 107! erg cm™2s71) ~5.6 times. A relation between the unabsorbed
X-ray flux and photon index is represented in the insert of fig. 5.2. A trend of a harder

spectrum when the source is brighter can be seen. Such harder-when-brighter trend in the

X-ray band was already observed from several FSRQs (e.g., PKS 1510-089 (132) (133), 3C
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454.3 (134) and etc.) which can be described if assuming the electrons are losing energy
mainly through interaction with the external photon fields (e.g. (135)).

The data from the second instrument on board the Swift satellite, UVOT, was used to
measure the flux of the source in the UV/optical bands. Photometry was computed using a
five-arcsecond source region around CTA 102 and for the background - a source-free
annulus centered on the source position with 27" inner and 35" outer radii. The
magnitudes were computed using UVOTSOURCE task, then corrected for extinction, using
the reddening coefficient E(B — V) from (136) and the ratios of the extinction to reddening
A/E(B-V) for each filter from (137) then converting to fluxes, following (138). The flux
measured for V,B,U, W1, M2 and W2 filters is shown in fig. 5.1 e). Even if the available data
are not enough for detailed studies, it is clear that up to ~ MJD 57720 the source was in a
relatively faint state in the optical/UV band but its flux significantly increased during the
bright flaring period around ~ MJD 57750. This is in agreement with the recent results by
(139) which show that the source emission in the optical band increased in late 2016 with a
6-7 magnitude jump as compared with the minimal state. The maximum flux in the R —
band was observed on 28 December 2016 (MJD 57750) with a peak luminosity of
1.32 x 10*® erg s~1. In addition, the radio monitoring (at 37 GHz) showed that the peak in
this band is much earlier than the one in the R —band, inferring these emissions were

produced in different locations of the jet.

5.2.3. NuSTAR observation

In the hard X-ray band (3 — 79 keV), CTA 102 was observed once on 30 December
2016 by NuSTAR with a net exposure of ~ 26.21 ks, when it was bright in the X-ray and y-
ray bands. The raw data (from both Focal Plane Modules [FPMA and FPMB; (140)] were
processed with the NuSTAR Data Analysis Software (NuSTARDAS) package v.1.4.1 (via the
script nupipeline), producing calibrated and cleaned event files. The events data were
extracted from a region of 75" centered on the source position, while the background was
extracted from a nearby source free circular region with the same radius. The spectra were

binned so to have at least 30 counts per bin and fitted assuming an absorbed power-law
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model. The best fit resulted in T',, = 1.32 4+ 0.005 and I'3_q key = (2.94 4+ 0.02) X 10710 erg

cm~?s~t with y% = 0.97 for 1131 degrees of freedom. The corresponding spectra for FPMA
and FPMB are shown in fig. 5.3.

Table 5.1. Summary of Swift XRT observations of CTA 102.

Sequence No. Date (MJD) Exp(sec) Log(Flux)® r C-stat./dof
00033500016  2016-01-02(57389.33) 8341  10.94x0.06  1.23+0.14 _ 91.23(103)
00033509017  2016-01-03(57390.6) 1119.0 10.88+0.04 1.18+0.10  166.99(168)
00033509018 2016-06-21(57560.67) 991.4 10.71+0.03 1.43+0.08 218.22(218)
00033509021 2016-06-30(57569.66) 844.1 10.77+0.04 1.42+0.11  195.86(151)
00033509022 2016-08-24(57624.88) 1633.0 10.68+0.02 1.38+0.06  422.02(320)
00033509023 2016-08-25(57625.35) 1691.0 10.73£0.02 1.46£0.06  393.49(306)
00033509024 2016-08-26(57626.94) 1868.0 10.71+0.02 1.41+0.06  410.73(323)
00033509025 2016-08-27(57627.94) 1466.0 10.65%0.03 1.43£0.07  233.39(291)
00033509026  2016-08-28(57628.01) 2148.0 10.75%0.02 1.45£0.06  271.35(309)
00033509027 2016-08-28(57628.94) 2797.0 10.71+0.02 1.36£0.05  450.67(403)
00033509028 2016-08-30(57630.93) 1576.0 10.81+0.03 1.48+0.07  226.96(270)
00033509030 2016-08-31(57631.93) 2133.0 10.76%0.03 1.35£0.07  289.41(290)
00033509031 2016-09-02(57633.06) 1978.0 10.78+0.02 1.42+0.06  316.53(301)
00033509034 2016-09-03(57634.79) 966.5 10.72+0.03 1.57£0.09  220.83(194)
00033509035 2016-09-04(57635.64) 869.1 10.79+0.03 1.64+£0.09  207.90(193)
00033509076  2016-09-02(57633.92) 1965.0 10.75%0.02 1.47£0.06  373.93(324)
00033509077  2016-09-08(57639.9) 9914  10.78+0.04 133010 202.35(178)
00033509078 2016-09-12(57643.43) 914.0 10.85+0.04 1.47£0.10 160.64(171)
00033509079  2016-09-14(57645.36) 1091.0 10.81+0.03 1.4+0.09 192.03(199)
00033509080 2016-09-17(57648.47) 894.0 10.66%0.03 1.34+£0.08  262.16(217)
00033509081 2016-09-20(57651.32) 996.4 10.64+0.03 1.33£0.07  311.96(242)
00033509082 2016-09-26(57657.11) 789.1 10.72+0.04 1.43+0.09 198.62(189)
00033509083 2016-10-02(57663.43) 3446  10.85+0.07 1.37+0.20  47.08(67)

00033509084 2016-10-08(57669.34) 609.3 10.79+0.05 1.45+0.12  130.49(103)
00033509085 2016-10-14(57675.33)  966.5 10.840.04  1.38+0.10  221.53(186)
00033509086 2016-10-20(57681.43) 971.4 10.79+0.04 1.32+0.09  248.18(190)
00033509087 2016-10-27(57688.54) 1965.0 10.71+0.02 1.29+0.06  449.38(329)
00033509088 2016-10-28(57689.21) 1711.0 10.79+0.03 1.36£0.07  301.62(271)
00033509090 2016-10-29(57690.59) 1723.0 10.85+0.03 1.46+£0.08  182.50(224)
00033509091 2016-10-30(57691.92) 1656.0 10.84+0.03 1.4+0.08 231.46(241)
00033509092 2016-10-31(57692.79)  2108.0  10.82+0.02 1.57+0.06  287.31(299)
00033509093 2016-11-14(57706.68) 2974.0 10.59+0.02 1.22+0.04  597.15(447)
00033509094 2016-11-16(57708.53) 2762.0 10.66%0.02 1.25+0.05 460.61(428)
00033509095 2016-11-18(57710.26) 3137.0 10.73%0.02 1.33£0.05 432.80(415)
00033509096  2016-11-20(57712.58) 2435.0 10.63%0.02 1.32+0.05 556.82(417)
00033509097 2016-11-22(57714.11) 1693.0 10.49+0.02 1.55+0.06  265.95(322)
00033509098  2016-11-23(57715.9) 2934.0 10.43+0.02 1.19+0.04  717.13(517)
00033509099 2016-11-27(57719.78) 1963.0 10.63%0.02 1.36x0.05 505.78(364)
00033509100 2016-11-30(57722.02) 382.1 10.68%0.05 1.42+0.12  108.37(118)
00033509101 2016-12-01(57723.08) 1341.0 10.74+0.02 1.78+0.07  278.11(275)
00033509103 2016-12-06(57728.07) 1958.0 10.47+0.02 1.69+£0.05  449.08(354)
00033509105 2016-12-13(57735.06) 2655.0 10.40%0.02 1.32+0.04  457.45(437)
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Table 5.1 (continued)

00033509106
00033509107
00033509108
00033509109
00033509110
00033509111
00033509112
00088026001
00033509113
00033509114
00033509115
00033509116
00033509117
00033509118
00033509119
00033509120
00033509121
00033509122
00033509123
00033509124
00033509125
00033509126
00033509127
00033509128
00033509129
00033509131
00033509130
00033509061

2016-12-16(57738.05)
2016-12-18(57740.49)
2016-12-20(57742.95)
2016-12-23(57745.07)
2016-12-26(57748.33)
2016-12-29(57751.8)
2016-12-30(57752.54)
2016-12-31(57753.06)
2017-01-02(57755.05)
2017-01-01(57754.37)
2017-01-06(57759.69)
2017-01-08(57761.68)
2017-01-10(57763.14)
2017-01-12(57765.07)
2017-01-15(57768.86)
2017-01-18(57771.38)
2017-04-20(57863.68)
2017-04-23(57866.86)
2017-04-26(57869.13)
2017-04-30(57873.83)
2017-05-01(57874.31)
2017-05-05(57878.23)
2017-05-06(57879.75)
2017-08-01(57966.04)
2017-08-03(57968.65)
2018-01-05(58123.69)
2017-08-05(57970.96)
2017-12-08(58095.17)

2440.0
2402.0
818.4
1993.0
1686.0
1823.0
1468.0
2048.0
1566.0
1488.0
2472.0
2480.0
2502.0
521.9
1009.0
1768.0
1975.0
2273.0
2018.0
991.4
891.5
681.8
529.4
1975.0
2298.0
1970.0
876.5
2477.0

10.30+0.02
10.32+0.02
10.39+0.03
10.35+0.02
10.39+0.02
10.27+0.02
10.19+0.02
10.20+0.02
10.30+0.02
10.19+0.02
10.17+0.01
10.29+0.02
10.30+0.02
10.45+0.04
10.45+0.03
10.50+0.02
10.48+0.02
10.54+0.02
10.34+0.02
10.36+0.03
10.31+0.03
10.59+0.04
10.56+0.04
10.67+0.02
10.62+0.02
10.4+0.02
10.62+0.03
10.59+0.02

1.23+0.04
1.27+0.05
1.47+0.08
1.58+0.05
1.39+0.06
1.62+0.04
1.29+0.05
1.26+0.04
1.24+0.05
1.18+0.05
1.33+0.03
1.31+0.04
1.17+0.04
1.19+0.09
1.33+0.08
1.41+0.05
1.56+0.06
1.38+0.05
1.33+0.05
1.34+0.07
1.16+0.08
1.41+0.09
1.33+0.09
1.45+0.05
1.42+0.05
1.27+0.06
1.41+0.08
1.25+0.05

653.22(469)
569.51(541)
271.95(359)
399.45(388)
347.1(329)
55.60(397)
82.04(410)
19.50(486)
83.85(386)
05.54(421)
48.83(539)
07.41(465)
07.92(463)
00.60(200)
54.30(243)
99.09(391)
42.39(331)
67.86(419)
94.03(383)
98.45(263)
07.36(245)
03.60(192)
05.28(182)
27.29(342)
57.95(394)
97.65(354)
70.04(241)
444.7(416)

2 Flux in 0.3 — 10keV in unit of erg cm™2 s~1
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Figure 5.3. Top: NuSTAR FPMA (black) and FPMB (red) spectra and best-fit models. Bottom:

Residuals with respect to power-law model.
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5.2.4. The light curves variability

Table 5.2. Parameter values best explaining the flares

Flare period t,
MJD

57736.53+0.11°
57738.50+0.06
57845.78+0.36"
57862.02+0.11°

t, terr

(day)

0.46 +0.13
0.60 +0.09
1.49+0.33
0.17+0.06

ty terr

(day)

0.17 +0.08
0.21+0.03
0.70+0.23
0.73+0.11

Fy/107¢

photon cm™2s™1

18.68 +3.33
29.04+2.39
9.72+1.26

25.20+2.63

The y-ray (2-day (> 0.1 and > 1.0 GeV), 7-day (> 10.0 GeV) and adaptive binned (> 156.1

MeV)), X-ray (0.3 — 10 keV) and UV/optical fluxes variation in time are shown in the a), b),

c), d) and e) panels of fig. 5.1. There is an evident major y-ray flux increase accompanied

by moderate brightening in the X-ray and UV/optical bands. The variability in different

bands is quantified using their fractional rms variability (F,,,-) amplitude (141), resulting in

E,.r = 0.511 £ 0.008 for X-ray band and correspondingly 0.920 + 0.006 and 0.984 + 0.004

for the y-ray light curves with adaptive and 2-day (> 0.1 GeV) binning, implying much

stronger variability in the y-ray band. This variability is even stronger when the light curves

with 2-day (> 1.0 GeV) and 7-day (10.0 GeV) bins are used (excluding correspondingly 20

and 69 periods with upper limits in them), since F,,, = 1.61+ 0.01 and 1.18 £ 0.06,

respectively.
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Figure 5.4. Light curves of CTA 102 above 100 MeV with time binning of 6 h (upper panel) and

12 h (lower panel). The lines show the flare fit with Eq. 5.1 (Table 5.2).

The rapid variability in the y-ray band can be further investigated by fitting the data with

the double exponential form function to obtain the time profiles of the flux variations.
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However, we note that the double exponential form function is not unique and the flare
time profiles can be reproduced also by other functions (e.g., see (142)). As the main
purpose of the current fit is only to estimate the rise and decay times, we fit the light curves

with the following function (98):

t—to to—t\ "1
F(t):awox(evﬂrd) , (5.1)

where t, is the time of the flare peak (Fy) and t, and t; are the rise and decay times,
respectively. Each light curve was fitted with the non-linear optimization python package
Imfit (143) using a function that contains two inverses of the sum of exponentials

(corresponding to the number of flares).
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Figure 5.5. The broadband SEDs of CTA 102 in the selected periods. The archival data are shown
in light gray.

The active (bright) periods identified in the adaptively binned light curve are analyzed
with normal time sampling and only the periods when the rise and decay times can be well
constrained are considered. Accordingly, the periods from MJD 57734 to MJD 57740 and
from MJD 57840 to MJD 57870 (fig. 5.4) divided into 6- and 12 hour bins respectively are
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selected; the detection significance in each bin is > 50 and the plot of Npred/\/m VS
Flux/AFlux shows linear correlation, so the likelihood fit converged for each time bins. The
identified four peaks are sequentially numbered from 1 to 4 (F1- F4).

The fit is shown in fig. 5.4 and the corresponding parameters are given in Table 5.2.
The average flux level (E.) is left free during the fitting and the corresponding values are
presented in Table 5.2. The flares 1-3 have rise times longer than the fall, and only F4
shows the opposite tendency. The symmetry of the flares can be quantitatively estimated by
calculating the parameter of € = (t; — t,)/(tq + t,) as defined in (98) which ranges from
—0.64 to —0.46 for F1-3 and 0.62 for F4, implying these are moderately asymmetric flares.
The shortest e-folding times for rise and decay are t, = 0.17 £ 0.06 and t; = 0.21 £+ 0.03
day' observed during F2 and F4, respectively. During F4, when the highest flux was
observed within 4.08 + 1.44 hours, the flux increased up to (2.52 + 0.26) X 10~ photon

-2

cm~? s~1 and dropped to its average level within 17.52 + 2.64 hour.

5.3. Spectral evolution

A "Light curve/SED movie" is made for a better understanding of the spectral evolution
in different bands. For each adaptively binned interval, using the estimated photon index
and flux, the y-ray spectra are calculated by dividing the (0.16 — 300) GeV interval into five
logarithmically equal bins. These y-ray spectra are combined with the UV/optical/X-ray (if
available) data to make SEDs. As moving from bin to bin, the spectra in all bands can be
compared and their evolution in time seen.

The movie is uploaded here (144), where the time period from MJD 57620 to MJD
57950 coinciding with the most active y-ray emitting state is presented. Up to ~ MJD
57730, the emission from the source had a soft photon index I' > 2.0 and a maximum flux

1" which afterwards exceeded 1072 erg cm™2s~! with hard y-

around ~ 10710 erg cm™2%s~
ray photon indices. Starting from MJD 57765, the flux dropped to its original level and the
y-ray photon index softened. Around MJD 57800, when the flux increased again, the

photon indices were I' = 2.0, implying a flat spectrum of the source in (v — VE))

Yin Table 5.2 e-folding times are given, the doubling or halving timescales can be computed by ¢, ; x In2
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representation. These spectral evolutions once more confirm a harder-when-brighter trend.

5.3.1. Spectral analysis

The data from the following periods are considered for the spectral analyses:

low state (when the source was not flaring in the y-ray band): when X-ray and y-ray

fluxes were in their average levels: from Swift observations, Obsid: 33509078,

33509079, 33509085, 33509086 and 33509091 were analyzed by merging them to

increase the exposure and statistics as they have similar X-ray flux and photon indices

2 1

while a few intervals, when the source flux exceeded 9 x 10~ ’photon cm™2 s~1, were
excluded from the contemporaneously obtained y-ray data.
Table 5.3. Parameters of spectral analysis
Fermi LAT
Period Photon index® Flux® o°
low 2.39+0.03 1.13+0.04 61.4
P1 2.01+0.09 6.34+0.72 25.0
P2 1.93+0.08 24.17+2.43 334
P3 1.96+0.04 24.74+1.31 56.5
P4 1.93+0.05 21.72+1.40 48.7
PS5 1.81+0.08 25.14+2.65 31.0
Swift-XRT
Period Photon index* Unabsorbed Flux® Xreq (d.0.F.)
low 1.44+0.05 1.45+0.07 1.10(39)
P1 1.41+0.05 1.91+0.09 0.77(52)
P2 1.23+0.05 4,79£0.22 0.97(53)
P3 1.25+0.04 5.75+0.13 1.26(84)
P4 1.32+0.04 6.46+0.15 1.20(75)
P5 1.56+0.06 3.31+0.15 0.91(31)
NuSTAR
p4f 1.32+0.005 29.36%0.20 0.97(1131)

2 y-ray photon index from likelihood analysis.
® y-ray flux in the 0.1 — 300 GeV energy range in units of 10~"photon cm™2s71.
¢ Detection significance.

4 X-ray photon index.

€0.3 — 10 keV X-ray flux corrected for the Galactic absorption in units of 10~ **photon cm™?s™1.

f X-ray flux and photon are measured in the energy range 3 — 79 keV.

99

1



This period corresponds to the pre-flaring state, allowing to investigate the source emission
spectrum before the major flare.

Period 1 (P1): M]D 57625.06-57625.39 when the source was in the bright y-ray state

coinciding with XRT observations (Obsid: 33509022 and 33509023, merged during the

analyses).

Period (P2): M]D 57738.02-57738.08, bright y-ray period coinciding with the Swift

Obsid: 33509106.

Period 3 (P3): = 3.1 hour period centered on MJD 57752.52, corresponding to a bright

y-ray state coinciding with Swift (Obsid: 33509112 and 88026001, merged) and NuSTAR

observations.

Period 4 (P4): ~ 8.06 hour period centered on MJD 57759.62, corresponding to the

period when the highest X-ray flux was observed (Obsid: 33509115).

Period 5 (P5): ~ 14.66 min period centered on MJD 57862.15, corresponding to another

peak of y-ray emission and available quasi-simultaneous Swift observation on the next

day (Obsid: 33509121).

During the un-binned likelihood analyses of Fermi LAT data, the spectrum of CTA 102 has
been modeled using a power-law function with the normalization and index as free
parameters. Then, the SEDs are calculated by fixing the power-law index of CTA 102 and
running gtlike separately for smaller energy bins of equal width in log scale. For the
spectral analyses the Swift data were binned to have at least 20 counts per bin and then
fitted using x? minimization technique. Then, in order to increase the significance of
individual points in the SEDs calculations, a denser re-binning was applied, restricting the
energy range to > 0.5 keV. The results of analyses (both X-ray and y-ray) are given in
Table 5.3 and the corresponding spectra shown in fig. 5.5.

The y-ray emission spectra in the low state extended up to ~10 GeV with a soft photon
index of I' = 2.39 + 0.03 while it hardened during the flares, e.g., I' = 1.81 + 0.08 during
PS5. There is an indication of deviation of the model with respect to the data above several
GeV during P3 (cyan data in fig. 5.5). An alternative fit with functions in the form of

dN/dE~E;* x Exp(— E,/E,) and dN /dE~(E,/Ey,)”@*FloeEr/En) were applied to check
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whether the curvature in the spectrum is statistically significant. The first fit resulted in
a =1.64 1 0.09 and E,; = 3.84 + 1.21 GeV which is preferred over the simple power-law
modeling (comparing log likelihood ratio tests) with a significance of 4.810. The second fit
with @ =1.58+ 0.10 and f = 0.21 £ 0.05 is preferred with a significance of 5.2¢. The
breaks in the emission spectra can be expected from pair production in BLR (84) or can be
related with the breaks in the emitting electron spectra (145). The possible origin of the
curvature in the GeV spectra should be investigated deeper, with more detailed spectral
analyses of single as well as several flaring periods, which is beyond the scope of the

current paper.

5.4. Broadband SEDs

Fig. 5.5 shows the broadband SEDs of CTA 102 in its low and active periods together
with the archival radio to X-ray data (light gray) from ASI science data center. The WISE IR
data are highlighted by red asterisk which are most probably due to the torus emission as
the recent studies show that the detection rate of almost all y-ray blazars was high in the
WISE all-sky survey (146). The comparison shows that during the considered periods the
fluxes in the optical/X-ray and y-ray bands exceed the averaged archival data: the increase
is more significant in the optical/UV band. This increase in all bands is expected as the
selected periods correspond to the pre-flaring, flaring and post flaring states, and the
source shows different emission properties as compared with the averaged spectrum.

Comparing our selected period i) the low-energy component increased while its peak
frequency remained relatively constant (< 10> Hz), ii) the second component increased
and shifted to HEs with a strong Compton peak dominance and iii) the UV/optical, X-ray
and y-ray fluxes contemporaneously increased in P2, P3 and P4, while the emission in the
UV/optical and X-ray bands was relatively constant in P1 and P5.

The blazar flares can be explained by the changes in the magnetic field, in the emitting
region size and its distance from the black hole, bulk Lorentz factor, particle energy
distribution, etc. (76). For example, both emission components will be shifted to HEs when

the particles are effectively re-accelerated. Only the HE component will increase when the
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contribution of the external photon fields starts to dominate, for example, due to the
changes in the location of the emitting region (76). However, these are not unique models
for explaining the flaring events. Another possibility is the geometrical interpretation of the
origin of flares, the case when the jet regions may have different viewing angles. Such a
model with a twisted inhomogeneous jet was already applied to explain the emission from
CTA 102 jet in the optical, infrared and radio bands (139). The photons of different energy
come from the jet regions which have different orientations (hence, different Doppler
boosting factors) because of the curvature of the jet.

The SEDs obtained in the low state, P1 and P5 showing different features, and in the
bright P2 have been modeled. In order to account for Compton dominance, we assume the
bulk Lorentz factor (§ which equals to the bulk Lorentz factor for small viewing angles,
§ = T') of the emitting region increased from 10 in the low to 20 in the active states (these
are typical values estimated for FSRQs (18)).

When the SEDs in the low state and in P2 are modeled, the emission from a compact
region inside and outside the BLR is discussed. Instead, when modeling the periods with
lacking correlation in the y-ray and UV/optical/X-ray bands, we assume the emission from
the radio to X-rays is produced in the extended and slow-moving region unrelated to the
flaring component, while the HE y-rays come from a compact and fast-moving region

outside BLR (73).

5.4.1. Modeling the SEDs

The SEDs are fitted within a leptonic scenario that includes synchrotron/ SSC (23) (147)
(24) and EIC (25) models. A spherical emission region ("blob") with a radius of R and B
magnetic field carries relativistic electrons with a N;(E,) = N{(E./mec?) *Exp[—E,/Ely:]
distribution for E;, > E),;, where E;

min 1S the minimum electron energy. The size of the

emitting region can be inferred from the observed e-folding timescale of 4.08 hours from
the R < f—i ~ § X 2.16 x 10** c¢m relation. For the extended emission component, a region

with a ten times larger radius (~ 4 x 10'® ¢m) will be used.
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The low-energy component is modeled by synchrotron emission while for the IC
scattering the photons from synchrotron emission, from BLR and dusty torus will be taken
into account. The density of BLR (ug;z) and dusty torus (u4,s:) are calculated as functions

of the distance r from the black hole by the formulae, (e.g., (41))

Upir(T) = LoLr (5.2)
o 41 crpr®[1+ (r/1pr)’] '
L us
Ugust (1) = dust (53)

4mc rdustz[l + (r/rdust)ﬂ,
The estimated size and luminosity of BLR correspondingly are 75,z = 6.73 x 107 cm and
Lgigr = 4.14 x 10*° erg st (148). The disk luminosity is Ly = 10 X Lg g ~ 4.14 X 10%°

erg st

(assuming its 10% is reprocessed into BLR radiation) then the size and luminosity
of torus will be Rgyus = 108 (Lgisk/10%%)%5 = 6.43 X 108 cm (43) and Lgys = Nlaisk =
1.24 x 10*¢ erg s™1 (n = 0.6, (26)) a little larger than the value from tentative detection of
dust emission in CTA 102 (149). Moreover, reproducing the near-IR data presented in fig.
5.5 with a blackbody component requires a luminosity of a few times 10* erg s~! in
agreement with the value used. We adopt an effective temperature T,z = 10* K for the
BLR radiation and T = 103 K for dusty torus.

The model free parameters and their uncertainties are estimated using the code
described in section 3.3. The spectral model parameters have been derived through MCMC
sampling of their likelihood distributions. For the model free parameters the following
expected ranges are considered: 1.5 < a < 10, 0.511 MeV < E/;;; pin < 10 TeV, and N, and

B are defined as positive parameters.

5.5. Results and Discussion

The broadband emission from CTA 102 during its bright period in 2016-2018 was
investigated. In the y-ray band, during several periods the flux exceeded 107> photon
cm~2s~1 with the maximum being (3.55 + 0.55) X 10~° photon cm™%s~! (above 100 MeV)
observed on MJD 57738.47 which corresponds to an apparent isotropic y-ray luminosity of
L, = 3.25x 10%° erg s~* (for a distance of d;, = 6.91 Gpc). This is one of the highest y-ray
luminosities observed from blazars so far (e.g., see (110)). In the proper frame of the jet,
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the power emitted in the y-ray band is ~L,/26* = 4.06 x 10*”erg s~* for § = 20 which is
higher than Lg;g, in agreement with the results by (107). During this bright period, on a 6-h

timescale, the apparent luminosity was =~ 2.0 X 10°° erg s™!

with the rate of change
L/At ~ 1.89 x 10*® erg s™2 (using At = 6h/(1+z) =~ 1.06 X 10* s), slightly higher than
that observed from 3C 454.3 (150) and well above the Elliot-Shapiro relation (151).

The photon index varies as well: the hardest was 1.61 + 0.10 observed on MJD 57752.45
which is unusual for FSRQs (having an average photon index of 2.4 (104)), while on MJD
57528.63 it was as soft as 3.08 + 0.23. The hardest and softest photon indices were
observed during the active and low states, confirming the harder-when-brighter trend. The
HE photons (> 10 GeV) were mostly emitted during the active period of M|D 57700-57800,
the highest energy photon being 97.93 GeV. The fractional variability parameter F,,, shows
that the variability is stronger in the y-ray band (F,, > 0.9), increasing at higher energies.
The observed flares are asymmetric which might be due to different relations between
particle acceleration and emission timescales. For example, the flares decrease much faster
(F1-F3) when the accelerated particles start to escape from the emitting region or the
cooling time gradually increases. Whereas, the flare will appear with a fast rise and a slow
decay trend (F4) when the fast injected energetic particles loose energy or escape from the
regions for a longer time. The observed shortest e-folding time is ~ 4.1 hours, inferring
that the emitting region is compact. However, during the brightest periods of ~ MJD
57738.0 and ~ MJD 57752.0, several minutes of observations were already enough to have
> 14.30 detection significance, implying shorter time scale variability cannot be excluded
(see (152) for detailed analysis in shorter periods).

Contemporaneous increase in the UV/optical and X-ray bands were also observed during
some bright y-ray periods. In the X-ray band (0.3 —10 keV), the maximum flux is
(6.71 4 0.21) x 107 erg cm™?s™! and the photon index hardens in the bright periods.
Comparing the Swift UVOT data obtained in different periods (see fig. 5.5 and SED/light

curve movie) one can see a clear indication of flux increase in the UV/optical bands as well.
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5.5.1. The origin of the emission
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Figure 5.6. Modeling of the broadband SEDs of CTA 102 during the low state and P2 (left panel,

E [aV]

gray and orange, respectively) and P1 and PS5 (right panel, blue and red, respectively). The model

parameters are given in Table 5.4. For the models applied see the text.

Table 5.4. Parameters best describing the multiwavelength emission in different periods

low P1 P2 P5
SSC/‘;BL BLR compact SSC+BLR Torus compact Torus
é 10 10 20 20 20 20 20

a 2514011  219+0.02 212+ 0.54 2.79 £ 0.44 1.91 4 0.03 1.78 £ 0.52 1.95 + 0.03
Enin[MeV] i8'52.257 0.54+0.03 15559+109.18 227.25+2643  138+0.15  12133+6733  0.63+0.09
E [GeV] 067+0.1  0.49+0.04 1.42 £ 0.81 1.32 £ 043 0.98 + 0.05 2.36 + 1.54 3.85+ 1.57
Epmax[TeV] || 0574031 0494031 0.48 + 0.34 0.50 +0.30 0.41+0.18 0.58 £ 0.25 0.54+ 0.31
B[G] 540+0.13 537+0.14 0.23+0.29 6.10 £ 0.50 1.01+0.003  0.004+0.042  0.015+0.049

Lglergs™'] || 1.75x 10%  1.73 x 10% 1.47 x 10*2 1.04 x 10* 2.86 x 10%3 3.86 x 10%8 6.44 x 10%°

Le[ergs™] || 4.66x10* 290 x 10% 1.73 x 10 2.84 x 10% 2.74 x 107 7.33 X 10 1.97 x 10%

Initially, we modeled the SED observed in the low state (fig. 5.6; left panel). The radio
data are treated as upper limits during the modeling, as the emission in this band is
produced from the low-energy electrons which are perhaps from much extended regions.
We note that the IR flux predicted by the models exceeds the archival IR data ~200 times in
the flaring (P2) and 28.7 times in the selected low states (see fig. 5.6; left panel), implying

that the non-thermal synchrotron emission from the jet dominates over the other emission
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components. When the IC scatterings of both synchrotron and BLR photons are
considered, the X-ray data allow to measure E,;,, = 68.25 + 5.27 MeV and a« = 2.51 + 0.11.
In order to explain the observed UV/optical data, a E; = 0.67 + 0.1 GeV cut-off is required
which makes the SSC component to decay in sub-MeV band and the HE data are described
only by IC of BLR photons. Alternatively, both X-ray and y-ray data can be described by IC
scattering of BLR photons (dot-dashed gray line in fig. 5.6) but the low-energy tail of IC
spectra can reproduce the X-ray data only if y,,;, = E,/m.c? is close to unity (106). In this
case, however, the synchrotron emission of these low energy electrons with E_min = 0.54 +
0.03 MeV will exceed the observed radio flux, making this scenario unlikely.

P2- Fig. 5.6 (left panel) shows the modeling of the SED observed in P2, considering the
synchrotron and BLR photons (SSC+BLR, solid line) and then only BLR (dashed line) and
only torus (dot-dashed line) photons. When the emitting region is within BLR (SSC+BLR),

the hard X-ray spectra 1.23 £+ 0.05 can be explained only when E, ;,, = 227.25 + 26.43 MeV

in
and a = 2.79 + 0.44, while E. = 1.32 + 0.43 GeV and B = 6.10 + 0.50 G are estimated from
the low-energy component. Also, the external photon fields can dominate for the IC
scattering as their density will increase I'? times in the jet frame. For example, the required
parameters (especially B) can be somewhat softened when only the IC of torus photons is
considered (see Table 5.4). In the case of only BLR photons, the low-energy tail of IC
spectra will decline at ~y?eg,z ~ 0.52 keV (dashed line in fig. 5.6 left panel), contradicting
Swift XRT data (unless lower § is used). This modeling shows that during the bright y-ray
periods the emission can be also produced outside the BLR. At low energies, the model flux
overpredicts noncontemporaneous radio data, but when taking the synchrotron self-
absorption into account, which dominates below the frequencies ~10'* Hz (calculated
following (35)), the synchrotron flux will be below the radio data. We note that
simultaneous observations at low energies, which are missing in this case, are crucial for
better constraining of the model free parameters and for deriving some limits/constraints
on the source emission properties. As the models presented in fig. 5.6 (left panel) predict
different spectra and fluxes at GHz or mid-IR range, the observations at these bands can be

also used to distinguish between these two models.
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P1 and P5: Fig. 6 (right panel) shows the results of a two-zone SEDs modeling. For the
emission from the extended blob we fixed all the parameters, except B and N,, to the
values obtained from the fitting of the SED in the low state, as in the UV/optical and X-ray
bands the flux and photon indices did not change significantly (fig. 5.5). In addition, all the
parameters of the compact blob are free, but it is required that its synchrotron emission
has no contribution at lower energies. As compared with the low state, the magnetic field in
the extended blobs is estimated to be low, 5.05 + 0.08 ¢ and 3.43 + 0.05 G for P1 and P5,
respectively, implying the modest X-ray flux changes are related with the increase of
electron density. The y-ray emission is produced in the interaction of fresh electrons (hard
power law index < 2.1) with the torus photons in the compact, fast-moving and particle-
dominated blob U,/Uz = 10'* (fig. 5.6 right panel). The cut-off energies (defined by the
last point in the Fermi LAT data) should be considered as lower limits, since there is no
indication of break in the y-ray spectra. In fig. 5.6 (right panel) the red dot-dashed line
shows an alternative modeling, when both X-ray and y-ray data are modeled by the IC
scattering of torus photons. Within such a scenario, the flare is mainly due to the
injection/cooling of > 10 GeV electrons, which are affecting only the HE spectra having
small contribution to the X-ray band (e.g., the density at lower energies increases due to
the cooling of HE electrons). Again, the low energy component should be necessarily
produced in a different blob, otherwise its relatively constant peak frequency cannot be
explained.

Jet energetics- The total power of the jet, Lj,; = Lg + L, where Ly = ncR;T?Up and
L, = mcR;T?U, (e.g., (106)), is of the order of L;,; = 2 X 10*® erg s~ in the low state and
can be as large as = 3 x 10*7erg s~ during the flares.

When the low and HE components are contemporaneously increased the required
maximum energy of electrons (E.) reaches only a few GeV constrained by the low energy
data (the energy of synchrotron photons is proportional to ~§ B EZ). Therefore, during
these intense y-ray flares, the acceleration mechanisms are not effective enough or the

electrons cool faster and do not reach HEs. On the other hand, when the y-ray and
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UV/optical/X-ray fluxes are uncorrelated, the y-rays are perhaps produced in a different

part of the jet that contains fresh electrons which can emit up to HE and VHE bands.

5.6. Conclusions

We report the results on the observations of CTA 102 in the UV/optical, X-ray and y-ray
bands from January 2016 to January 2018 when the source was in the bright and active
states. Generally, the flares are roughly correlated in all these bands but the variability is
more prominent in the y-ray band with several bright flares when the y-ray flux is
substantially increased and the photon index is hardened, showing a harder-when-brighter
trend. The measured hardest photon index I' = 1.61 + 0.10 significantly differs from the
average y-ray photon index of CTA 102 and is unusual for FSRQs. The highest y-ray flux
measured by Fermi LAT is (3.55+ 0.55) X 107> photon cm™2s~1 (above 100 MeV)
observed on MJD 57738.47, corresponding to an extremely high isotropic y-ray luminosity
of L, =3.25x 10 erg s™*.

We discussed the origin of the multiwavelength emission from CTA 102 in the framework
of the one-zone and multi-zone synchrotron, SSC and EIC scenarios. We assumed a
compact (R < 8§ x 2.16 x 10'* c¢m inferred from 4.08 hours y-ray flux variation) blob inside
and outside the BLR. In a single emitting region, the IC up-scattering of both synchrotron
and BLR photons can explain the data observed in the low state, whereas the contribution
of torus photons is essential in the flaring periods. When in the flaring periods the fluxes in
the UV/optical, X-ray and y-ray bands are unrelated, the two-zone models (with an
extended blob inside and a compact fast-moving one outside the BLR) can well explain the
observed data under reasonable assumptions on the required parameters. These periods
appear to be more favorable for the HE emission from CTA 102 as the emitting electrons
have higher cut-off energies and harder power-law indices. Most likely, the emission in
these periods is produced in the regions outside BLR that contain fresh electrons which
dominantly cool due to the IC scattering making the variability more evident in the y-ray

band.
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Conclusion

In the thesis, the particle acceleration and emission processes in the jets of blazars are
investigated. Blazars are sub-class of AGNs having extreme bright (high luminosity), rapidly
variable and highly polarized emission and apparent superluminal motions detected within a
few parsecs scale region of the jet which can be explained by assuming their jets is pointed
almost exactly towards the Earth. Due to this the emitted radiation will be Doppler boosted
and will appear brighter to the observer. Commonly, the blazars are divided into BL Lac
objects and FSRQs, where BL Lacs show no sign of emission lines, whereas the FSRQs are
more luminous, and have stronger emission lines. Both types of blazars are known to emit
electromagnetic radiation in almost all frequencies that are currently being observed,
ranging from radio to HE (> 100 MeV) and VHE (> 100 GeV) y-ray bands. The modeling of
the observed multiwavelength emission of blazar jets allows to estimate or constrain
important physical parameters of the jet (composition, power, magnetic field, electron
energy distribution, etc.) which are crucial for understanding their physics.

The thesis is structures as follows:

In the introduction, the importance and relevance of the thesis, the goals and objectives,
as well as its content are briefly described.

In Chapter 1 the key features of AGNs and their blazar sub-class observed in different
wavelengths are presented. The relativistic transformation of relevant quantities (e.g., flux,
luminosity, time, energy etc.) from the proper to observer frame are discussed.

In Chapter 2 the synchrotron radiation and invers Compton scattering of jet accelerated
electrons are described. The synchrotron emission spectra of one electron and electron
population as well as their energy loss rates are presented and discussed. The IC scattering
spectra and energy loss rates are discussed in both Thomson and Klein Nishina regimes.
The IC scattering of various photon fields, such as synchrotron photons (SSC), photons
reflected from BLR and IR photons emitted from torus are discussed in details.

In Chapter 3 the methods for modeling the blazar multiwavelength SEDs are discussed.

Various statistical methods for fitting the SEDs (such as Bayesian method) and optimization
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of the model free parameters (e.g., x?, log-likelihood, etc) are presented. The affine-
invariant method of MCMC sampling is described in details. These methods are used to
develop a numerical code that allows to model blazar multiwavelength SEDs and find the
parameter space with their uncertainties that statistically better describes the observed
data. The application of the code is demonstrated by fitting the multiwavelength SEDs of
PKS 0537-441 and Mkn 501 blazars. In sub-chapters 4.4-4.7, the prepared code is used to
model the SEDs of PKS 1510-089, PKS 12224216 and 3C 279 FSRQs observed in the VHE
y-ray bands. By modeling their multiwavelength SEDs in the quiescent and flaring states,
the parameters of emitting electrons, the magnetic field in the emitting regions and jet
luminosity are estimated which are crucial for the understanding the origin of flares. It is
shown that the flares can be interpreted by the change of the location of the emitting
region. Namely, during the flares the data are best described by assuming the emitting
region is outside the BLR and the HE components are formed by IC scattering of dusty
torus photons.

In Chapter 4 the origin of multiwavelength emission from blazar PKS 1441+25
(z = 0.939) is discussed by analyzing y-ray data accumulated by Fermi large Area
Telescope during 2015 January - December. A y-ray flare was observed in January 24, when
the flux increased up to (2.22 + 0.38) x 107® photon cm~%s~1 with the flux-doubling time-
scale being as short as ~ 1.44 d. The spectral analysis shows that from 2015 April 13 to
April 28, the MeV-to-GeV photon index has hardened and changes in the range of
['=(1.73 —17.9) for most of the time. The hardest photon index of T = 1.54 + 0.16 has
been observed on MJD 57 131.46 with 11.8c which is not common for FSRQs. For the same
period the y-ray spectrum shows a possible deviation from a simple power-law shape,
indicating a spectral cutoff at E,,; = 17.7 £ 8.9 GeV. The SEDs during quiescent and flaring
states are modelled using one-zone leptonic models that include the synchrotron, SSC and
EIC processes; the model parameters are estimated using the MCMC method. The emission
in the flaring states can be modelled assuming that either the bulk Lorentz factor or the
magnetic field has increased. The modelling shows that there is a hint of hardening of the

low-energy index (~ 1.98) of the underlying non-thermal distribution of electrons
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responsible for the emission in 2015 April. Such hardening agrees with the y-ray data,
which pointed out a significant y-ray photon index hardening on 2015 April 13 to 28.

In Chapter 5 the origin of broadband emission of CTA 102 (z = 1.037) during the active
states in 2016-2017 is discussed. In the y-ray band, Fermi-LAT observed several prominent
flares that followed a harder-when-brighter behavior. The peak y-ray flux above 100 MeV,
(3.55 + 0.55) x 107> photon cm™2s™* was observed on MJD 57,738.47 within
4.31 minutes, corresponds to an isotropic y-ray luminosity of L, = 3.25 X 1050 erg s™1,
comparable to the highest values observed from blazars so far. The analyses of the Swift
UVOT/XRT data show an increase in the UV/optical and X-ray bands that is
contemporaneous with the bright y-ray periods. The X-ray spectrum observed by Swift XRT
and NuSTAR during the y-ray flaring period is characterized by a hard photon index of
~1.30. The shortest e-folding time was 4.08 + 1.44 hr, suggesting a very compact emission
region R < § x 2.16 x 10** cm. The SEDs of CTA 102 in several periods (having different
properties in UV/optical, X-ray, and y-ray bands) is modeled assuming a compact blob
inside and outside the BLR. It is found that the HE data are better described when the
infrared thermal radiation of the dusty torus is considered. In the flaring periods when the
correlation between the y-ray and UV/optical/X-ray bands is lacking, the y-ray emission can
be produced from the interaction of fresh electrons in a different blob, which does not
make a dominant contribution at lower energies.

As a continuation of the current thesis, a numerical code for modeling of blazar SEDs in
the hadronic interaction scenarios will be developed. Blazars being among the most
powerful nonthermal emitters were always considered as the main extragalactic sources of
VHE neutrinos. Recently, this association was more strengthened when IceCube detected
VHE neutrino events from the direction of TXS 0506+056 blazar. Considering the available
multiwavelength data, as well as new VHE neutrino data from IceCube observations of
blazars, the hadronic interaction code will allow deep investigation of the physics of blazar

jets.
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