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INTRODUCTION

This thesis is dedicated to study the high energy (HE) emission processes in the Active
Galactic Nuclei (AGNs). The galaxies, which have very bright nuclei, so bright that the
central region can be equal or more luminous than the remaining galaxy light, are called
AGNs [1]. Being the brightest sources in the universe, AGNs are discovered from far
distances and the observations of these distant sources are essential for investigating the
emission and acceleration processes in single objects as well as to study the formation and
evolution of the Universe [2].

Considering the huge energies usually realized from the AGNs (sometimes AGNs can have a
luminosity of ~10*° erg s~1), which are produced the result of the physical processes, so
they are special targets for exploring the real nature of the relativistic outflows [1]. It is
believed, that the source of energy output is the accretion of matter onto supermassive
black hole (billions of solar mass), although alternative considerations such as the main
emission is produced from very dense and massive object cannot be ruled out. Moreover,
currently the most common theory for energy extraction from the central source
(considering it is a black hole) is the Blandford-Znajek mechanism [3].

The observations show that around the central objects in AGNs from the matter following on
it an accretion disc is formed. This accretion disc emits in ultraviolet (UV) and sometimes in
the X-ray bands. Massive explosions take place in galactic nuclei, and as a result, a huge
amount of mass is ejected [4]. The accretion disc powers extremely energetic and highly
collimated outflowing plasma structure: so called jet [1]. They can extend up to several
hundreds of kilo parsec (kpc) into space often remaining a remarkably high degree of
collimation. The radio jets occur in about 10 % of AGNs, in so-called radio-loud objects [5].
These jets not only carry enormous amount of energy but also appear to be one of the
crucial components of different AGN types. According to the current unification theory of
AGNs, due to the jet orientation AGNs exhibit a variety of appearances [5]. The extreme
types of AGNs are blazars when the relativistic jet is directed towards our line of sight [3].

Generally, they are divided into two subclasses: namely, blazars, which have very weak, or
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no emission lines are BL Lac objects (BL Lacs) instead Flat Spectrum Radio Quasars
(FSRQs) show strong emission lines [5]. The nonthermal emission from blazars is
characterized by strong variability (the flux increases in short time scale) which sometimes
can be as short as the order of a few minutes. This implies that the emission from blazars is
produced in very compact region of the jet, and their observations provide a unique chance
to investigate the structure of sub-parsec scale jets. As the emitting material in blazars jets
moves with very fast velocities, and the jet makes small angle to the observer, the
nonthermal radiation emitted from jets is amplified by relativistic factors and it dominates
over the emission of other AGN components [1]. This boosted emission is significantly less in
radio galaxies: AGNs which are very bright in the radio band and their jets are oriented at a
larger viewing angle [5]. The boosted emission from the jets of radio galaxies is the same
order or sometimes even less as compared with the emission from other components of the
AGN (e.g., the lobes, knots middle relativistic plasma, etc.). Therefore, observing radio
galaxies will allow not only to study the jet emission but also the other important
components of the AGNs are investigating which are crucial for understanding the physics
of AGNs. Based on the radio morphology, radio galaxies are commonly divided into two
subclasses: Fanaroff-Riley | (FRI) and FRII [6]. FRI shows bright jets close to the nucleus,
while FRIl shows prominent hot spots far from it. In the unification schemes, FRI galaxies
are the parent population of BL Lacs while FSRQs are linked with FRII galaxies [5].

One of the most interesting and unsolved phenomena in astrophysics is to understand the
launching, collimation and propagation of jets [1]. Even if the emission from the jets is
detected almost in all from radio to HE y-ray bands, the formation and connection with
central source, the particle emission and acceleration processes within the jet as well as the
jet composition (e.g., the relative contribution of the electrons and protons) are unclear.
There are different ways for solving the above mentioned problems, for example using
hydrodynamical simulations of jet or using realistic high resolution simulations of the jets to
investigate their impact on the environments where they propagate, so to understand their
collimation [1, 7]. However, all the mentioned simulations require that the initial parameters

describing the jet match as closely as possible the actual parameters, which can be obtained
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only in detailed and high-resolution observations. Therefore, the jet observations in
different bands are not only crucial for studying the emission processes in the jets but also
these results can be used for other jet studies.

The observations of jets especially in radio or optical bands (where the instruments have
better angular resolution) show that there are substructures (referred as knots) within the
large scale jets of radio-loud AGNs. The natures of these knots have not well known yet;
they are bright local regions of the jet with the size varying from pc to kpc scales [7]. Up to
now, in order to explain the formation of knots different scenarios have been proposed,
such as internal shocks due to surface instabilities or changing surface pressure, variations
in the jet velocity, bow shocks due to collisions with small, dense clouds etc. [8]. The
emission from these knots was detected in radio, optical and X-ray bands, which shows they
are ideal sites where the particles are effectively accelerated. In the standard picture of jet
propagations, the jet is decelerated in a hot spot, where its kinetic energy is converted into
relativistic electrons and some part in a magnetic field [8]. Sometimes, these electrons are
further reaccelerated reaching up to GeV/TeV band and as a result the emission from these
hot spots up to X-ray band was detected [8].

The study of emission from the knots and hot spots in large scale jets of AGNs has become
more important after the lunch of Chandra telescope, which, due to its excellent spatial
resolution, is able to resolve X-ray knots of the jets. In most of the knots, the X-ray knots
well coincide with their radio/optical contours and the emission can be explained by
synchrotron emission from accelerated electrons [8]. The multiwavelength data from the
observations of the knots in different bands provide useful information about the basic
emission mechanism and the underlying acceleration processes involved there. However, in
some cases, the X-ray emission is described by a hard power-law index and they have larger
flux compared with the radio one, and the extrapolation of low energy synchrotron
component cannot explain the observed X-ray data [9]. There are different mechanisms
proposed to explain the origin of this second component (e.g., inverse Compton scattering
of different photon fields, synchrotron emission of second population of electrons or

energetic protons, etc.), but up to now the exact mechanism responsible for the emission is
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not clear [10-14]. The observations of knots in different bands (especially in X-ray band) and
the theoretical interpretation of the origin from them (especially in these peculiar cases) are
among the hot topics in astrophysics.

Tremendous progress in the study of emission from AGNs is achieved after the launch of
Fermi Large Area Telescope (Fermi-LAT) in 2008. After the initial four years of operation, it
detected more than 1000 AGNs and provided continuous y-ray data over very long period
(now already nearly 10 years). Most likely, the emission in the y-ray band was produced
from pc/sub-pc scale jet (inferred from the observed variability) and combining the y-ray
data with observations in other bands (from radio to X-rays) the processes in the jet
occurring near the nuclei (where the jet is most likely formed) can be investigated [15-19].
On the other hand, some AGNs observed in the y-ray band have also knots in their jets and
from the observations of these knots permit to investigate the same jet properties much
farther from the nuclei [20].

Combining the data derived at the sub-pc and kilo-parsec regions of the same jet can be
crucial for powerful extragalactic jets studies, e.g., help to understand the evolution and
propagation of the jets from the central engine to the outer regions, where the jet is
starting to decelerate significantly [20]. This approach can be fruitfully applied when the
large-scale jets are long enough to be resolved by Chandra. Unfortunately, the blazars do
not tend to have well-studied large-scale jets, as they are most closely aligned with the line
of sight, the projected angular dimension of the large-scale jet is reduced. Thus, for such
kind of study good targets are radio galaxies. Up to now in the y-ray band there are 22
radio galaxies detected and most of them are nearby, so their jets are well studied in almost
all bands [15,20]. Therefore, studying the emission from the jet of these sources in different
scales can help not only to understand the radiation process in the jets but also their

dynamics.

The goals of this work:
o Select those radio galaxies which are detectable both in HE y-ray band (by Fermi-
LAT), and at the same time the emission from large scale jets are being detected by

Chandra.
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Analyze the HE y-ray data from seven years (from 2008 to 2015) of Fermi-LAT
observations of selected sources. Make spectral analysis to estimate the photon index
and flux in HE y-ray band. Collect data from the observation of these sources in
other bands, etc.

From previous studies of the large scale jets of the considered sources in the radio,
optical and X-ray bands, identify the knots and hotspots, select their coordinates and
regions in the jets, estimate their physical sizes etc.

Using the Chandra observations of these knots and hotspots, find their X-ray spectra
in the 0.5-10 keV energy range. Use Chandra data accumulated in different periods
to investigate the parameter changes in time.

For all considered sources, make theoretical modeling of the spectral energy
distributions, correspondingly observed for both < pc and > kpc regions. Using the
modeling results to estimate the jet luminosity, magnetic field, etc. in different scales
and compare them.

Study in detail the emission from the peculiar jet of 3C 120, which extends up to 100
kpc. This jet has a few bright knots well detected in the X-ray band and the core
emission well studied up to HE y-ray band.

Using the obtained results, investigate the particles acceleration and emission

processes.

Scientific novelty:

The spectral and temporal characteristics of M87, Pictor A, 3C 303, 3C 275.1, NGC
6251, 3C 207, 3C 111 and 3C 120 radio galaxies in the y-ray band are studied, based
on the 7-years (2008-2015) analysis of Fermi-LAT data. The results show that y-ray
emission from the considered sources can be described by Power-law model with the
photon index indices of [, > 2.1 with the average gamma-ray flux of < (4.87 £
0.32) x 1078 photon cm~2s~!. Temporal variations of the y-ray emission have been
studied using the light curves generated by adaptive binning method.

X-ray data from the Chandra observations of large scale structures of the jets of

M87, Pictor A, 3C 303, 3C 275.1, NGC 6251, 3C 207, 3C 111 and 3C 120 radio
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galaxies have been analyzed. The origin of X-ray emissions from the knots and
hotspots is investigated. It is shown, that X-ray emissions from most of these large
scale structures have X-ray photon indicesly < 2.0, which does not change
significantly during in different years.

Theoretical modeling of the data from the observations of the inner jet near the
central sources (< pc) shows that the emission can be described by
synchrotron/synchrotron self-Compton (SSC) model. The estimated jet power is
Lier = (0.51 — 26.47) x 10**erg s™' and the magnetic field is B = (0.3 — 100) mG
which are typical for radio galaxies.

The emission from large scale structures of jet cannot be explained by synchrotron
emission from the electrons radiating in radio-optical band, and it is necessary to
take into account an additional contribution from other components. For example,
the Inverse Compton scattering of CMB photons if the jet remains highly relativistic
at kpc distance from the core, or the synchrotron emission from more energetic
electrons.

For the first time, the luminosities of the jet estimated near the core and at kpc
distance from it are compared. Interestingly, for most of the jets the luminosities of
the innermost and outer regions are comparable, suggesting that the jet does not
suffer important energy losses when propagating from the regions close to the black
hole to those at hundreds of kiloparsecs from it.

We compare the constraints on the physical parameters in the innermost (< pc) and
outer (= kpc) regions of the 3C 120 jet by means of a detailed multiwavelength
analysis and theoretical modeling of their broadband spectra. The data collected by
Fermi LAT (y-ray band), Swift (X-ray and ultraviolet bands) and Chandra (X-ray band)
are analyzed together and the spectral energy distributions are modeled using a
leptonic synchrotron and inverse Compton models, taking into account that seed
photons are originating inside and outside of the jet. The y-ray flux from the inner
jet of 3C 120 was characterized by rapid variation from MJD 56900 to MJD 57300.

Two strong flares were observed on April 24, 2015 when, within 19.0 minutes and
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3.15 hours the flux was as high as (7.46 + 1.56) X 107° photon cm™2s~! and
(4.71 £ 0.92) X 107® photon cm™2s™! respectively, with > 100. During these flares
the apparent isotropic y-ray luminosity was L, = (1.20 — 1.66) X 10*® erg s~* which
is not common for radio galaxies.

It is shown that the broadband emission from the innermost jet in the quiet and
flaring states can be described as SSC emission while inverse Compton scattering of
dusty torus photons cannot be excluded for the flaring states. The X-ray emission
from the knots can be well reproduced by inverse Compton scattering of cosmic
microwave background photons only if the jet is highly relativistic (since even when
§ =10 still U,/Ug = 80). These extreme requirements can be somewhat softened
assuming the X-rays are from the synchrotron emission of a second population of

very-high-energy electrons.

Basic thesis statements:

The HE y-ray data from the observations of M87, Pictor A, 3C 303, 3C 275.1, NGC
6251, 3C 207, 3C 111 and 3C 120 radio galaxies has been analyzed using seven years
Fermi LAT data and the flux, photon index in the y-ray band were estimated. In
addition, the temporal variation of the y-ray flux was investigated.

The emission spectra observed from sub-pc regions near the core have been
modeled and the parameters were estimated using Markov Chain Monte Carlo
method. It is shown, that the multiwavelength emission of the considered sources can
be explained by SSC mechanism.

The Chandra X-ray observations of 30 knots and 6 hotspots regions in the jets of
considered sources have been analyzed and corresponding database created. It is
shown, that for the several knots and hotspots the radio to X-ray emission cannot be
explained by emission from single electrons population and additional contribution is
needed. The emission in the X-ray band can be described by Inverse Compton
scattering of the cosmic microwave background photons if the jet matter velocity
remains relativistic even kpc distances from the core, otherwise the second and letter

accelerated electrons synchrotron emission is needed to explain the X-ray emission.
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e The main properties of the jets (i.e. luminosity, magnetic field, particle density etc.)
of considered sources, near the central source and at the kpc distances from it have
been estimated and compared by theoretical modeling. These are crucial for
understanding the dynamics and the evolution of the jet.

¢ Significant variability of the HE y-ray emission from 3C 120 radiogalaxy has been

observed. Especially, the maximum flux increased up to F, = (7.46 +1.56) X

2.1

107° photon cm™?s™! with the corresponding luminosity of L, = (1.2 — 1.6) x
10 ergs™1.

e It is shown that the HE y-ray emissions from the inner jet regions of 3C 120 jet in
active and quiescent states can be described as SSC emission while inverse Compton
scattering of dusty torus photons cannot be excluded for the flaring states. The X-ray
emission from the knots can be well reproduced by inverse Compton scattering of
cosmic microwave background photons only if the jet is highly relativistic or by

synchrotron emission of a second population of very-high-energy electrons.

The practical value:

The obtained results can be used for studying the dynamics of the jet, as well as to
understand the acceleration and radiation mechanisms of the particles. The basic
parameters estimation methods, based on the analysis and theoretical modeling of the data
from the observations in different scales of the jet, can be used for studying the emission
from the large scale jets of the another AGNs.

During the theoretical modeling of data using the electrons distributions accelerated in
different times, indicate that inside the large scale jet of the radio galaxies, even the kpc
distance from the core the particles can be accelerated. These results can be used for
modeling the emission from the knots.

The thesis consists of introduction, 4 chapters, a summery and bibliography.

In the introduction the relevance of the work, formulation of the main objectives and goals

are presented.
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In chapter 1 very briefly the main properties of AGNs, their unification scenarios, their
basic components (knots, hot spots etc.) and the main emission process responsible for the
emission in radio galaxies are presented.

In chapter 2 the basic steps and methods of data analyses (data extraction and preparation,
spectra analyses etc.) observed both with Chandra and the Fermi-LAT are presented.

In Chapter 3 the constraints on the physical parameters in the innermost (< pc) and outer
(= kpc) regions of the 3C 120 jet are compared by means of a detailed multiwavelength
analysis and theoretical modeling of their broadband spectra. Namely, the data collected by
Fermi-LAT (y-ray band), Swift (X-ray and ultraviolet bands) and Chandra (X-ray band) are
analyzed together and the spectral energy distributions are modeled using a leptonic
synchrotron and inverse Compton models, taking into account the seed photons originating
inside and outside of the jet.

In chapter 4 the emission process in the radio galaxies jets which are detected in the y-ray
band and have knots or hot spots in their jets are investigated. By theoretical modeling the
main properties of the jet (e.g., luminosity, magnetic field, etc.) are estimated in different
scales and are compared.

In summery the main results obtained in the thesis are presented.

Page 13



Chapter 1

ACTIVE GALACTIC NUCLEI

Active galactic nuclei (AGNs) are the brightest sources in the universe. AGNs are galaxies
being very bright in the central/nuclear region, which is hosting a super massive black hole
(SMBH) [7]. Around this black hole when the matter falls onto the black hole, it forms an
accretion disk [1]. This accretion disk, emits in the optical and UV energies, is common for
almost all AGN types. The gas surrounding the black hole is photoionized and radiates
emission lines, with from nearby regions within 10® Schwarzschild radii the broad lines are
produced, while the narrow lines are produced from much more extended regions [1]. The
strong infrared emission observed in all AGNs shows the presence of obscuring matter
(torus) concentrated towards the plane in which the accretion occurs [22]. Next, the
accretion disc powers a linear structure, which transports energy from the core out to
intergalactic media (jets) [1] and the jets are observed in almost all powerful radio-loud
AGNs. The jets exhibit a large range of apparent velocities, from middle relativistic to highly
relativistic motion [23]. The emission from the jets has been observed across all the

electromagnetic spectrum: from radio to HE y-ray bands.

1.1 AGNs Unification

There are different types of AGNs and it is quite complex to distinguish between them.
Depending on their observed properties and their physical parameters, the unified models
have been proposed and a common division is based on the radio observations: in the radio
band AGNs can be divided into two types, radio-loud and radio-quiet [5]. The radio
loudness is defined as the ratio of the radio flux at 5 GHz to optical (B-band) flux, and the
radio louds are when Fs ;y,/Fg > 10 [5,24]. The observations show that roughly 10-15 % of
AGNs are radio-loud [5]. Comparing radio loud and quiet objects it is noticeable that large
scale jets and lobes are formed in the radio-loud AGNs [5]. The radio loud AGNs are further

divided depending on the jet orientation. One of the fainter galaxies are Seyferts, which are
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divided into two subclasses Seyfert 1 (Syl) and Seyfert 2 (Sy2) galaxies based on their optical
spectra [25]. A sketch of blazars unification depending on the jet orientation is shown in Fig.
1.1. The most luminous AGNs are the blazars when the jet has smaller inclination. The
blazars are subdivided into two large classes depending on the emission line: blazars with

no or weak emission lines are BL Lacs while the others are FSRQs [5].

radic-loud (RL) AGN

accration disc

s = lectron plasma
black hole
broad line region

namow line region

radio-quint (AQ) AGN

FIGURE 1.1: The illustrated demonstration of the unified AGN model [7].

The radio galaxies even being the same objects show different radio morphologies.
According to the Fanaroff and Riley classification [6], the radio galaxies are distinguished by
their luminosity at the 178 MHz, the boundary Iuminosity corresponds to
~ 2 X 10%2° W Hz! sr~1: the ones having luminosity below this limit are FR-I sources while

the other ones are FR-II classes.
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FIGURE 1.2: On the left side is presented the X-ray image of FR Il radiogalaxy Pictor A overlaid with radio
contour. At the hundred kpc distance from the core well appearing bright hotspot (taken from [8]. On the
right side is presented the 3C 449 radiogalaxy [26], as an example of FR | class.; compared to the FR Il radio
galaxies the jet disappears at short distances and afterwards the main radiation is dominated in near the

central region.
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Examples of FRI and FRII sources are shown in Fig. 1.2. The luminosity of FR-I radio
galaxies gradually decreases farther from the core while the FR-lls the jet is more bright

farther from the core in the lobes.

1.2 Jets

As we mentioned above, one of the main characteristic structures of the AGNs, are the large
scale jets. They carriy huge amount of mass and momentum and emerging from the
nucleus and transports the energy up to kpc distances forming diffuse radio lobes [1,22].
Due to its peculiarity jets are observed almost all wavebands. In the radio bands a very
sensitive observations allow to identify and study different components of the extragalactic
jets also the VLBI radio observations allowed to estimate some individual components with
superluminal motion [23]. Then the jet and its components are observed in higher
frequency observations, such as optical and X-ray bands, which allow to understand many
important parameters of the jet as well as to investigate the particle acceleration and
emission processes. The observations of the jets in different bands have identified knots and
hotspots structures in their large scale jet [8, 9]. These are the bright features of the large
kpc jets, which are strong emitters in almost all energy bands (from radio to X-ray bands).
Even up to now, many knots have been detected and their nature (formation) is not well
known yet. One of the most popular theories is that in the radio to optical band the emission
can be well explained by electron synchrotron radiation, while the X-ray component’s flux
sometimes exceeds the radio flux and it has harder power low index, so multi component
emission scenarios are proposed [9-14]. In addition, an alternative possibility can be the
proton synchrotron emission [27]. As the knots are very luminous and being observed in
almost all band, the current radio, optical and X-ray telescopes allow not only to resolve but
also make detailed spectral analysis of these knots emission, considering available large
amount of data. Understanding the nature and exact mechanism responsible for the

emission from the knots is one of the most discussed topics in astrophysics.
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1.3 Radiative processes

Here below the main processes responsible for nonthermal emission in astrophysical source
are discussed. Since in AGNs we have extreme conditions and some astrophysical
phenomena taking place on the relativistic velocities, the study of particle acceleration and
radiation mechanisms from these sources is one of the most important topics. The basic
radiation mechanisms are synchrotron radiation and Inverse-Compton scattering, which are

discussed below.

1.3.1 Synchrotron radiation

The main mechanism responsible for the emission in the low energy band (e.g., in AGNs,
supernova remnant, pulsar wind nebulae etc.) is the synchrotron emission of electrons in
magnetized medium. Relativistic moving electrons in the magnetic field are affected by
Lorentz force and the electrons obtained spiraling path and emit photons via synchrotron
radiation. Considering, an electron with energy E, moves in B magnetic field radiated

photons that have the following differential spectrum [28,29]

dN,, _\/§ e3B F(Ee'y)

= — 1.1
dE,,dt 2mm.c*hE,, \E, -1

where E,,, and m, is the y-ray emitted electron energy and mass respectively. The F(x)

function is defined

F(x) = xj K5/3(T)d‘[ (1.2)

Here, Ks), is the modified Bessel function and E, is the characteristic energy of synchrotron

photons

2

3ehB [ E
Ee = e )

Cc

(1.3)

2myc \m,c?

The function F(x) in the homogenous magnetic field can be approximated by the following

function [28]
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2 4
1 1 140.884x3 + 0.471x3
F(x) = 2.15x3(1 + 3.06x)6 X > e (1.4)

1+ 1.64x3 + 0.974x3

The emissivity F(x) function is depicted in Fig. 1.3 and is clear that the maximum value of

the function F(x) = 0.918 is reached when x= 0.2858.

1c
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FIGURE 1.3: The F(x) as a function of E,/E. ratio. As shown in graph the F(x) function has maximum value

when the ratio is equal 0.2858.

Considering inhomogeneous magnetic field, the corresponding function is (from [28,29])

x 2
6() = o5 [(8 +3x%) (kay, ) + ke, 2k, — 3xke /3)] (15)
where k1) = K1, (¥/,) and k) = K2, (*/,), which can be approximated using

1 2 4
1.808x3 1+ 2.21x3 + 0.347x3

2 4
5 2 2
/1 + 3403 1+ 1.353x3 + 0.217x3

function. Compared with F(x), the maximum of G(x) is comparably small G(x) = 0.7126,

G(x) = e (1.6)

when x = 0.2292.

In order to calculate the synchrotron emission from an electron population with N(y)
distribution, Eq. 1.1 should be multiplied by N(y) and integrated over all energies of the
electrons. The energy losses and cooling times of electrons can be calculated by [29]:

dy 4 orc B* %
dt 3m,c? g ! 7 ‘eool dy/dt (1.7)
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1.3.2 Inverse-Compton scattering

In different objects (including AGNs) the relativistic electrons can interact with low energy
photons and inverse Compton up scatter these photons to higher energies. Defining the
parameter k, = g,w, (Where ¢, and w, are the interacting electron and photon energies),
the total cross section of Inverse Compton scattering is [30]

30 2 2 a1+ 2k) ot ! 1.8
%1€ = Bk, ko KZ) O ky  2(1 + 2Kky)? (18)

The spectrum of inverse Compton scattered photon can be calculated by [29,30]

d*N(6,¢,) 307 72 2z 272
= 5 1.9)

de,dQ  16mw,E? T o= byd-n T b3(1 —

where by = 2(1 — cos@)w,e,, z = €,/¢,. Integrated over the angle & and appointing b =

4k, we receive the spectrum for the isotropically distribute particle field [29]

dN(ey) _ 3o7 72 z 272 z3 2z b(z-1)
dey _4(1)053[ In z ] (110)

205 b2 | 2022 T w27  b(-2)
the energy loss rate of electrons can be calculated by

dee 3cTcnph

:_l(6+§+§)1n(1+b)—zn2(1+b)—2Li(

1 ) (33)p3+8b%+13b+6

— l (1.11)

dt 4mob 1+b

whereLi(x):fxl(l—y)‘lln (y)dy. The b parameter shows the transition between

Thomson and Klein-Nishina regimes. For example, the Eq. 1.11 can be approximated by the

following equations in different regimes [29]

i) Thomson regime (b < 1)
dee _ iaTca) N, &2 (1.12)
dt 3 07phte

i) Klein-Nishina regime (b > 1)

de 3orcn 11
e _ 2ImMph (lnb ) (1.13)

dt 8 w,
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Chapter 2

X-RAY AND y-RAY TELESCOPES

2.1 Fermi Gamma-ray Space Telescope

2.1.1 Introduction

The Fermi Gamma Ray Space Telescope (FGST), which was formerly called the Gamma-Ray
large area Space Telescope (GLAST), carries two instruments, the Large Area Telescope
(LAT) and the Gamma-Ray Burst Monitor (GBM), and is one of the unique instruments,
currently working on HE band [31]. The LAT's viewing sector is enough to cover about 20%
of the sky at any time and orbiting constantly around the earth, each three hours it can scan
the whole sky. The detector’s design (e.g. the accuracy of the converter-tracker and
calorimeter), makes possible to detect photons from 20 MeV to more than 300 GeV [31].
The instrument with such a wide field-of-view, large effective area, good angular resolution
and energy band, permits to study the HE y-rays emission processes in the active galactic
nuclei.

As highlighted above, the second instrument on the board of Fermi satellite, devoted to
observing the transient phenomena in the 8 keV - 40 MeV energy range, is the Gamma-ray
Burst Monitor (GBM) [31]. These two instruments provide an opportunity to investigate
different astrophysical and cosmological phenomena such as a system with a supermassive
black hole, pulsars, active galactic nuclei, the nature of y-ray bursts, other high-energy
phenomena, etc.

In this thesis, | have used Fermi-LAT data to study the HE y-ray emission from the core of
radio galaxies. The steps of data analyses, as well as how to prepare the spectral energy

distributions, temporal variability, etc. are presented in section 2.1.4.
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2.1.2 The Fermi-LAT instrument

The Fermi-LAT instrument is sensitive to the particles (photons) in the energy range > 20
MeV. When the high-energy particles infiltrate into the detector, y-rays interact with
converter, made of 16 planes of high-Z material, produce e+ e- particles (see Fig. 2.1) [31].
Furthermore, these pairs are stopped in cesium iodide calorimeter, which allows to
compute the primary energy of incoming photons. In addition, the detection in the
calorimeter allows to compute all necessary information for the incoming photons, e.g., the
direction, the energy angle etc. More details on the technical parameters of the instrument

can be obtained from [31].

Ty incoming gamma ray

electron-positron pair

FIGURE 2.1: The schematic view of the Fermi-LAT detector [31].

2.1.3 Fermi-LAT Performance

The main characteristics of the Fermi-LAT telescope especially the selection of the
background, the efficiency of algorithms for reconstructing true events etc., depend on the
LAT instrument’s design [31]. The LAT collaboration has presented the plots of the main
properties of the LAT performance, based on the results of latest PBR2_V6 instrument
response function (Fig. 2.2). One of the important characteristics is the response of the
instrument to the incoming y-ray photons, which is characterized by instrument response
function. In Fig. 2.2 are presented the plot of the point spread function (PSF; upper left) of
the instrument, acceptance of the instrument (upper right) and effective area for both
dependence on the energy (lower left) and as a function of inclination angle at 10 GeV

(lower right).
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Interestingly, the improvement of the instrument response function and the latest one

P8R2_V6 has significantly improved the mentioned characteristics of the Fermi-LAT

Instrument.
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FIGURE 2.2: The plots of point Spread Function (top left), acceptance (top right) and effective area (down)
respectively depend on energy and effective area as a function of inclination angle at 10 GeV are presented.
Taken from'!

After ten years of observation of the Fermi-LAT, the Point source sensitivity of the
instrument is presented in Figure 2.3. The graphical view of the integral flux is created as
following: performing a ten-year Fermi-LAT analysis, restoring initial energetic photons by
the latest response function (PBR2_SOURCE_V6) and extracting integral flux above 100
MeV with fixed power law index equals 2 (see eg.?). The test statistic is higher than 5-sigma

threshold.

! http:/iwww.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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PBR2_SOURCE_V6, I' = 2.0, 10 years, T5=25, > 10 photons

w S

Flux (E>100 MeV) [cm™* s7']

[N

=]

FIGURE 2.3: Integral flux sensitivity for a point source of Fermi-LAT (from 2).

2.1.4 Fermi-LAT Data analysis: Binned Likelihood Data Analysis

In general, the Fermi-LAT data are analyzed using likelihood analysis method (details from
3). The Fermi-LAT data collected since its launch (about 10 years) are available for public,
which can be downloaded and analyzed. Initially depending on the exact research, there are
different parameters necessary to choose and perform data analysis. The data can be
downloaded from the web*, filling all necessary empty fields, such as coordinate, energy
range, time interval and preferable region radius. Then using different tools, the data
analyses is performed which is shown in Fig. 2.4. Using gtselect and gtmktime tools we
perform cuts in time and energy then using filters ((DATA_QUAL>0)&&(LAT_CONFIG==1)),
remove unnecessary events from the downloaded data. During the data selection we choose
the region of interest (ROI, mainly > 12 degree) and apply it during the data filtering. At
the same time START and STOP (MET) and energy rang (MeV) in the data selection are
used in data filtering. As we know, the interactions of cosmic rays with the earth
atmosphere produce y-rays, which can be also detected by Fermi-LAT. Thus in order to
exclude these particles from the data, rocking angle of the LAT < 52 degree and zenith
angle < 90 degree cuts are selected respectively. Afterwards, using the selected ROI, we
create source model file, which contains all sources around our target source of interest,

with their spectral description and coordinate.

2 http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.html
* https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

Page 23
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v Y Gtbin, cmap (counts map)

gtltcube \
/ Gtbin, ccube (3D counts map)

/L

Gtexpcube2

A 4

gtsrcmaps

Gtlike Fitting

FIGURE 2.4: The descriptive chart of the Fermi-LAT binned likelihood analysis.

This model file is created based on Fermi four years source catalog (3FGL, see °).
Additionally, to validate the precision of used cuts, the count map (cmap) is built with
Gtbin/cmap command. By this command, two-dimensional count maps are building, which
depict the brightness at each point of the chosen ROI. Then, we can import the used model
ROI file on the counts map to see if the selected ROI represents the observed data.
Subsequently, running next commands (gtltcube, gtexpcube2, gtsrcmaps), mention in the
Fig. 2.4, all needed files are prepared for initiating fitting. Gtlike tool uses optimization
methods and finds best spectral description of the ROl sources (see °). Before starting the
fitting, the optimizers (MINUIT or NEWMINUIT) and the initial parameters (e.g., the
tolerance) should be given in order to enable the efficiency of the fitting. As a result, after

the fitting the best description of the source parameters included in the model file will be

> https://fermi.gsfc.nasa.gov/ssc/data/access/lat/4yr_catalog/
® https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/help/gtlike.txt
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obtained. For further analysis, such as deriving the spectral energy distribution and
temporal variability, we use the model file from result of the fitting. These methods of

analyses are used to investigate HE emission from the core region of radio galaxies.

2.2 Chandra X-ray Observatory

2.2.1 Chandra Instrument

The Chandra space telescope is one of the best instruments working in the X-ray band
(0.1 — 10 keV) which has excellent angular resolution (< 0.5 arcsec) and wide field of view
(30" x 30") (details from [32]). Chandra X-ray satellite provides X-ray images of large scale
jets with their knots and hotspots structures. Operating since 1999, Chandra collected
larger amount of X-ray data giving an opportunity to study the X-ray emission from different

objects. The schematic view of Chandra is shown in Fig. 2.5.

Aspect Camera
Stray Light Shade

Sunshade Door ——
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Advanced CCD
Imaging Spectrometar
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FIGURE 2.5: The schematic picture of the Chandra X-ray telescope (taken from 7).

The main structures of Chandra instrument are presented below and details from [32]:

1) High Resolution Camera

7 http://chandra.harvard.edu/resources/illustrations/craftlllustrations. html#craft3
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2) Advanced CCD Imaging Spectrometer

3) High and Low Energy Transmission Gratings

The High Resolution Camera (HRC) consists of two detectors: the HRC-I and the HRC-S.
The HRC-I responsible for imaging, works on the energy range (0.06 — 10 keV) and has
30 x 30 arcmin field of view which is the largest aboard Chandra.

The Advanced CCD Imaging Spectrometer (ACIS) consists of two chips ACIS-S and ACIS-I
and is considered as an X-ray imager, detected the incoming X-ray photon's position,
energy and arrival time. The image resolution is about one arcsec, which can be used for
resolving inner structures of the large scale jets. The Low Energy Transmission Grating
(LETG) provides the spectral resolving at low energies (0.07 — 0.15 keV), while the High
Energy Transmission Grating (HETG) is designed for spectroscopy of bright sources in the
range 0.4 — 10 keV. Detectors are owned a high resolution, e.g. HETG clearly resolve the
emission lines from O to Fe-K and LETG used to study the bright sources in the universe.
Almost all characteristics (energy, position, quantity, and time) of detected X-ray photons
are identified from the cooperative working on the ACIS and HRC. As regards HETG and
LETG, these are designed to arrange diffracted X-ray photons [32].

The important part of the spacecraft is science instrument module (SIM), which is composed
of adjustable detectors [32]. The ACIS and the HRC are the constituent parts of the SIM.
The SIM moves in both the X-axis and the Z-axis and the schematic view of the
arrangements of ACIS-I, ACIS-S, HRC-l, HRC-S are shown in Fig. 2.6.

The structural ground of Advanced CCD Imaging Spectrometer is the charged coupled
device (CCD). Chandra has two CCD detectors, front- and back-illuminated. Due to flexible
semiconductor structure, the CCD’s Chandra detector has permissible advantages. For
instance, the high-level quantum efficiency permits to distinguish successfully X-ray
photons, with their direction, arrival time and energy [32]. Furthermore, the distinctive

structure of X-ray detectors such as CCD can intensively detect X-ray photons and
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simultaneously obstruct optical photons, using special filters. And more detailed information

about it can be found at the Proposer’s Observatory Guide® and in [32].

FIGURE 2.6: The schematic view of Science Instrument Module (SIM) (from [32]).

2.2.2 Detecting X-ray technique

X-ray telescopes depending on their main scientific purposes have different structures. In
contrast to optical telescopes, where the light can be detected by focusing the optical lenses,
in the case of more energetic X-ray photons the detection mechanisms are different. In
order to focus the X-ray photons into the detector and detect them, an optical bench is used
as a basic structure of the Chandra telescope which redirect energetic incoming photons.
The case of Chandra telescope the optical bench (length about 10 meters) is designed

guided by Wolter type 1 configuration [32].

Paraboloid Hyperboloid

.ﬁmrt;}fo: Surfaces
—
— —
X-rays :
Focal Point
e -
X-rays

FIGURE 2.7: Grazing incident effect with the support of the mirrors (taken from °).

8 http://cxc.harvard.edu/proposer/POG/html/chap6.html#tth_chAp6
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Specially designed and skillfully polished mirrors are used inside the optical bench being
composed of four pairs of hyperbolic and parabolic mirrors. Thereby, such reasonable
structures compel the X-ray photons to change their orientation at a very tiny angle

(“grazing incidence”, see Fig. 2.7) and collect photons on the detector.

2.2.3 The performance

Chandra telescope is endowed with several detection characteristics, which primarily
depend on several effects, such us geometrical reflectivity of mirrors, vignetting, CCD
quantum efficiency etc. of the instrument [32]. The effective area is one of the important
properties of X-ray telescopes and for Chandra it is about 800 cm? and it is shown in Fig.

2.8 depending on the energy (detailes from ).
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FIGURE 2.8: Effective area as function of energy (from '°)

Another improved feature of the Chandra X-ray telescope is its exceptional angular
resolution, which is 0.5 arcsec [32]. This kind of improved angular resolution allowed to
study the large scale structure of AGN’s as well as distinguish the structures of different

components.

® http://chandra.harvard.edu/resources/illustrations/teleSchem.html#xray_telescope
10 http://cxc.harvard.edu/proposer/POG/html/INTRO.html#tth_sEc1.14
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2.2.4 Chandra Data Analysis. CIAO

For analyzing Chandra X-ray data, we use Chandra Interactive Analysis of Observations
(CIAQ) 4.8 software package with Chandra Calibration Database (CALDB) version 4.7.2 M.
In general, Chandra data analysis consists of several parts, depending on the target and the
type of observation. Here are presented the main commands and tools, which are used
during the X-ray data analysis.

download_chandra_obsid - For starting data analysis, all necessary data are downloaded
from Chandra data archive. Filling the source name or coordinate, the Level 1 unprocessed
files can be obtained. For more details see ™.

chandra_repro - By this command, we can filter Level 1 data and get rid of unnecessary
events (details see in ). This tool includes various parameters, which can be chosen
depending on the observation. As recommended from the Chandra Team before the data
analyses it is recommended to use chandra_repro command, which automatically applies
filters and reprocesses Level 2 files more effectively.

After creating level 2 files, we have to check background flares and readout streak . It is
common in the case of bright sources. Initially, we build background light curve and
estimate background counts/rate threshold. Before starting our spectral and spatial
analysis, with the help of Ic_clean command we can remove background anomalous effects.
It is also essential to handle the readout streak when photons are detected in the wrong row
during the readout'™.

The next step, for extracting spectra, we need to choose source and background regions.
Opening filtered level 2 event file on the platform of SAOImage ds9 application'®, we can
choose from the image the backgrounds and source regions.

Specextract '/ — Both in extended and point like source cases we use this command for

extracting spectrum. We can create spectrum step by step, but this tool automatically

' http://cxc.cfa.harvard.edu/ciao/

12 http://cda.harvard.edu/chaser/

13 http://cxc.harvard.edu/ciao/ahelp/chandra_repro.html
' http://cxc.harvard.edu/ciao/threads/flare/

15 http://cxc.harvard.edu/ciao/threads/acisreadcorr/

16 http://ds9.si.edu/site/Home.html
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accomplishes the task, giving us both source and background spectrum with appropriate
corrected Response Matrix Files (RMFs) and Ancillary Response Files (ARFs). The output of
this tool we use for future spectral fit. Basically, each selected target (source) has several
observations explored in different time scales.

In order to study the source spectrum more detailed and obtain more accurate results of
the fitting, we combine spectra or doing simultaneously fitting. For each source, the
combine_spectra'® script sums all observations PHA spectra obtained in different time
scales, as well as the associated background PHA spectra and source and background ARF
and RMF response files are also combined. The further analyses to obtain the spectra are
performed with Sherpa'®. As refer to the simultaneously fitting?°, the Sherpa programming
language allows us to simultaneously import all spectra for each observation and to make

further fit.

17 http://cxc.harvard.edu/ciao/ahelp/specextract.html

18 http://cxc.harvard.edu/ciao/ahelp/combine_spectra.html
19 http://cxc.harvard.edu/sherpa/

20 http://cxc.harvard.edu/sherpa/threads/simultaneous/
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Chapter 3

3C 120 JET EMISSION AT SMALL AND LARGE
SCALES

3.1 Introduction: Structure of 3C 120 jet.

The broad line radiogalaxy (BLRG) 3C 120, due to its peculiarity, has been extensively
studied at all wavelengths. Following Fanaroff-Riley Classification (FR, [6]) generally used to
study of the morphology of radio galaxies, BLRG 3C 120 have FRI types morphology. 3C
120 is a Seyfert 1 spiral galaxy, and the spectroscopic observations with Lick Observatory
(120-inch telescope) show its distance to be z=0.033 (140 Mpc) [33]. The reverberation-
mapping techniques, such as spectroscopic monitoring of the variations of HB emission
lines, have determined the mass of black hole in 3C 120 to be (5.7 + 2.7) x 10’ Mg, [34].

The observations in the radio wavelengths indicate the existence of one-sided polarized
radio jet, and 3C 120 is a prime candidate for exploring the physics of relativistic jets with a
linear size extending from 0.5 pc to 100 kpc [35]. Furthermore, the observations of
superluminal motion with 5., = 8.1 [9] indicate that the inclination angle to the line of
sight is limited by < 14° [36]. Another radio observation, allowed to investigate the very
inner jet structure of the 3C 120 at 15, 22, 43 GHz wavelengths, detecting relativistic
components with velocities up to 4-6¢ [37,38]. Studying the kpc scale jet of 3C 120 have
shown relatively slowly moving cool medium, which confirms the existence of the helical jet
structure [39]. This kind of jets characteristics, e.g. different superluminal components and
the helical jet structure can be explained as the result of jet precession [40].

Deep observations with Hubble Space Telescope (HST) analyzed by applying a two-
dimensional model to create HST images [41], broad emission lines and several diffuse
stellar remnants around the central kiloparsec have been found, which may denote a past

merging process.

Page 31



In X-rays, 3C 120 is a bright (= 5 x 107**ergcm™%s™! at 2-10 keV) and variable source on
time scales from days to months [42]. The ASCA observation shows a broad iron line Ka
that can be fitted by Gaussian with o = 0.8 keV and equivalent width of 400 eV. Recently,
using X-ray and radio observations, [43] found that the dips in the X-ray emission are
followed by ejections of bright superluminal knots in the radio jet, which clearly establishes
an accretion-disk-jet connection. The kpc-scale jet of 3C 120 has a complex structure with
several knots, k4, k7, s2, s3, and k25 (see Fig. 2 of [9], where on the 1.6 GHz radio
contours the section of the jet with knot labels is shown), detected in the radio, optical, and
X-ray bands [9]. The knots are labeled by their distance from the core in arcseconds (e.g.,
k4, k7) and the smooth sections of the jet detected in the optical band [44] are labeled as s2
and s3. These knots appeared to have interesting morphology and spectra more tricky
among which is the X-ray emission from the knot k25: it has a very weak radio flux but it is
bright in the X-ray band [9]. It is a real challenge for one-zone synchrotron emission
scenario to interpret the emission from k25 in case of which large deviation from the
minimal energy condition is required. It has been suggested that X-rays might be produced
through the synchrotron radiation of an electron population distinct from that responsible
for the radio emission [9]. Alternative theories such as proton synchrotron emission [27] or
Inverse-Compton scattering of CMB photons [45] have also been proposed. However, it is to
date not clear which is the exact mechanism responsible for the X-ray emission.

At high energies (HE; > 100 MeV) the source was not detected with the energetic y-ray
experiment telescope on board the Compton Gamma Ray Observatory, despite several
pointing observations and 2o upper limit on the source flux above 100 MeV was set
t0 9 X 1078¢m~2s~! [46]. Afterwards, the source was detected with the Fermi-LAT using 15
months of all-sky exposures and the averaged HE spectrum between 100 MeV and 1 GeV
can be described by the power law with photon index I' = 2.71 + 0.35 and an integral flux
Fesi0omer = (29 £ 1.7) x 107 8cm ™25~ with the detection significance of 5.60 [47].
However, the source is not included in the Fermi-LAT second source catalog ([48], 2FGL)
since the averaged signal appeared to be below the required 50 threshold. This might be

evidence of the long-term variability of the flux, since for a steady y-ray signal the
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accumulation of longer data set (24 versus 15 months) should result in an increase of the
detection significance ~ v24/15 x 5.60. [47] and [48] investigated the temporal variations of
the y-ray flux (above 100 MeV) over short timescales. The light curve binned in three-
month-long periods shows only a few episodes when the flux increased on a level more than
30. One such episode occurred during the 15-month data set [47] and two occurred during
the 24-month data set [49]. The rest of the time, the source was undetectable by Fermi-LAT.
This was interpreted as a GeV flux variation on 90-day scales. However, considering only
two periods out of eight have been detected and taking trials into account, post-trial
significance probably is even lower than 3o. Therefore, these conclusions were inconclusive
considering the limited statistics of the detected signal. Also a long-term (several months)
variability had been found using the five-year Fermi-LAT data [16] with short periods (days
and hours) of brightening [16,17]. Inverse Compton scattering of synchrotron photons
seems to be the mechanism responsible for the y-ray emission from 3C 120 [16,17] while
the flares and the fast y-ray variability are explained within more complex structured jet
scenarios [18,19,49].

Combining of the data derived at the sub-pc and kilo-parsec regions of the same jet could
greatly help to understand the features of powerful extragalactic jets, e.g., shed some light
on the evolution and propagation of the jets from the central engine to the outer regions,
where the jet is starting to significantly decelerate [19]. This approach can be fruitfully
applied to the sources showing a large-scale jet long enough to be resolved by Chandra.
Unfortunately, the best-studied blazars do not tend to have well-studied large-scale jets,
precisely because the blazars are most closely aligned with the line of sight, reducing the
projected angular dimension of the large-scale jet. Thus, only a few jets can be studied on
both scales [20]. The prominent features of 3C 120, e.g., the strong jet well resolved in
both small (pc) and large (kpc) scales makes this object an ideal target for investigation of
the processes occurring in the powerful jet along its propagation, this is why the emission

from this particular source is discussed in details here [16,18,19].
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3.2 Swift XRT/UVOT observation of nuclear region

As a first step, the emission from the jet of 3C 120 near the nucleus is investigated. Initially,
the data from Swift telescope are analyzed. The Swift satellite [50] operates since 2007 and
has been observing 3C 120 periodically. Interestingly Swift satellite observed 3C 120 in its
y-ray quiescent and active states. As the X-ray flux varies as well (see
www.bu.edu/blazars/VLBA_GLAS T/3c120.html), we have selected the observations made on
MJD 55252.70 and MJD 55800.25 when the X-ray flux also was low. During the y-ray active
state 3C 120 was observed only three times, on MJD 56934.19, MJD 56937.70 and MJD
56938.50. The data from two of the instruments on board Swift, the Ultraviolet and Optical

Telescope (UVOT) and the X-Ray Telescope (XRT) have been used in the analysis.

3.2.2 Swift XRT

The Swift-XRT observations were made in the photon counting (PC) (Obsid 37594002,
37594004) and windowed timing (WT) (Obsid 37594042, 37594048, 37594049) modes.
The data extraction and analysis have been done using HEASoft package (v.6.21)
correspondingly XRTDAS software package (v.3.3.0). We define source and background
region using DS9 program, shown in the Fig. 3.1. The source circular region centered at
the 3C 120 radiogalaxy, with a radius of 30 pixels (~ 71”) and background region is an
annulus: the inner and outer radius being 80 (~ 190”) and 120 pixels (~ 280”) respectively
again centered at the source. For the PC-mode observation (37594004), the count rate was
> 0.5 count/s being affected by the piling up in the inner part of the PSF. This effect was
removed by excluding the events within a 4-pixel radius circle centered on the source
position. Then, using xrtmkarf task, ancillary response files were generated by applying
corrections for the PSF losses and CCD defects. Considering the number of detected
counts it is necessary to rebin assuming minimum 20 counts per bin. Then the bad
channels are ignored applying energy cut below 0.5 keV.

The spectrum is well fitted using XSPEC v12.9.1a X-ray spectral fitting package. The results
of the fit are presented in Table 3.1 and the energy spectrum is shown in Fig. 3.13 and

3.14. The absorbed power-law spectral model describes well the energy spectrum in the
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0.5-6.0 keV energy range. The column density is Ny = 1.06 X 10%* cm~2 taken from LAB
[51]. Although the X-ray flux did not increase significantly (the highest flux of Fs_gker =
(6.73 + 0.15) x 107 terg cm=2s~1 observed on October 4, 2014, exceeds the lowest one
~ 2.8 times), the X-ray photon index softened, changing in the range of I, = (1.76 — 1.80)

during the bright y-ray periods.

Table 3.1: The Swift XRT analysis results

Obsid Ty vE, reduced y?
MJD x 107 Merg cm™2s71

37594002 1.42+0.07 4.27+0.18 0.43
37594004 1.53+0.08 2.41£0.11 0.75
37594042 1.76+0.04 6.73£0.15 1.21
37594048 1.72+0.04 5.37+0.12 1.05
37594049 1.80%0.06 3.7310.13 0.86

R.A.

FIGURE 3.1: The Swift PC mode observation (Obsid 37594002). The yellow circle is source region and dashed

green annulus is the background region respectively.

3.2.3 Swift UVOT

Analyzing Swift UVOT data gives an opportunity to study the multi-wavelength emission
from 3C 120 jet. Observing simultaneously with the XRT, the UVOT allows us to study the
source in the optical range (170-650 nm) covering 17’ x 17’ field.

In the analysis of the Swift UVOT data, the source and background regions were chosen as

circular regions as shown in Fig. 3.2. The source region corresponds to 5.0" circle (yellow
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solid) and background region 20" circle (yellow dashed) which does not contain any
neighboring source.

The magnitudes were computed using the uvotsource tool (HEASOFT v6.21), corrected for
extinction according to [52] using E(B —V) = 0.256 from [53] and zero points from [54]
and converted to fluxes following [55]. The corresponding spectra are shown in Fig.

3.13/3.14. The optical-UV data points harden during the flaring periods.

Dec.

; 12.0 4:33:10.0 08.0 06.0

FIGURE 3.2: Swift UVOT count map with the mentioned source (yellow) and background (yellow dashed) and
other sources within selected region are also circled (green).

3.3 y-ray observation of nuclear region

3.3.1 Data Extraction

The y-ray emission from 3C 120 was investigated considering three different periods for the

analyses

i) The first period: the Fermi-LAT ~ 5.3 year data (from 4th August 2008 to 4th
December 2013, correspondingly (MET 239557417-407808003)) in the energy
range from 100 MeV to 100 GeV were analyzed.

i) The second period using the 7 year accumulated data accumulated up to 4th

August 2015
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i) The third and most complete study was using Fermi-LAT data collected during
eight years (up to August 8, 2016 (MET 239557417-460339204)).

Here are the results from the analyses performed in the third period. We have performed
binned maximum likelihood analysis following the section 2.1.4. Due to low statistics, the
observations, 3C 120 is not included in Fermi-LAT four years Point Source Catalog. We
manually added on the model file a new source on the known coordinates of (RA, dec) =
(68.296, 5.354) [56]. The ROI with the sources included in the ROl 3FGL is shown in Fig.
3.3. The background is modeled using diffuse background model (gll_iem_v05_revl fits)

and isotropic y-ray background (iso_source_v05.fits).
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FIGURE 3.3: Count map of 3C 120 with the included sources.

Since the Fermi-LAT third catalog was created based on four-year Fermi-LAT observations
and here we are using data from the longer observations, it is necessary to check if there
are new sources in the ROI, which are not taken into account. The TS map was created
using gttsmap tool and as a result no sources with >50 have been found. In addition, we
checked the source localization with gtfindsrc tool which resulted to R.A. = 68.205, decl. =
5.38 with a 95% confidence level. This coordinated are shifted only by 0.09 from the VLBI
radio position of 3C 120 (R.A. = 68.296, decl. = 5.354) [56].
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3.3.2 Spectral Analysis

During the binned Likelihood analysis, the y-ray emission from each ROI source is model
with the same spectra as in the catalog and it the case of 3C 120 we assumed power-law
model in the form

dN—N <E>_a 25 1Mev 1 3.1
az = No\g, cm™es e (3.1

Where the normalization (N,) and the power-law index (a) were left as free parameters
during the likelihood analysis.

Below we present the results from the analyses of Fermi-LAT data accumulated in different
periods.

1) For the first 5.3 years’ data [16], the best-fit power-law parameters for 3C 120 are

(2—’2)}) = (4.06 + 1.0) x 1010 (

E )—2.72i0.1

(3.2)

100 MeV

The integrated flux above 100 MeV is F = (2.35 + 0.5) X 1078 photon cm™?s~1, and the TS
= 76.3 (8.70). The obtained results are comparable with the parameters found in [47],
namely photon index ['=271+035 and integral flux F=(29+17)x1078

photon cm~2s~1 above 100 MeV.

|
-
N

dN/dE(em2s2GeV )

|
—_
=N

-16

Log(E(eV))

FIGURE 3.4: The averaged differential spectrum of 3C 120 at 0.1-100 GeV energy range compared with the
one based on the initial 15-month data set [47]. The dashed black line shows the best power-law fit result
determined from the gtlike.
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In order to obtain the spectrum, from 100 MeV to 100 GeV energy range was divided into 5
logarithmically equal bins and analyzed each of them with gtlike tool. The spectral energy
distributions of 3C 120 are shown in the Fig. 3.4 as compared with the previous study of 3C
120 [47].

2) In Fig. 3.5 is shown the 7-years averaged spectra as compared with the flares on 21-27
September 2014 (Flare 1) and on 20-26 April 2015 (Flare 2) [18]. The corresponding

parameters are given in the Table 3.2.

TABLE 3.2: The results of the spectral analysis, for the whole period (7 year) and Flare 1, 2

No Integral Flux
x107% @ x10" photon cm? s TS
7 year 1.179 £ 0.038 2.69 £0.05 0.412 £ 0.05 334
Flare 1 17.44 + 3.8 2.38+0.15 3.05£0.59 80.9
Flare 2 30.3+7.2 2.25+0.12 428 £1.2 112

The results show that the obtained spectra for the long time are similar with the ones
obtained using 5.3 year data [16], namely @ = 2.69 + 0.05 and integral flux (4.12 £+ 0.5) X
1078 photoncm™?s~! above 100 MeV with a detection significance of TS =334 (»
18.270). As one can see from the Table 3.2 during the flaring periods, the flux increases up
to (4.28 + 1.2) X 1077 photoncm™?s~! and the photon indexes harden a = 2.25 + 0.12.
These kinds of changes indicate as effective particles acceleration during the flare periods

and the particle radiation mechanisms are discussed in Section 3.5.1.

Log [E2 dN/dE (erg om™2 s71)]
|
S

[
N

Log[E(MeV )]
FIGURE 3.5: The averaged differential spectrum of 3C 120 (above 100 MeV) for the period 4th August 2008 -

4th August 2015 (blue points). Black and red points are the spectra of Flare 1 and Flare 2 respectively.
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3.3.3 Temporal Variability

The variability of the observed y-ray flux contains valuable information on the emitting
region(s) size. The emitting region size can be estimated from the relation R/§ < ct/(1 +
z), where 9 is the Doppler factor and z is the redshift. In order to create y-ray light curve
the time period is divided into different time bins and unbinned likelihood analysis is
performed. In the model file in order to decrease the uncertainties in the flux estimation,
the photon indices of all ROl sources were fixed to the best guess values obtained in full
time analysis. The index of 3C 120 initially was considered as a free parameter then also
fixed. In addition, the normalizations of both background components were fixed; since no
variability is expected from background components.

Initially the variability was investigated using Fermi-LAT data collected during initial five
years’ data [16]. In this data set the statistics allowed to investigate the variability only in
long periods, e.g., dividing into 180- and 365- days bins, shown in red and blue points
respectively in Fig. 3.6.

It can be noticed that after 56000 MJD the y-ray flux sufficiently increased more than twise
as compared with its average level (see Fig. 3.6). The highest test statistics for 365 days’
bins corresponds to TS = 63.8 and for 180- day sampling TS = 38.92.

2009 2010 2011 2012 2013

) I N JF
LR

54500 55000 55500 56000 66500
time(MJD)

FIGURE 3.6: y-ray light curve from August 4th 2008 to December 4th 2013. The bin size corresponds to 180-

(red) and 365- days (blue).

Faqng ~,|,,\,(K10'B photon em™ s“}
i

The variability is studied using the data accumulated for longer periods [18]. Using seven

years of Fermi-LAT data provides larger photon statistics. The light curve is generated for
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the energy range 100 MeV - 300 GeV and for the whole time by dividing correspondingly in
90-days periods (Fig. 3.7).
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FIGURE 3.7: y-ray light curve from August 4™, 2008 - 2015. The bin size is 90 days.
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Similarly, to previous result [16] it is noticed that after ~ 55400 MJD the y — ray emission
from 3C 120 has increased. Furthermore, in order to study the temporal variability in
shorter time scales the active period (56000 - 57238 MJD) was separated. The separated
region was divided into week time scales and unbinned likelihood analysis was performed
for studying light curve for shorter time period. The result is shown in Fig. 3.8. It is
noticeable flux temporal variation for 7-days sampling. Furthermore, in two periods the

fluxes increased significantly.
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FIGURE 3.8: The light curve with one week binning.
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Flare 1 - (21-27 September 2014), the integral flux was (3.05 + 0.59) x 1077

photon cm™2 s~1 with the 10.580 detection significance.

Flare 2 - (20-26 April 2015) the flux was (4.28 + 1.12) X 1077 photoncm™2 s71

and detection significance equals to the 8.9¢.

The spectra during the selected periods were estimated using the unbinned likelihood

analysis. The results show that the flux increased approximately 7-10 times compared to its

average level and photon indices were noticeably hardened, e.g., for the first flare it had

changed from 2.69 to 2.38 and for the second flare to 2.25, respectively. The spectral

energy distribution and the results of those analyses are presented in the Fig. 3.5 and Table

3.2, respectively.

In order to investigate the variability of 3C 120 jet emission in the y-ray band, new method

was used [19]. Initially the considered 8-years were divided into 90 day intervals. The light

curve obtained for 90-day binning is shown in the upper panel of Fig. 3.9.
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FIGURE 3.9: The y-ray light curve of 3C 120 from August 4, 2008, to August 4, 2016. (a) The bin intervals
correspond to 90 days. (b) The light curve obtained by adaptive binning method assuming 20 % of

uncertainty. The change of photon index is shown in the insert.

Before ~ MJD 56000 (March 14, 2012), the source is mostly undetectable by Fermi-LAT:

only in two of the total 15 cases, the source detection significance exceeded the required

threshold of 40. Then the source flux was high enough to be detected by Fermi-LAT, and up
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to ~ MJD 56800 it remained constant with no significant changes. Starting from ~ MJD
56800, the flux substantially increased up to a few times
10~ 7photon cm™% s~ and remained so until = MJD 57350. The standard yx? analysis
revealed a highly variable y-ray flux, where the probability of the flux to be constant

isp(x?) << 5%.

Table 3.3: Result of Fermi-LAT y-ray data analysis, appropriately for the active and quiescent states.

date Flux (10~8photon cm=2 s71) r TS
2008/08/04-2014/09/19 2.87 +0.49 2.79 £ 0.08 179.43
2014/09/19-2014/10/04 249+ 4.21 2.57 £0.16 90.5

In order to investigate the emission from 3C 120 in its quiet and active states, the y-ray
spectra were extracted from the following periods:

1) Long quiescent states, namely, between MJD 54682.65 and MJD 56919.31

2) The active state after MJD 56919.31

The period overlaps with the Swift observations on MJD 56934.19, 56937.70 and 5638.50.
Although the Swift observation lasted several thousands of seconds, in order to increase the
y-ray photon statistics, the Fermi-LAT spectrum was extracted from 15 days (MJD 56919.31-
56934.76), when the source showed a comparable flux level as inferred from the light
curve obtained by an adaptive binning method.

The spectrum of 3C 120 was modeled as a power-law function (dN/dE ~ NyE~T) with the
normalization and index considered as free parameters. In order to find the best matches
between the spectral models and events, a binned likelihood analysis is performed with
gtlike for the first period, while an unbinned analysis was applied for the second one. The
spectral fitting results are summarized in Table 3.3 and the plots of the SEDs are shown in
Fig. 3.13 and 3.14. During the flaring periods, the y-ray flux increased nearly by an order

of magnitude and the photon index hardened.

3.4 X-ray observation of 3C 120 jet knots

As it was discussed above, the 3C 120 jet has peculiar X-ray structure, especially the

extended X-ray knotty jet [19]. The Chandra X-ray telescope, due to its relatively good
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resolution, was able to resolve and detect the X-ray emission from the jet of 3C 120. Since
2001 Chandra X-ray telescope observed 3C 120 more than 5 times and have the total
observation time 251.86 ksec. Each observation id number, mission start date and the

exposure time (in ksec) are presented in Table 3.4.

Table 3.4: 120 Chandra X-ray observations.

id time Exposure(ksec)
3015 2001-12-21 10:58:56 57.22
16221 2014-12-19 07:13:46 77.72
17564 2014-12-22 23:04:19 30.29
17565 2014-12-27 05:38:06 43.31
17576 2015-01-27 23:00:36 43.32

Initially, the regions of the knots and corresponding background are selected. The following
knots k4, k7, s2, s3 and K25 region consists of sub-knots (inner, outer and new) were
selected and further analyzed. This knots shape and coordinate selection is the same as in
[9]. The Chandra X-ray image overlaid with the radio contour and the positions and shapes
are shown in Fig. 3.10. The radio contours are from the VLA at 5 GHz radio observations
[57]. The X-ray image was filtered from unnecessary noise using Gaussian smooth filter.

Then the X-ray analysis is performed for the selected regions.

R.A.

FIGURE 3.10: The count map of 3C 120 shown with 5 GHz with radio contour (Green). Source and
background regions (green) are depicted on the picture solid and dashed lines respectively.
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The data reduction and data analyses were done following the steps presented in the section
2.2.4. The background anomalous effect and flares have checked by lc_clean command and
the background of 3C 120 was not affected any significant flares. The readout streaks were
removed for each observation and the events files were then reprojected to a single physical
coordinate system (using observation 16221 as a reference). In addition, to reduce the
uncertainties caused by the position offsets of different observations, we made astrometric
corrections. Furthermore, the spectral fit has been done with Sherpa®. We extracted the
spectra and created weighted response files for each observation, using the specextract
script. The knots spectra were rebinned using a different count threshold depending on the
total number of counts, and fitted in the 0.5-10 keV energy range using a power-law with
the Galactic absorption model (column density fixed at Ny = 1.06 x 102! cm™2), where the
index and the normalization are allowed to vary freely. The spectral fit was done with
Sherpa using levmar optimization method and chi2datavar statistics.

The fitted spectral parameters are summarized in Table 3.5. The X-ray emission from the
core is heavily saturated making it impossible to study the innermost parts of the jet.
However, the nearby k4 knot’s emission is well resolved from the core, the X-ray spectral

index being 1.82 + 0.1 and the flux being (1.60 + 0.23) x 107 *3erg cm™2s71.

Table 3.5: The Chandra X-ray analysis results of 3C 120 jet knots.

Region Iy VE,* reduced y?
k4 1.82+0.10 15.97+2.3 1.03
k7 2.72+0.66 1.85+0.82 1.03
s2 2.64+1.26 0.78+0.51 0.81
s3 2.14+0.28 0.45+0.37 0.89
k25 inner 1.63%0.22 3.89+1.42 0.98
k25 outer 1.62+0.11 12.16%1.9 0.79
k25 new 1.80+0.19 6.28+1.67 0.91

*(x 107 Merg cm=2 s71)

2 http://cxc.harvard.edu/sherpa4.9/
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The net counts from k7, s2 and s3 knots are relatively low < 50 (as compared with > 100
from other knots), not enough for a detailed spectral fitting. The fitting resulted in a steep
X-ray slope (> 2.0) and a relatively faint X-ray flux (< 107**erg cm~2s~1). Because of low
statistics and estimated large uncertainties, we did not consider them further. Following [9]
we also sub-divide k25 into inner, outer and new regions which have different properties in
the radio band (the inner refers to the upstream edge and the outer refers to the western
edge, see Fig. 3 of [9]. The X-ray emissions from all 3 regions have harder X-ray emission
spectra (< 1.8) with the X-ray flux varying within (3.89 — 12.16) x 10 *erg cm™2s71. It is
interesting to note that the flux of k25 outer is at the same level as that of the bright k4 but
with a significantly harder X-ray spectral index of Iy = 1.62 + 0.11. The knot SEDs shown in

Fig. 3.15-3.18 have been calculated by sample_energy_flux in Sherpa.

3.5 Modeling the spectral energy distributions

3.5.1 The core region

In the modeling of the origin of emission we initially use the data accumulated during 5.3
years of Fermi-LAT observations of 3C 120 [16]. The y-ray light curves show that the flux is
variable in 180 days (t,,, ~ 6 month). Using this variability time scale as well as typical

dopler boosting factor for radio galaxies of § = 3 - 5, the emitting region size is

R < ctyg ~ 1018(5/4)cm (3.3)
This suggests that the y-rays are produced from a compact region, which allowed to exclude
the knots as the main sites where the y-rays are produced.
Most likely, the y-rays are produced in a compact region of the jet, e.g., the blob moving
with relativistic velocities. Generally, the broadband spectrum of blazars as well as those
from radio galaxies, which have jets oriented at systematically larger angles to our line of
sight are successfully described by the SSC model [58-60]. In this modeling the low energy
emission (radio through optical) is represented as a synchrotron emission from leptons in
the homogeneous, randomly oriented magnetic field (B) while the HE component (from X-
ray to HE y-ray) is an inverse Compton scattering of the same synchrotron photons. This

kind of interpretation for 3C 120 is the first choice considering the results of the modeling
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of the other Fermi-LAT observed radio galaxies [61-63]. Here we apply the SSC mechanism
to model the overall SED of 3C 120, particularly in the 0.1-100 GeV energy range. The
multifrequency data (sub MeV/GeV energies) are from the simultaneous (quasi-
simultaneous) observations of the 3C 120 [64].

We suppose that the emission is coming from a spherical region with the radius R, moving
with Lorentz factor I' = (1 - B)~'/2 . The emission is boosted by § = 1/[I'(1 — f cos(0))]
where 6 is the angle between the bulk velocity and the line of sight. The electron

distribution follows

Ee 3.4
—E,] (34)

cut

E; \°
N = () B

e

ForE, ., < E; < Epax, WhereE, .. and E;,. are the electron maximum and minimum
energies respectively. The total electron energy U, = f;,"f“x E.N.(E,)dE, is defined by Ny, a
min

are the electron spectral index, and E(,; in the cutoff energy sales with the one of the
magnetic fields.

We assume that HE emission has a pure SSC origin. As a first step, the radio data are
included in the modeling, which means that the same electron population is responsible for
both synchrotron and inverse-Compton emissions. The best guess values of electron energy
distribution, which allows us to properly reproduce the low and HE data, corresponds
toa =28, Ymin =800 and y, =9.8x10% (dashed line in Fig. 3.11). Other model
parameters are presented in Table 3.6. The ratio of non-thermal electron and magnetic
field energy densities is equal to U,/Uz =~ 16 (for magnetic field B = 25 mG). In this case,
the jet power in the form of magnetic field and electron kinetic energy, given by L, =
ncRET?U, and Lg = mcRiT?Ug, respectively L, = 2.42 X 10*°ergs™ and Lp = 1.49 x
10**erg s~*. The total jet power L;,,, defined as L;,; = Lg + L., corresponds to L, ~ 2.57 x

10*%erg s—1

, which is noticeably high. This interpretation is unlikely since the necessary jet
power is of the same order as Eddington accretion power Lgz; ~ 6.8 X 10*°erg s~ for the

5.5 X 10" M, black hole mass in 3C 120. This is not a strong argument considering that
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some blazars might operate in the super-Eddington regime as follows from observations
[65].

Table 3.6: SSC modeling parameters presented in Figure 3. The Doppler boosting is assumed to be § = 4 and

emitting region radius R, ~ 108 cm.

B(mG) a Ymin Ye Ue/Ug
solid line 30 2.4 700 1.7 x 10* 1.9
dashed line 25 2.8 800 9.8 x 103 16
dot dashed line 25 2.0 2500 1.2 x 10* 1.3

Log[vF.(erg s 'em™)]

Log[v(Hz)]

FIGURE 3.11: The SED of 3C 120 modeled with one-zone SSC component. Red points from Fermi-LAT 5.3
year’s data analysis (this work), while black points refer to the simultaneous data from [64]. The SSC emission
is calculated using a simulator developed by Andrea Tramacere [66-68] available at http:

//www.isdc.unige.ch/sedtool/.

However, this is not the case since the jet power can be relaxed, assuming the hard X-ray
emission originates from the thermal Comptonization near the disk. Thus, the predicted flux
from the SSC component falls below the hard X-ray limit in Fig. 3.11 (solid line). Indeed, a
reasonable modeling of both radio and HE data gives an electron distribution with the index
a = 2.4 between y,,;;, = 700 and y.,; = 1.7 x 10%. The jet energy carried out by particles
(electrons) and magnetic field corresponds to L; = 6.27 X 10**erg s=!, which is still high
but not dramatic. Moreover, unlike the other case, the electron nonthermal and magnetic

field energy densities are close to equipartition U,/Ug = 2 (for B = 30 mG). Even though
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the ratio U,/Ug = 16 cannot be rejected, recalling other blazars where the jet is massively
out of equipartition, the later modeling has an advantage considering the required total jet
power.

In principle, the radio to X-ray and y-ray emissions can be produced in different sites
(blobs). Supposing the radio flux does not exceed that presented in [64], the electron
distribution with a typical power law index a = 2 predicted from strong shock acceleration
theories can reproduce HE y-ray data (dot dashed line in Fig. 3.11). The modeling requires
a relatively high low energy cutoff, y,.;, =2500 and energy equipartition between
nonthermal electrons and the magnetic field U,/Uz = 1.3 (for B = 25 mG). Moreover, the
total jet kinetic power is L;,; =~ 3.4 x 10**erg s~* approximately half that in the previous
modeling. From the point of view of the necessary lower energy, this model has an
advantage over previous model. Nevertheless, this modeling is very sensitive to the choice of
the y,in Which can be constrained only with simultaneous data. Although the radio data
presented in Fig. 3.11 are not synchronous, they can be treated as an upper limit.
Consequently, the expected luminosity should not be higher than the above obtained value.
In Fig. 3.1, SSC mechanism provides a good fit to all data except those in the optical/UV
band (101> — 101%)Hz. This UV excess is likely caused by direct thermal emission from the
accretion disk. Indeed, a thermal component with a blackbody temperature > 15 000 K and

luminosity > 2 x 10**erg s*

can explain detected UV flux. This lower limit to the
temperature and luminosity corresponds to minimal UV flux reported in [64] and presented
in Fig. 3.11, but a hotter and luminous disk is expected to explain observed data. Thus, SSC
radiation plus thermal component (contribution of the accretion disk) can satisfactorily
reproduce the entire SED (including UV data). However detailed modeling of the thermal
component goes beyond the scope of this paper.

The Fermi-LAT analysis of the 7 years accumulated data gives an interesting results
investigating y-ray flux temoral variation in daily time scale, as well as two Flares periods
were discovered, where y-ray fluxes increas dramatically [18].The daily time scale variability

of 3C 120 (t,qr ~ 7 day) denotes the compactness of the emitting region. Under any

reasonable assumptions for Doppler boosting, § = 3 — 5, the emitting region can not be
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larger than R < ¢ t,q ~ 1017(6/4) cm. This immediately allows us to exclude jet knots
(extended regions) as the main sites where the observed y-rays are produced. Most likely,
the y-rays are produced in a compact region of the jet, e.g. the blob moving with relativistic
velocities. Generally, the broadband spectrum is successfully described by the SSC model
[58-60]. We suppose that the emission is coming from a spherical region with the radius R,
moving with Lorentz factorI' = (1- B)~%/2. The emission is boosted by § = 1/[I'(1 —
cos(0))], where 0 is the angle between the bulk velocity and the line of sight. It is assumed
that the electron distribution has Power-Law exponenta cut-off distribution, as mentioned in
Eq. 3.4 with expected from the shock acceleration theories and the electron energy density

U, scales with the one of the magnetic field Us.

TABLE 3.7: SSC modeling parameters presented in the Fig. 3.12. The Doppler
boosting is assumed to be d = 4 and emitting region radius R,~ 107cm

B(G) a Ymin Ye Ue/UB
7 year (Blue) 0.35 2.7 350 5.7 x 103 2.6
Flare 1 (Red) 0.3 2.15 260 104 7.1
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FIGURE 3.12: The SED of 3C 120 modeled with one-zone SSC component. Black points refer to the
simultaneous (quasi-simultaneous) data from [64]. Red and blue points are from Fermi-LAT data analysis (this
work). The details of the modeling parameters are presented in the Table 3.7.

In the Fig. 3.12 the results of the modeling of SED are presented. The solid line

corresponds to the modeling of the averaged y-ray spectrum, while dashed lines to the
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modeling of flaring period. The long term averaged spectrum is best described assuming
electron spectrum with a = 2.7 between y,,;,, = 350 and y, = 5.4 x 103. The ratio of non-
thermal electron and magnetic field energy densities is equal to U,/Uy = 2.6 (for magnetic
field B = 0.35 G). Other model parameters are presented in the Table 3.7. In this case, the
jet power in the form of the magnetic field and electron kinetic energy, are Lz = 1.24 X
10**erg s~ and L, = 5.43 X 10**erg s~1. The total jet power L;,, defined as Ljo; = Lg + L.,
corresponds to Lj,; = 6.67 x 10**erg s~*. The flaring period is best described for the
parameters @ = 2.5, ¥pin = 260 andy, = 10* and Lj, = 7.44 x 10**erg s~'. For both
cases, the required jet power is smaller than Eddington accretion power Lj; = 6.8 x
10%5erg s~ 1.

In order to investigate the multiwavelength emission from 3C 120 nuclear region, more
detailed data analyses results are used [19]. In particular, the emissions from 3C120 in the
quiescent and flaring states are modeled tacking into account SSC and external inverse
Compton models (EIC). In the flaring state (Fig. 3.14) the X-ray flux moderately increased
and the spectrum softened, while the HE y-ray flux increased and its spectrum shifted to
higher energies. Within the synchrotron/SSC or EIC scenarios, these modifications can be
explained as the result of introducing changes in the electron acceleration, increasing the
commoving radius and bulk Lorentz factor, or including the contribution from external
photons [69]. Here we discuss the following possibilities: (i) in the quiescent state the jet
energy dissipation occurs close to the central black hole and the dominant mechanism is the
synchrotron/SSC emission; (ii) in the flaring period again the dominant processes is SSC,
although the emission region has a higher bulk Lorentz factor; and (iii) the optical/UV/X-ray
emission is due to the synchrotron/SSC emission from an extended and slow-moving region,
while the HE y-rays come from a compact and fast-moving region where EIC dominates.
This is similar to the scenario adopted by [70] to explain the very fast VHE y-ray variations
and the hard GeV spectrum of PKS 1222+216. The choice of this scenario is justified since
strong changes are observed only in the y-ray band. We assume, as in the quiescent state,
since no significant y-ray variability is observed (or it varies in a long period) most likely the

emission is produced in a large region for which we assumeR = 4 x 107cm ~ 0.1 pc.
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Instead, in the active state the fast y-ray flares in day/subday time scales indicate that the

emitting region size should be R/ < ¢ x t x § = 1.56 x 10'®(¢t/1day)(5/6)cm.

Table. 3.8: Parameters obtained from the fit of the emission from the inner jet of 3C 120 during quiescent

and flaring states

SSC(blue-
Parameter dashed) SSC(red) SSC SSC+EIC
Doppler factor ) 4 4 6 4(6)
NOrmaIlZathn Of / 50 -1 +34383.07 +176.69 +2.75 +19.88 +118.64
N} % 1050 eV 15292¥34838307 1677117669 196+275  1713.92+1988(817 55111864
electron distribution
Electron spectral
a 3.1275318 1.85%033 2.79131¢ 3.12 4 0.22(3.24138%)
index
Minimum electron
E}in(MeV) 354.51%2720  228.18%9%39, 67.577380% 117.23%1189(514.51%58542
energy
Cut off electron
El,.(GeV) 3.211359 4611153 6.321253 1.6815:42(4.051537)
energy
Maximum electron
E} o (TeV) 230738 1.9013:92 1.831%19 10.71%4%(54.5617339)
energy
Magnetic field B[G] 0.16233%  0.0023%3:5992%  0.861333 0.63 +0.12(0.11*34%
Electron energy
U,(erg cm™3) 1.02x 1073 1.99 x 1072 0.14 439 x 107%(0.25)
density
Jet power in
Lg X 10**erg s~1 2.58 498 x 1074 0.22 38.34(0.0034)
magnetic field
Jet power in
L, X 10**erg s™1 2.46 48.00 1.09 1.06(2.02)

electrons

In the flaring state, the inverse Compton scattering of external photons either reflected
from the broad line region (BLR; [71]) or from the hot dusty torus [72,73] can contribute to
the emission in the y-ray band. For any reasonable assumption about the jet opening angle
(6 =0.1°) and Doppler boosting factor (§ = 6) the y-ray emission region is at the
distance ~ R/6 ~ 2.3 pc, well beyond the radius of BLR (5.9 — 7.4) x 10'®cm determined
from reverberation mapping [74].

In this case, the dominant external photon field is the IR radiation from the hot dusty torus,
which we assume has a blackbody spectrum with a luminosity of L;z = nLgisi (n = 0.6) [75]
and these photons are filling a volume that for simplicity is approximated as a spherical shell

with a radius of Rz = 3.54 X 10%8(L4;5,/10%%)%5cm [76]. The accretion disk luminosity was
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estimated using the Swift UVOT data points observed during the flaring periods.
Reproducing the UVOT fluxes with the Shakura-Sunyaev disk spectrum [77] fixing the peak
energy at ~10 eV, we obtained that the disk luminosity Ly, = 1.2 X 10*° erg s~ (see Fig.

3.14 black dashed line), which is close to the value obtained in [78].
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FIGURE 3.13: The broadband SED of 3C 120 core emission for quiescent state. The blue and red solid lines

1077 0.001

are the synchrotron/SSC model fitting for two different X-ray fluxes, taking into account the radio data and
assuming Swift UVOT data are upper limits. Instead the dashed blue line is calculated assuming optical/UV
emission is also produced by the jet. The model parameters are presented in Table 3.8.

In order to constrain the model’s free parameters, we have modified the naima package
[79], which derives the best fit and uncertainty distributions of spectral model parameters
through Markov chain Monte Carlo (MCMC) sampling of their likelihood distributions. The
prior likelihood, our prior knowledge of the probability distribution of a given model
parameter, and the data likelihood functions are passed onto the emcee sampler function
for an affine-invariant MCMC run. In the parameter sampling, the expected ranges
considered are 1.5 < (a,ap,) <10 and 0.511 MeV < E.,;, <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 [28], while the IC emission is computed based on the monochromatic

differential cross section of [80].
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The broadband emission modeling results obtained in the quiescent and flaring states are
shown in Fig. 3.13 and in 3.14, with the corresponding parameters in Table 3.8.

In the quiescent state, the X-ray spectra have different photon indices, Iy = 1.42 + 0.07
and 1.53 + 0.08, and is the reason why both spectra have been considered during the fit. In
the fit we also included the archival radio data from the observations in the period when the
source was in the quiescent state. The radio emission can be produced from the low energy
electrons, which are accumulated for longer periods, so the radio flux should not exceed
the presented limit. When both radio and optical/UV data are considered, a larger value of
E,in s required in order to have model which predicts emission below the radio flux.
However, the increase of E,,;, would also affect the flux predicted by SSC in the X-ray
band; for example, the blue dashed line in Fig. 3.13 illustrates the model for E, ;, =
354.51 + 25.91 MeV (summing the errors in quadrature) min beyond which the model
predicts either a high radio flux or a low X-ray flux. The magnetic field is B = 0.16 G with an
energy density of Uy = 1.07 x 10 3erg cm™3, slightly higher than that of the electrons U, =
1.02 x 107 3erg cm~3. This magnetic field energy density should be considered as an upper
limit since the Swift UVOT data may represent the direct thermal disk emission, which
means, in principle, that the synchrotron component can be much lower. Thus, in the
second modeling, we assume that the low energy component is only defined by the radio
data (blue and red solid lines in Fig. 3.13). In this case the underlying electron distribution
is characterized by a harder power-law index (@ = 2.22 + 0.19 and a = 1.85 + 0.27 for blue
and red solid lines, respectively) and higher cutoff energy E,;,, = 4.61 + 1.27. The magnetic
field is significantly lower, B =23 x 1073G, and the jet should be strongly particle-
dominated to have the peak flux of the HE component exceeding that of the low energy one.
This particle dominance can be minimized assuming that the X-ray emission is of a different
origin (e.g., from another blob or from thermal Comptonization near the disk). When the
optical/UV and X-ray data are assumed as upper limits in the fit, a lower flux from SSC
emission is expected (gray line in Fig. 3.13) and now U, /Uy = 43.

When the SED in the flaring period is modeled considering SSC emission (red solid line in

Fig. 3.14) the electron distribution and the magnetic field should vary. As the X-ray
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spectrum is soft (Ixy = 1.8), the modeling yielded a lower E,;, = (67.57 +19.38) MeV
and ¢ = 2.79 + 0.15. As the min y —ray spectrum is shifted to higher energies, then a
cutoff of E/,; = (6.32 + 2.32) GeV is required. Since the emitting region radius decreases
by ~ 25.6 times, the magnetic field should increase (0.86 + 0.1 G) in order to produce a
synchrotron flux of the same order (or higher) because the synchrotron emission depends
on the total number of the emitting electrons (N,, §, and magnetic field B). In this case, the
required electron energy density exceeds that of the magnetic field only 2.6 times, meaning
there is no significant deviation from equipartition. The radio data are also plotted as
reference values, but we note that in the flaring state the radio flux can also increase.

However, the model does not predict a flux that significantly exceeds the observed radio

data.
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FIGURE 3.14: The broadband SED of 3C 120 core emission for flaring state. The SED in flaring state fitting
with one-zone synchrotron/SSC (red solid line) and two zone SSC+EIC (blue solid line) models. The model

parameters are presented in Table 3.8.

In Fig. 3.14 SSC (blue dashed line) and EIC (blue dot dashed line) modeling of the SED is
shown (SSC+EIC, blue solid line). The X-ray emission can be explained by the SSC emission
produced in a blob of a size similar to that emitting in a quiescent state, but additional
changes in o, E/,; and B are necessary to account for the new X-ray spectrum. Instead,
the y-ray emission is entirely due to the IC scattering of external photons in the fast and

compact blob, which is strongly particle-dominated with U,/Uz = 519, and the magnetic
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field B = 0.11 + 0.1 G, which does not differ much from the values obtained in the one-zone
models. In the radio band, the modeling predicts a higher flux than the presented radio
data. As the radio data are not from the source active periods, this is not a strong argument
to disfavor such modeling. When a larger value for E,,;, is used in the modeling, it does not
introduce significant changes in the model parameters (especially in the energetics of the
jet). Even if there are not enough data to estimate the parameters with a high significance,
which means that the conclusions are not definite, this is an interesting modeling as it could
possibility explain the rapid y-ray activities. Such a blob can be naturally formed in the
reconnection events that could produce compact regions of rapidly moving plasma inside

the jet (“jet-in-jet scenario”, [81]).

3.5.2 The large-scale jet emission

We assembled the 3C 120 knot SEDs from the radio to X-ray bands [19], using the radio to
optical data from [9] (black points in Fig. 3.15, 3.16, 3.17, 3.18) and the X-ray data obtained
in Section 3.2.2 (red points in Fig. 3.15, 3.16, 3.17, 3.18). The X-ray flux is well above the
extrapolation from the radio to optical spectra and it hardens; this is more evident for the
k25_new where Ly/L.,q = 250. This confirms the previous findings that two different
components are necessary to explain the radio to optical and X-ray emission from the knots
of 3C 120. The detected highly polarized emission led to a conclusion that the radio to
optical emission from the knots is of a synchrotron origin. The radiative mechanism usually
considered to explain the origin of the X-ray emission is either the synchrotron emission
from a second, much more energetic population of electrons (e.g., [9-12]) or the inverse
Compton scattering on various possible sources of soft photons, including the synchrotron
photons (SSC; e.g., [13]) and the cosmic microwave background photons (IC/CMB: e.g.,
[14]). Most naturally, the X-ray emission could originate from IC scattering of synchrotron
photons with a density of L,qqi0/4TREc ~ 3.2 %107 ergc where Lygui0 = 2.0 X
10*%rg s71 is the radio luminosity of k4 and Ry, = 0.42 kpc is the knot size. When
comparing the radio and X-ray data it becomes clear that Lgsc = Ly, (Up < Usyy) IS

satisfied only if B < 0.8 uG, which is in contradiction with the averaged value of > 10 uG
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usually estimated for the knots. In such a weak magnetic field, the observed radio luminosity
can be accounted for only if the particle energy (U,) strongly dominates over the magnetic
field, thus contravening the equipartition condition, which means that we only consider the
inverse Compton scattering of CMB photons and synchrotron emission from a second,
much more energetic population of electrons.

In the IC/CMB scenario, it is assumed that the emitting region moves with a relativistic bulk
Lorentz factor of I}, in order to predict a larger X-ray luminosity since in the jet frame
the energy density of CMB photons will be enhanced by a factor of I2,,. The condition of
Lyx_ray > Lyqaio s satisfied only if & is at least 10. In contrast, if the X-ray emission is
produced by synchrotron radiation from a second population of relativistic electrons with
very high maximum energy, a highly relativistic jet is not required and we assume § = 1.
Since the electrons with high maximum energy would quickly cool down, most likely they

were produced in a separate episode of acceleration that occurred more recently.
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FIGURE 3.15: The SED of k4 knot. The radio-to-optical data (black points) are from previous studies and the

X-ray data (red points) are derived in this paper. Black lines are the IC/CMB model calculated for § = 10 and
blue lines are the fit by the two-component synchrotron model.

Moreover, the second population of electrons can be produced in different parts of the knot
(e.g., [82,83]). We do not go into much detail, but we assume that there are two different
electron populations responsible for the emission.

In the IC/CMB scenario, the underlying electron distribution is given by Eq. (3.4) with the
cutoff energy allowed to vary only for k4, where the optical flux at ~ 10* Hz allows the HE

tail of synchrotron emission to be constrained, while for the other knots it is fixed at

Page 57



E..: = 100 GeV due to the lack of data. In addition, a power-law distribution in the form of
N ~ E~?PL is added PL e to model the X-ray spectrum in the two-component synchrotron
scenario. Since there are not enough data to constrain E,,,, p;, an artificial HE limit of
Emaxp. = 1 PeV has been introduced, whereas E,;, p; is left as a free parameter with the
restriction that the flux from the second component should not exceed the first. In our
calculations, we used the shapes and sizes of the knots as provided in [9]. To make the
deviation from the equipartition condition as small as possible, we definen = U,/Ug, which
is used as a free parameter with U, during the fit. This will allow us to find the optimum
value for n when n =1 does not give satisfactory representation of the data. In the two-
component synchrotron model, we fix n = 1 and perform fitting of the radio to optical data.

Then fixing this magnetic field, the X-ray data are fitted with the second component.
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FIGURE 3.16: The SED of K25 inner knot. The radio-to-optical data (black points) are from previous studies

and the X-ray data (red points) are derived in this paper. Black lines are the IC/CMB model calculated for
§ = 10 and blue lines are the fit by the two-component synchrotron model.
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The black lines in Fig. 3.15-3.18 represent the |IC/CMB radiation model calculated
for § = 10. The obtained parameters are presented in Table 3.9. Similar photon indices
observed in the radio and X-ray bands allowed defining the power-law index of electrons
which varies from 2.4 to 2.6. The cutoff energy estimated for k4 is E.~ (916.3 t
251.4) GeV implies there is effective particle acceleration above the TeV energies. The value
of Ejin = (18.20 — 24.01)MeV estimated, which we obtain min by requiring a turnover
below the X-ray data in order not to overproduce the radio/optical flux, but in principle

lower values cannot be excluded. The IC scattering of CMB photons with ugyp =~ 4.0 X
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10~*terg cm™3 density (when & = 10) still predicts a flux lower than the observed value, so

we were forced to adopt larger values of n.
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FIGURE 3.17: The SED of K25 new knot. The radio-to-optical data (black points) are from previous studies and

the X-ray data (red points) are derived in this paper. Black lines are the IC/CMB model calculated for § = 10
and blue lines are the fit by the two-component synchrotron model.

We found that when B = (0.93 —5.6) uG andn = (83.4 — 410.8), the IC/CMB model can
reproduce the observed spectra. The maximum electron energy density is estimated to be
1.12 X 107 %erg cm™3 for the k4, while for the other knots it is > 4 times lower. This is
natural, since even if the total number of particles is conserved, the low energy cutoff
moves to lower energies (because of adiabatic losses), the normalization decreases and U,
does so as well. The IC/CMB component predicts emission up to ~ ecyp(E./mqc?)?* =~
27.4 GeV so that y — ray emission is also expected. However, even if the predicted flux is
above the Fermi-LAT sensitivity (~ 1073ergcm™2s71), its level (a few
times 107 *3erg cm™%s71) would be still below the core emission in the quiet state (Fig.
3.13). Moreover, the Doppler boosting of § = 10 requires the jet to be highly relativistic or
viewed at small angles at kpc distances from the core, which seems unrealistic for 3C 120,
so even lower flux levels are expected.

The blue lines in Fig. 3.15-3.18 show the two-component synchrotron model fitting of the
knot SEDs. The radio to optical data of the four knots are modeled with synchrotron

emission with the following plausible parameters: B between 10.1 and 115.6 pG, and an

electron power-law index of @ = 2.20 — 2.48.
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FIGURE 3.18: The SED of K25 outer knot. The radio-to-optical data (black points) are from previous studies
and the X-ray data (red points) are derived in this paper. Black lines are the IC/CMB model calculated for

§ = 10 and blue lines are the fit by the two-component synchrotron model.

The plasma in the knots is in equipartition, U, = Uz = (4.1 — 531.5) X 10" 2erg cm™3,
which requires a magnetic field that is more than 10 times stronger for all the knots with
respect to the previous modeling. The synchrotron emission of the second population of
electrons for the same magnetic field can explain the X-ray flux when E,;, = (2.83 —
8.88)TeVd a = (2.32 — 2.69). The particle energy density of this component is negligible
compared with the other one. A significant contribution from the electrons with E, =
6mmsc

"~ 25575 yr. This corresponds

10 TeV is expected, the cooling time of which t,, = T
to a travel distance of ¢ X t,,,; = 78.4 pc, which is much smaller than the size of the knots.
Thus, it is required that the particle acceleration in situ over the entire volume of the knots
should be extremely efficient.

The above obtained parameters were estimated taking into account the equipartition
condition when the system is close to internal pressure or energy density condition, but for
jet dynamics and propagation the jet pressure balance with the ambient medium is more
important. The results presented here and previous observations of the knots allow us to
put important constraints on some of the physical parameters of the jet. The jet half-

opening angle (6;) at kpc scale can be estimated using the first resolved jet knot (k4); at a

distance of 4 arcseconds from the core its radius is 0.738 arcsecond, implying 6; = 10.45".
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Table. 3.9: The parameters derived from the modeling of the knots’ SEDs.

Parameter k4 k25 inner k25 outer k25 new
Ué(Ue)[ETg Cm_s] +16.49 +110.7 +9.95 +82.45 +6.21 +26.11 +2.89 +1.27
1012 111.8736#°(531.52781%7)  20.65%935(102.91+8%43 30.257524(48.561251} 7.431282(4.09*127)

a 2.59+0.03(2.48+0.06) 2.44+0.1(2.41+922) 2.42+0.04(2.20+917) 2.62¥014(2)
Ein(Emin) [MeV] 24.01%342(4.40%23%) 18.2 + 10.6(3.3973357) 22.23%553(4.04154%) 19.14711(1445.671385251

B'(B)[uG] 5.61(115.6) 2.35(50.85) 1.36(34.94) 0.93(10.14)

n 89.39%778, 94047338 410.86¥5428, 214.3%162¢7
Ueplerg cm™3] x 1071 6.011353 2.36%23%3 7.22233% 13.22%1%7
a, 2691922 2661513 2327517 2.73%93%

EminplTeV] 2.831322 6.891283% 5.31*3%2 8.8811%2¢

Ly x 10%2 6.48(128) 71.26(333.7) 31.98(211) 0.67(3.69)

L, x 10%* 5.81(1.28) 66.98(3.34) 131.45(2.11) 1.44(0.04)

Having the independent information on the jet Doppler factor, the upper bound on the
magnetosonic (Mach) number is M; ~ 1/tan(6j) Lok = 5.42/Tyk. If the jet remains
relativistic up to kpc scale with I}, = 5.3 £ 1.2, then M; = 1.02. For the pc jet of 3C 120,
assuming an R = 1.56 X 10'°cm emitting region at parsec distance, M; corresponds to
37.32. Thus, the relativistic jet with an initial high Mach number comes into static pressure
equilibrium with the interstellar medium of the parent galaxy, starting to interact with it,
causing the Mach number to decrease. This is qualitatively supported by the radio/X-ray
observations, which reveal that at a distance of k4/k7 knots the jet starts to expand (e.g.,

Fig. 3 of [9].

3.6. Jet energetics

The fundamental quantity is the total power (particles + magnetic field) transported by the
jet flow. The total jet power can be estimated using the parameters derived from the SED
modeling using L, = mcRiT?U, and Lg = ncRET?Ug [84] for electrons and magnetic field,
respectively (I' = 1 is assumed in the two-component synchrotron model). The protons with
unknown contribution to the jet have not been considered in the calculations since a
number of assumptions need to be made.

In the quiescent state, the total power at the jet core for all models presented in Fig. 3.13 is
Liet = Le + Lp = (2.35 — 48.0) X 10**erg s=! (as in [16-18,78]). Thus, the isotropic y-ray

luminosity, L., =~ 8.2 x 10*'erg s™, is only a small fraction of the total jet power. The

jet’s total power, Lj,; = 1.31 x 10*® erg s*, decreases in the active state, since it scales with
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the emitting region size (Lj, ~ R*U) and a smaller region is considered. However, this
region is more energetic; the particle energy density is ~ 146.9 times higher than that in
the quiet state. The SSC+EIC scenario requires a total jet luminosity of Lj,, =~ 4.14 X

-1

10*° erg s~1, which is higher than the previous values, but is easily achievable for the black
hole mass in 3C 120.

When the jet power is estimated for the knots, their largest reasonable volumes are used,
so that the obtained values are the upper limits. In case of the beamed IC/CMB scenario the
total jet power should be L., = (1.4 — 131.4) x 10**erg s~* in order to explain the X-ray
luminosity of Ly = (1.0 — 4.0) x 10**erg s~1. This jet luminosity is mostly defined by the
kinetic energy of particles since the modeling reveals a moderate domination of particles
over the magnetic field (n > 1). In the two-component synchrotron model, the total jet
luminosity is lower, L, < 6.7 x 10**erg s™*, where the contribution of the X-ray emitting
component is negligible. The powers independently derived for the inner and outer regions

of the jet are of the same order, suggesting that the jet does not substantially dissipate its

power until its end, but becomes radiatively inefficient farther from the formation point.

3.7 Results and discussion

In this section, the multiwavelength emission from the 3C 120 core is investigated using
Swift XRT/UVOT and Fermi-LAT data [16,18,19]. Quiescent and flaring states are identified
and their modeling allowed us to investigate the jet properties and physical processes that
take place in the core where, most likely, the jet is formed. On the other hand, the jet
properties are also estimated at large distances from the core using the Chandra X-ray data.
The adaptively binned y-ray light curve showed that before MJD 56900 and after MJD
57300, the source was in a quiescent state characterized by a relatively faint y-ray emission
with the flux and the photon index consistent with the previously reported values. Then,
from MJD 56 900 to MJD 57 300, most of the time, the source was in an effective y-ray
emitting state with rapid y-ray flares. During the bright periods, the y-ray photon index
hardened and corresponded to ~2.3 and =~2.0. Two strong events with (7.46 + 1.56) X

10~%photon cm™2s~! and (4.71 £ 0.92) x 10~®photon cm™?s~* within accordingly 19.0 min
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and 3.15 h were detected on April 24, 2015, which are the highest fluxes detected so far
from 3C 120. At a distance of 144.9 Mpc, these correspond to an isotropic y-ray luminosity
of (1.20 — 1.66) x 10*%erg s~1. The same value estimated for the quiescent state (the first
bin in Fig. 3.13 red data) is 2.85 x 10*3erg s™*. Yet, assuming & = 6, the total power
emitted in the y-ray band in the proper frame of the jet would be L., =L,/2 §* =
(1.67 — 2.31) x 10**erg s~* during the peak flux and L., = 89 x 10*'ergs™ in a
quiescent state (assuming d = 4). Thus, during the peak emission, the energy released in
the y-ray band corresponds to large fraction of Eddington luminosity (Lgzq = 6.5 X
10*5erg s7t for the black hole mass of 5.5 x 107Mg, [34]), while it is a small fraction
(~ 1.4 x 107%) in the quiescent state.

Usually the radio galaxies have a luminosity of < 10**erg s~ [21,85], and the peak y-ray
apparent luminosity of (1.20 — 1.66) x 10*¢erg s~ is unusual, more characteristic for BL
Lac objects. Such a strong y-ray output observed from 3C 120 is not surprising as the jet
inclination angle is relatively small compared with other radio galaxies.

In the X-ray band, the average flux in the 0.5-10.0 keV range is around (2.4 —4.3) x
107 erg cm™2s71! in the quiet state and (5.4 — 6.7) x 10 terg cm™2s~! on October 4-7,
2014 (active state). When the lowest and highest fluxes from Table 3.1, 3.3, and 3.5 are
compared, a nearly 2.8 times increase of the X-ray flux is found, but its amplitude is lower
than the substantial increase in the y-ray band. During the considered periods, the source
spectra were always hard Iy < 2.0. At bright y-ray flares, the X-ray photon index softened
(1.72-1.80) as compared with the hard photon index of (1.42-1.53) in a quiescent state. The
small change in the X-ray flux level and the photon index softening might indicate that
different mechanisms are contributing to the acceleration and/or cooling of electrons, which

modifies the power-law index and the minimum energy of underlying electrons.

3.8 Summary

The main properties of the powerful jet of 3C 120 are investigated by comparing the
physical state of the plasma on sub-pc and kpc scales [16,18,19]. The main processes

responsible for the broadband emission in the innermost (< pc; Swift XRT/UVOT and
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Fermi-LAT data) and outer (= kpc; Chandra data) regions are also studied. We report on
the recent observations of 3C 120 with Fermi-LAT. The source is detected up to 10 GeV with
statistically significant 18.27¢ as a result of the accumulation of the data from longer all sky
exposure. The photon index corresponds T'=2.69 and F =(4.12+0.5)x1078
photon cm~%s~*photon flux above 100 MeV. We report also an interesting modification of
the y-ray flux in time. Initially the source described by the y-ray flux mostly below than the
Fermi-LAT sensitivity threshold appears to be frequently detected afterwards.

On April 24, 2015, a rapid and dramatic increase in the y-ray flux was observed from the
inner jet of 3C 120. Within 19.0 min and 3.15 h the flux was as high as (7.46 + 1.56) X
107® photon cm™%s™! and (4.71 +0.92) x 10~ photon cm™2s~! above 100 MeV which
corresponds to an isotropic y-ray luminosity of (1.2 — 1.6) x 10*® erg s™*. A luminosity of
this level is unusual for radio galaxies and more typical for BL Lacs.

This increase of flux shows monthly or daily scale variability of 3C 120 indicating that the y-
rays are produced in sup-parsec regions. In principle, this change can have different
physical origins. First, the change in the central engine, where possible jets obtain much of
their energy from the infall of matter into a supermassive black hole, can at least have some
influence. The changes in the jet power, hence higher intensity y-ray, which is expected in
the case when the additional matter is fueling the accretion disk. In theory, the observations
of the region closer to the black hole with sensitive X-ray instruments (e.g. Chandra, XMM-
Newton) can prove such a possibility. On the other hand, the environmental influence on
the changes in y-ray emission states can not be rejected considering the large scale
powerful jet up to 100 kpc (e.g. target interacting with the jet). Any of the above mentioned
possibilities would be supported by multiwavelength observations.

The synchrotron/SSC mechanism gives a reasonable explanation of the multiwavelength
SED in the quiescent and flaring states. The increase and rapid changes in the flaring state
can be also explained assuming an additional contribution from the blob where the
dominant photon fields are of external origin. The necessary jet kinetic power is Ljo; =

(1.31 — 48.0) x 10** erg s~ 1.
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The X-ray emission from the knots has a hard photon index of = (1.6 —1.8) with a
luminosity of Ly =~ (1.0 — 4.01) x 10**. This X-ray emission can be explained by IC/CMB
models only if § > 10, otherwise the particle energy density will strongly dominate over
that of the magnetic field. If the X-rays were produced from the direct synchrotron
radiation of the second population of electrons, which were produced more recently than
the cooler population responsible for the radio to optical spectrum, then lower jet

luminosity and no bulk relativistic motion on kpc scales is required.
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Chapter 4

X-RAY EMISSION FROM y-RAY EMITTING RADIO
GALAXIES

4.1 Introduction

As it has been mentioned in the introduction, studying the emission processes in AGNs et is
one of the most modern and unsolved problems of modern astrophysics. The
multiwavelength observations of the jets of AGNs allow to investigate some of the
fundamental problems, such as jet formation, propagation and collimation, particle
acceleration and emission processes, etc. [1]. Now, the available large amount of data (from
radio to HE y-ray bands) and the number of detected sources (e.g., nearly 3000 AGNs in
the third catalog of AGNs detected by Fermi-LAT [85] significantly contributes to the
understanding of the physics of AGN jets. In the AGN studies, perhaps one of the most
discussed topics is the physical parameters of the plasma when the jet propagates from the
central engine to the outer regions where the jet is starting to decelerate significantly. The
recent progress in the X-ray instruments (e.g., Chandra) with an exceptional angular
resolution allowed to investigate the jet emission even from distances much farther from the
core, which opened a new window on the jet studies. Now, the strong jets can be well
resolved in both small (pc) and large (kpc) scales, making it possible to investigate the
processes occurring in powerful jets along their propagation. The fact that the knots are
also X-ray emitters indirectly proves that there is an effective particle acceleration occurring
in these structures. Definitely the emission produced in different regions of the jet are not
from the same accelerated electrons since the GeV electrons (necessary to produce X-ray
emission) only can propagate a few kpc from their acceleration sites [9]. On the other hand,
as these electrons are accelerated in the same jet, some of the parameters, such as jet
luminosity and the magnetic field, electron energy density etc. can be estimated and

compared. For the current study [15,20], we select the radio galaxies having been detected
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in the y-ray band, because i) from the y-ray observations the central/core region of the jet
can be well investigated and ii) their large-scale jets are long enough to be resolved by
Chandra telescope. There are 26 radio galaxies included in the third source catalog of
Fermi-LAT and only the study of their spectral properties (e.g., their distribution, spectral
breaks, etc.) provided interesting and important results [15]. On the other hand, the X-ray
emissions from structures of these jets have been also detected which allows studying these

jets in small and large scales [20].

4.2 Sample selection

For the study in this section, the radio galaxies included in the third catalog of AGNs
detected by Fermi-LAT which have knots or hotspots in their large-scale jet are selected
[15,20]. Among the detected 26 non-blazar AGNs we have selected eight sources (M87,
Pictor A, 3C 303, 3C 275.1, NGC 6251, 3C 207, 3C 111 and 3C 120) which have a large-
scale jet detected by Chandra. Some of the parameters of these sources are, e.g., the

distances; types; coordinates and etc. are given in the Table 4.1.

Table 4.1: The main properties of the sample sources, as well as X-ray features are presented.

R.A. Dec. (J2000) Distance Ny

Source class X-ray feature

hh:mm:ss.s (red shift, z) X 102 cm™?

M87 12:30:49.4 +12:23:28.0 FRI 0.00427 knotty jet 1.94
Pictor A 05:19:49.7 -45:46:44.5 FRII 0.0350 linear jet, W hs, 3.12
3C 303 14:43:02.8 +52:01:37.3 FRII 0.141 2 knots, hs 1.71
3C 2751 12:43:57.7 +16:22:53.2 LDQ 0.555 N hs 1.77
3C 207 08:40:47.5 +13:12:23.0 LDQ 0.680 knot, hs, CL 4.27
3Cm 04:18:21.3 +38:01:35.8 FRII 0.0491 knots 29.1
NGC 6251 16:32:31.9 +82:32:16.5 FRI/II 0.02488 knots 5.57

The considered sources are mostly nearby ones, the most distant source being 3C 207 at
4.1 Gpc, and the nearest source M87 at 18.4 Mpc. Their jets, having different structures
and properties, extend from several tens of kpc to 150 kpc. The most interesting structures
are observed in the large-scale jets of 3C 111 and Pictor A: in the jet of 3C 111, the X-ray

emission is evident in at least nine regions, plus the northern and southern hotspots and the
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jet of Pictor A extends over 200 kpc in projection with at least four evident X-ray emission
regions in it. The knots are sometimes near the core (e.g., HST-1 at 60 pc), while some of
the hotspots are at a distance larger than 150 kpc (e.g., WHS hotspot of Pictor A and SHS
of 3C 111). Thus, this will allow to test the parameters of the jet plasma in the regions not

only close to the central engine but also in the farther ones.

4.2.1 M87

M87 is one of the most studied and the nearest radio galaxies located in the Virgo cluster.
At the distance 16.4 Mpc, (z=0.00436) [86] and having rich peculiar structures such us
bright core and powerful one-sided jet [87], studying M87 allows to investigate almost all
properties of AGNs and their components. The mass of supermassive black hole in M87
varies in the range of (3 —6.6) x 10°M [88]. Initially the optical emission revel a jet like
structure, originating from the core and extending more than 30" [89]. The jet formation
and collimation processes have been essential targets of study for many years and M87 is a
unique laboratory where it is possible to explore the collimation region of the jet occurring
at -30-100 Schwarzschild radii (rs) from the black hole [90]. Near the core, at the
collimation region the opening angel of the jet is widening (~60°) [90]. In addition, it is
noteworthy to mention that the Hubble Space Telescope (HST) observations have exposed
eight features in the inner 6" of the core with optical superluminal velocity in the range 4c-
6¢ [91]. Lorentz factor y = 6 and 19 degree jet viewing angle were required for describing
the observed fastest motions, which confirm that the bulk flow of the jet is relativistic [91].
The structure of the M87 jet has been minutely discussed due to Very Large Array
(VLA)/Very Long Baseline Interferometry (VLBI) observations during the past three decades.
From [92], at small distances (< 10°Schwarzschild radii), the jet retained parabolic and
subsequently the jet is manifested as a conical shape, and the origin of the HST-1 is the
result of the overcollimation of the jet. Another interesting result by [93] approves the
existence of a triple-ridge structure across the jet based on the radio observations of M87
jet with the VLBA at 15 GHz. In the X-ray band the jet of M87 detected by Einstein [94,95]

and the knots also investigated in the jet by [95], but it was not possible to estimate the
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morphology of the inner jet’s structure due to the low angular resolution of the Einstein and
ROSAT data. Afterwards, at X-ray wavelengths, the nucleus and the inner structure of the
jet of the M87 have been detected [96] and the brightest X-ray features i.e. the core and
knot A have been detected [97].

Due to subarcsecond resolution, Chandra X-Ray Observatory allows us to precisely detect
jet in the X-ray band. Furthermore, there are distinguished several bright knots (HST-1, D,
E, F, I, A, B, C) shown in [20], which are presented in this work. The X-ray count map with
removed noises by Gaussian filter and the knots and backgrounds region’s sizes and
coordinates are shown in Fig. 4.1. The X-ray regions sizes and coordinates are taken from
observation [98,99] and the background’s regions selection, as demonstrated in Fig. 4.1,
are connected with the flares taken place in background, so previously we clean any
anomalous effect during the X-ray analysis and after choose backgrounds. At high-energy y-

ray emission from the M87 has detected with Fermi-LAT based on 10 months’ survey [47].

FIGURE 4.1: The X-ray count map of M87, with mentioned knots regions and backgrounds.
4.2.2 Pictor A

The broad line radiogalaxy Pictor A having two diffuse lobes included their bright hot spots,
located appropriately on different poles of the radiogalaxy have the morphology similar to
FRII sources [6,100]. In the optical emission spectrum of the Pictor A can be noticed
broadening of the lines, thus it was classified as a broad line radiogalaxy (BLRG; [101]). The

first radio observations indicate the source brightness in the radio wavelength, as well as

Page 69



have been one of the brightest radio sources [102]. The radio Very Large Array (VLA)
observation of the jet showed that it had relatively low luminous in comparison with the core
and extended lobes [100]. Then, the very long baseline interferometry (VLBI) observations
at 2.3 and 8.4 GHz showed the parsec scale structure of the jet, as well as discovered the
relativistic motion of the several components within the jet [103]. Further observations also
indicated the existence of compact hot spot inside the radio lobes [104]. Four knots have
been investigated in the optical band in 32", 43", 106" and 112" distance from the core
[105]. Moreover, interestingly in the X-ray band the emission from the jet is very bright as
found from the Chandra X-ray observations [24]. The radiation from the knots in the radio

to X-ray band can be well described by synchrotron radiation from the electrons [105].

R.A.

FIGURE 4.2 The X-ray count map of Pictor A, overlaid with radio contour, with mentioned four knots and
western hotspot regions.

In Fig. 4.2 the count map of Pictor A as observed in the X-ray band with the knots in the
large scale jet are shown. The X-ray count map overlaid with radio contour is taken from
[104]. The knots are named A, B, C, D following their distance from the core, where the
nearest one is at the distance of 30 arcsec (21 kpc) while the farthest one (D) at 105 arcsec
(73.5 kpc) (1 arcsec corresponds to about 700 pc). It is interesting to highlight the western
hotspot which is a distance of 4’2 arcmin (176.4 kpc) with linear size of 10 arcsec (7 kpc).

The three years of HE observations with Fermi-LAT have detected y-ray emission from the

Pictor A, with a significance of ~ 5.8, photon index, I' = 2.93 £+ 0.03 and integrated flux is
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E, = (58+0.7) x 10™° photoncm™s~* [106] and also included in Fermi-LAT 3FGL
Catalog [85].

4.2.3 3C 303

The radiogalaxy 3C 303 (z=0.141) has a peculiar radio structure and the VLA 1.5 GHz image
shows extended and exceedingly unsymmetrical kpc scale radio jet structure which is
creating two-sided lobes (west and east) with their hotspots [107]. There were dedicated
radio observations to investigate the emission from the western hotspot, which is very bright
in the radio band [107] (see Fig. 4.3 where the count map observed by Chandra is shown).
It is located at the end of one-sided jet approximately at the 36 kpc from nucleus as well as
408 MHz observation shows a double structure with [108]. At 5 GHz radio observations of
3C 303 shows that one-sided jet should have an inclination angle limited by < 40" and the
jet luminosity was estimated to be more than 0.7 ¢ [109]. Optical observation by 2.5-m
Nordic Optical Telescope have discovered optical counterpart of the composited radio
hotspot [110]. Afterwards, during the Chandra observation X-ray emission has been
detected from the hotspot and kpc-scale jet knots of 3C 303 [I11]. The brightest radio
structure hotspot was discovered [107] and also being resolved in the optical and X-ray

bands [111].

FIGURE 4.3: The X-ray count map of 3C 303, overlaid with radio contour, with shown knots, western hotspot
and background regions.
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The observations of 3C 303 resulted to detection of emission from near nuclear part and
then the jet emission processes can be investigated both near the central nuclear parts as
well as in the western hotspot the most extended and peculiar region [20]. The X-ray count

map is overlaid with 1.5 GHz VLA radio contour taken from [107].

4.2.4 3C 275.1

3C 275.1 (z=0.557) is well known lobe dominated radio quasars (LDQ), having strong nuclei
and interesting structured jet [112]. It is located at the center of a rich cluster of galaxies
and is surrounded by an extremely large elliptical nebulosity having a major axis exceeding
100 kpc [113]. The source has extended noncollinear radio structure, and morphological
studies indicate that the source exhibits “dog-leg” properties [114]. A parsec-scale radio
image obtained in 15 GHz observations shows a typical core jet structure with jet extending
toward northwest [115]. There are two visible components northern and southern hotspots,
and the observations at 5 GHz show that one-sided jet is connected with the north edge-

brightened radio lobe, while the opposite lobe appears to be separated from the core [114].
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FIGURE 4.4: The X-ray count map of 3C 275.1, shown with radio contour and the Northern and Southern
hotspot regions.
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Interestingly, the emission from the hotspot in the north radio lobe is detected not only in
the radio band, but also in the observations by Spitzer, Hubble Space Telescope (HST) and
Chandra [116, 117].

In the Fig. 4.4 the X-ray image of 3C 275.1 obtained by Chandra telescope with
corresponding hotspots is presented. The count map is overlaid with VLA 5 GHz radio

contour taken from [118].

4.2.5 3C 207

3C 207 (z = 0.684) has been identified as strong lobe dominated radio quasar and the
morphological study using VLBA observations shows activities both in the nuclear and the
lobe regions [115]. The 3C 207 radiogalaxy is characterized as its luminous core
correspondingly being continuum variable at short time scales [119]. Being very bright at
178 MHz, 3C 207 was included in Cambridge Third Catalog of Radio Sources (3CR) and
then the VLBA images at 8.4 and 1.4 GHz provided more detailed view of the source with
one-sided jet [120,121].

R.A.

FIGURE 4.5: The X-ray count map of 3C 207 with the radio contours.

In X-ray band, the Chandra telescope has allowed to study the origin and energy of non-
thermal relativistic electrons, correspondingly detecting X-ray photons from the northern
hotspot [122]. 3C 207 radiogalaxy also displays activity at high energies and consequently
detectable by Fermi-LAT, being included in first, second and third LAT AGN catalogs [47,

85,123]. The observations in the X-ray band with the Chandra telescope also resulted to

Page 73



detection of X-ray emission from the northern hotspot. In the X-ray band the regions A, B,
C and D are separated based on the observation of [124]. These regions are shown in the X-

ray image in Fig. 4.5 and the count map is overlaid with the radio contour taken from [117].

4.2.6 3C 111

The 3C 111 is a broad line radiogalaxy and has FRII [6, 125] radio morphology. The bright
source at z = 0.485 [126] was observed almost in all wavebands. The image of the 3C 111 at
20, 6 and 2 cm by VLA indicates the existence of rich extended structure with noticeable
twin jet and distinguished knots, as well as north and south lobes and hot spots [127]. The
jet inclination angle was estimated to be about ~ 20° [128]. The jet is extremely long
extending about 100 kpc on each side, and in this review 3C 111 is one of the candidates to
study the properties of the extended structures of AGN’s, including radio to X-ray
wavebands [129]. The Chandra observation investigates X-ray emissions from the vast
transverse northern jet, correspondingly detecting X-ray from the bright knots and hotspots
[130]. Eight radio knots and northern and southern hot spots were also observed in near-
IR/optical and X-ray bands, respectively with Hubble Space Telescope (HST) and Chandra
telescope and the radio to X-ray SEDs of the knots were explained with two zone

synchrotron radiation [129].
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FIGURE 4.6: The X-ray count map of 3C 111 where the the knots and hotspots are shown.
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The brightest features detected during the Chandra X-Ray observations are three knots in
the northern jet (which we call K30, K61, and K97) and the northern hotspot (NHS) [129].
Now for the current study we select new knots based on [129] and are shown in Fig. 4.6.
The overlaid radio contour is taken from [130] and it is remarkable that the hotspot NHS is
far from the nucleus about 121 arcsec. Also, the strong emission from nuclear region was
detected in the y-ray band which made this source an ideal object for studying the jet

emission in small and large scales [20].

4.2.7 NGC 6251

NGC 6251 is a huge elliptical of type E2 galaxy at redshift z = 0.024 (106 Mpc) [131] having
radio morphology similar to FRI sources. The nucleus is surrounded with ionized gas (~ 150
pc) as implies that the nucleus of NGC 6251 hosts a black hole with mass ~ (4-8) x 108 M,
[132]. The VLA observations at 1.48 GHz and 4.9 GHz bands show a core and a complex |et,
which is bright within 113 kpc, and it weakens and is curved at larger size scales [133]. Most
likely the radio jet in NGC 6251, remains relativistic up to large distances from the core and
it can be divided into (i) the bright inner region within ~ 120" from the nucleus, (ii) from
~ 120" up to ~ 180" weak central part, (iii) the outer region between ~ 180" and ~

270", and (iv) a curved and low-surface tail beyond ~ 270" [94].
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FIGURE 4.7: The X-ray count map of NGC 6251, overlaid with radio contour, with highlighted knots regions.
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The X-ray observations allowed to identify A, B and C knots (see Fig. 4.7) which are
respectively at distances < 180", thus we are able to investigate the emission from the
bright inner regions [20].

The X-ray emission from the large scale jet can be described by a power law with photon
index I' ~ 1.2 and IC/CMB radiation mechanism explains that X-ray emission, assuming that
the system keeps equipartition condition and emission is strongly boosted by § ~ 10 [134].
At the HE energies the NGC 6251 has been detected with Fermi-LAT [20,48].

The X-ray image of NGC 6251 is shown in Fig. 4.7 with corresponding knots. The overlaid

contour is the result of the VLA observation at 21 cm [135].

4.3 y-ray and X-ray data analysis

The HE y-ray emission of the selected AGNs has been investigated using the Fermi-LAT
accumulated during its first 7 years’ operation, from 4th August 2008 to 4th August 2015
(MET 239557417 - 460339204) [15]. The data analyses were performed following the steps
in the Section 2.1.4 using the following parameters. The data were analyzed with standard
Fermi Science Tools v10rOp5 software package released on May 18 2015, available from the

Fermi Science Support Center.
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FIGURE 4.8: Count map of 3C 111 with the included sources.

The latest reprocessed Pass 8 events with energy between 90 MeV and 310 GeV and

spacecraft data are used with the instrument response function P8R2 SOURCE V6 and
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enabling energy dispersion correction. However, the likelihood analyses were restricted to
100 MeV - 300 GeV energy intervals. Only events with higher probability of being photons
(evclass=128 evtype=3) are analyzed applying the standard cuts (e.g., the zenith angle
larger than 90°). The photons were downloaded from 10° around each source position taken
from [48] (except for 3C 207, M87, the radius 12 is chosen to have better modeling of the
region of interest (ROI)) and worked with a 90° x 90° square ROI. The photons are binned
with gtbin tool with a stereographic projection into pixels of 0.1° x 0.1° and into 35 equal
logarithmically spaced energy bins. The count maps of the 3C 111 and M87 includng ROI
sources are presented in Fig. 4.8 and 4.9. The model file is created using the Fermi-LAT
third source catalog [48] (3FGL) where all sources within ROI+5° region were included in
the model file. For the Galactic and diffuse background models gll_iem_vO5_revl and
iso_source_v05 are used, currently recommended by LAT team. The normalization of
background models as well as fluxes and spectral indices of the sources within ROI are left
as free parameters in the analysis. In order to find the best matches between spectral
models and events, the binned likelihood analysis is performed with gtlike and the detection
significance is quantitatively estimated using the Test Statistics (TS), defined as TS =
2(logL-logLy), where L and L, are the likelihoods with an additional source and null
hypothesis [136].

Using data from longer accumulation time than used in 3FGL, can result new y-ray sources
in the ROl which are not properly accounted in the model files. In order to probe for
additional sources, a TS significance map of the ROl is created using the best-fit model.
After subtracting the observed counts from the model map (constructed with the resulting
likelihood model), if there are new sources with TS > 25 they are included in the source
model file during data analysis, in addition to the 3FGL sources.

In the spectral analysis, initially the source spectra were modeled using Power-Law (PL)
spectral shape. In case, the source spectrum shows deviation from simple PL modeling,
more complex Power-Law with Exponential cut-off (PLEXP) or log parabolic (LP) shapes are
considered. In order to check for statistically significant curvature in the spectrum, log

likelihood ratio test was performed. After the likelihood fitting in the energy range between
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0.1-300 GeV, the Spectral Energy Distribution (SED) of each source has been obtained by
dividing the total interval into smaller bands and separately running gtlike for these

intervals.
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FIGURE 4.9: Count map of M87 with the included sources.

The X-ray Chandra data reduction and analysis have been performed, following the
presented in section 2.2.4 using the CIAO 4.8 with CALDB version 4.7.2. For each knot and
hotspot, the position and shape of the source region and the background are selected on
the assumption of the previous studies. We extracted the spectra and created weighted
response files for each observation, using the specextract script. The knots spectra were
rebinned, using a different count threshold, depending on the total number of counts, and
fitted in the 0.5-10 keV energy range using a power-law with the Galactic absorption model
where the index and the normalization are allowed to vary freely. The spectral fit was done

with Sherpa using the levmar optimization method and chi2datavar statistics.

4.4 Analysis results

The results from the current y-ray data analysis are summarized in the Table 4.2. For each
source the class, y-ray photon index (I'), flux (F,) (in the energy range from 90 MeV to 300
GeV), distance (d), y-ray luminosity (Ly(erg s‘l)) and TS are presented. Since reprocessed

PASS 8 version of data is used, most of sources have been detected well above 5¢ limit. The

nearest source included in the sample is M87 (at z = 0.00436) while the farthest one is 3C
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207 (atz = 0.684). The 7-years averaged y-ray photon index ranges from 2.02 (for M87
and 3C 303) to as soft as 2.70 (for 3C 111). The luminosity of the considered sources varies
in the range of 10** —10%*® ergs~' and the maximum y-ray flux of F, = (4.87 £ 0.32) x

1078 photon cm™2s~ ! observed for 3C 111.

TABLE 4.2: Results of the Fermi-LAT Data Analysis

Source Class r F,(>90MeV) * d(cm) Ly(ergs™) TS
M87 FRI 2024004 1.8440.18x10™° 568x10?° 8.18x10*  1033.52
NGC 6251 FRI 2354+0.03 281+0.15x107% 3.26 x 10%° 2 x 1043 1001
3C 111 FRII 270 £0.05 4.87+032x107% 6.32x10%°  82x10% 254.75
3C 303 FRII 2024019 1.49+08x107° 1.84x10%  7.16 x 1043 26
Pictor A FRII 2534012 1384037 x107% 457 x10%° 148 x 103 118.66
3C 207 SSRQ 2.634+0.08 158+023x107% 869 x10?7 569 x 105 120.8
3C 275.1 SSRQ 247+012 1.1+024x107% 7.23x10%® 3.12x10% 106

* photon cm™2s™!

The 7-years averaged spectra of all considered sources are better explained with power-law

model and only NGC 6251 shows deviation from PL above several GeV. The log likelihood

ratio test shows, that log parabola in the form of dN/dE, =NO(E],/Eb)_a_ﬁlog(Ey/Eb),

where, Ny, @ and 8 are free parameters, explains better the data. The corresponding SED is

shown in Fig. 4.10.

NGC 6251

H

S

—12+

2

Log[vF(v) (ergcm

Log(E,)
FIGURE 4.10: The SED of NGC 6251 in the range from 100 MeV to 300 GeV explained with Power-Law (black)

and Log parabola (blue) models.
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The Chandra X-ray data analysis results of the considered sources are presented in Table

4.3.

Table 4.3: The Chandra X-ray data analysis results of the knots and hotspots

K VE, reduced
x 107¢ photons s 'keV~!1 X 107'*erg cm™2s! x2
M 87
HST1 2.36+0.02 244.1+2.166 92.01+1.20 1.01
D 2.12+0.01 132.7+0.85 57.84+0.68 1.10
E 2.48+0.02 29.55+0.45 10.05+0.19 0.93
F 2.85+0.05 15.4+0.35 4.84+0.13 0.89
I 2.38+0.11 7.99+0.11 2.99+0.12 1.09
A 2.38+0.01 173.49+0.93 64.49+0.13 1.07
B 2.64+0.04 18.96+0.38 6.31+0.15 1.04
C 1.9+0.04 12.75+0.37 1.0£0.014 0.92
............................................................ PictorA
A 1.87+0.07 4.99+0.24 2.66+0.24 0.83
B 2.02+0.17 1.78+0.18 0.84+0.14 0.73
C 1.81+0.10 2.86+0.19 1.61+0.21 0.93
D 1.83+0.12 2.67+0.21 1.48+0.19 0.94
WHS 1.93+0.01 131.56+0.89 67.08%1.50 1.01
............................................................ 3C 303
WHS 1.51£0.32 6.73+1.28 5.18+1.80 0.84
............................................................ 3¢ 2751
NHS 1.67+0.30 3.16%0.58 2.04+0.68 0.64
............................................................ NGC 6251
A 1.61+0.46 1.59+0.5 1.07+0.5 0.91
B 2.02+0.44 1.28+0.37 0.62+0.2 0.81
C 2.29+0.28 2.21+0.38 0.87+0.19 0.72
............................................................ 3¢ 207
A 1.14+0.16 3.61+0.51 4.01+0.84 0.86
B 1.15%0.17 3.08+0.47 3.58+1.51 1.00
HS 1.38+0.38 0.79+0.26 0.99+0.49 0.71
............................................................ ac 111
k9 0.71x0.09 5.09+0.57 12.14+0.57 0.90
k14 0.97+0.21 1.73+x0.41 2.69+0.9 0.85
k22 0.65+0.3 0.748+0.32 1.86+0.8 1.1
k30 0.99+0.16 2.78+0.51 4.32+1.01 0.91
k38 1.27+0.55 1.03+0.51 1.06+0.6 0.62
k45 1.29+0.57 0.836+0.46 0.83+0.42 0.93
k51 1.28+0.69 0.56+0.31 0.81+0.51 0.53
k61 1.23+0.13 6.41+0.82 6.89+1.57 0.81
k97 2.07+0.67 0.91+0.37 0.40+0.17 1.09
NHS 1.41£0.24 2.21+0.51 1.92+0.65 0.91
SHS 0.89+0.77 0.59+0.47 2.71+2.01 0.97
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For each source knots, the flux and photon index measured in the energy range from 0.5 to
10 keV, the corresponding luminosity, and reduced Chi2 are presented. The results of the
individual knot studies are not discussed here because our prime task is to investigate the
origin of emission within these knots but below we have mentioned several interesting
results. First of all, it is interesting that many knots have the hard spectra in the X-ray band
which indicates that the emission spectra vFv representation is rising so cannot be
explained by the extrapolation of synchrotron emission responsible for the low energy
emission. The cases when X-ray emission defines the HE tail of synchrotron component are
also important, as it allows to estimate the highest energies in the underlying electrons, thus
to understand the acceleration and cooling processes but the hard spectrum needs to be
explained taking into account the contribution from other emission components.

The highest X-ray flux has been observed from the HST1 knot of M87 source and
corresponds t0 (92.01 + 1.2) x 10~ erg cm™2s~1. It is important to highlight the X-ray
emission from large scale jet of 3C 111, except k97 from all other knots the X-ray spectra
has very hard X-ray spectra implying there is effective particle acceleration along the jet.

In order to study the properties of the kpc scale jets in the X-ray band we have selected
three candidate sources (M87, 3C 111 and Pictor A), which have peculiar large scale

structure (knots, hotspots) resolved by Chandra.

HST1 o E F I A & C

vF, [x10 erg cm=2571]
T
- = - - -

2.8
2.6
— 24

12

0 5 [1] 15 20
Distance [arcsec]

Fig. 4.11: The changes of the flux density (top panel) and power-law photon indices (bottom panel) along the

jet in the X-ray 0.5-10 keV band along the jet of M87. The knot regions are mentioned above.

Page 81



The first source is M87, which has eight knots detected and well studied in the X-ray band.
In Fig. 4.11 is depicted the flux and photon index changes based on the best-fit results of the
M87 knots observations in different distances from the central source. As we can see the
nearest knot HST1 is the brightest, and the photon flux corresponds Fy = (92.01 + 1.2) x
107 erg cm™%s~1 with the photon indexTy = 2.36 + 0.02. Afterwards, the jet radiation
gradually decreases up to knot A. In the knot A which is the second bright knot the particles
are accelerated more efficiently and the X-ray flux increases up to Fy = (64.49 + 0.13) X
107 erg cm=2s~1 with photon index 'y = 2.38 + 0.01.

One of the most interesting structures has the 3C 111 radiogalaxy. The jet of 3C 111 expands
over 100 kpc, including nine knots (k9, k14, k22, k38, k45, k51, k61 and k97) and two (the
northern (NHS) and southern (SHS) hotspots regions. As depicted in Fig. 4.12, the results
are indicates that along jet of the 3C 111 radiogalaxy, I'y < 2, which shows that the HE
electrons are responsible for the emission along the jet. In particular, the X-ray photon
indices of I'y < 1.41 (for k97 knot) was measured which indicate that particles should be
accelerated inside k97, otherwise if the electrons are only accelerated in one region, they
cannot travel up to the extended regions, due to energy lose. Thus, 3C 111 is one of the
unique radio galaxies in the radiation and acceleration mechanism in small and large scale

structures can be studied.

k9 k14 k22 k30 k3R k45 k51 k6l k97 NHS

]

VF,,[)('l(I_Merg em~2571]
Lo £ = -

24
2.2

1.8
1.6

1.2
0.8

0.6
0.4

20 40 60 80 100 120
Distance |arcsec|

Fig. 4.12: The changes of the flux density (top panel) and power-law photon indices (bottom panel) in the X-ray

0.5-10 keV band along the jet of 3C 111. The knot regions are mentioned above.
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The jet of Pictor A is about 200 kpc and based on the previous studies we separate four
knots regions (A, B, C, D) in order to study the emission from the jet. The evolution of the
jet of Pictor A, up to D knot (approximately 100 arsec) is shown in Fig. 4.13. The results
show that the X-ray photon index is always about I' = 1.9 and the photon flux varies between
Fy = (0.8—2.16) x 107 ergcm™2s™! for the all knots along the jet. Probably this
indicates that the same radiation and acceleration mechanisms are responsible for the X-ray

emission along the whole jet, which is similar with the results of [105].
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Fig. 4.13: The changes of the flux density (top panel) and power-law photon indices (bottom panel) in the X-ray

0.5-10 keV band along the jet of Pictor A. The knot regions are mentioned above.

4.5 Theoretical modeling the spectral energy distributions

Below the emission from both nuclear (radio through y — ray) and knots (radio through X —
ray) are modeled. The spectral energy distribution modeling is a technique that is used to
make a conclusion of the physical properties of the AGNs, as well as particle acceleration

and radiation mechanisms from the large scale jets.

4.5.1 The Core region
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The multiwavelength emission of the cores of considered radio galaxies is modeled using the
synchrotron/SSC model. The radio through optical emission is due to the synchrotron
emission of energetic electrons in the homogeneous, randomly oriented magnetic field,
while the X-ray to HE y-ray emission is due to the inverse Compton scattering of the same
synchrotron photons.

The emission region (the “blob”) is assumed to be a sphere with a radius of R which carries
a magnetic field with an intensity of B and a population of relativistic electrons which have a

power-law with an exponential cut-off energy distribution expected from shock acceleration

theories:
NI(EL) = N Ee _aE Ee 4.1
e el — 0 mecz xp Eéut ( " )
ForE,,;, < E; < Epmax , Where E) .. and E;,,, are the electron maximum and minimum

energies respectively. The total electron energy U, = f)f,m_“" E,N.(E,)dE, is defined by Ng, a

is the electron spectral index, and E(,; in the cutoff energy.

Since the blob moves along the jet with a bulk Lorentz factor of I},,,;,, the radiation will be
amplified by a relativistic Doppler factor of § = 1/Tuu(1 -8 cos[B,ss]), Where 8, is the
angle between the bulk velocity and the line of sight. During the modeling of emission from

all sources considered here, a characteristic value for radio galaxies, d = 4 was used.

4.5.2 Large-scale jets

The SED of the knots discussed here are presented in Fig. 4.14-4.17. For some sources, the
emission from radio to X-ray bands can be interpreted with a single component, whereas
sometimes the X-ray flux is well above the extrapolation from the radio-to-optical spectra
and it hardens. This indicates that two components are necessary to explain the radio to
optical and X-ray emission from the knots.

The radio to optical emission from the knots is believed to be synchrotron emission of the
relativistic non-thermal electrons in the magnetic field. This is also supported by the
detection of highly polarized emission in the radio and optical bands. The radiation

mechanism usually considered to explain the origin of X-ray emission is either the
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synchrotron emission from a second much more energetic population of electrons (e.g.,
Ref. [9,10]) or the inverse Compton scattering on various possible sources of soft photons,
including the synchrotron photons (SSC; e.g., [13]) and the cosmic microwave background
photons (IC/CMB: e.g., [14]). In the case of SSC scenarios, since the luminosity in the X-ray
band (Lx_ray, SSC) should exceed the one observed in the radio band L,,q,, it is satisfied
only when Up < Us,,. Therefore the observed emission can be accounted for only if the
particle energy (U,) strongly dominates over the magnetic field thus contravening the
equipartition condition. Because of this, we only consider (1) the inverse Compton scattering
of CMB photons and (2) synchrotron emission from a second much more energetic
population of electrons. In the IC/CMB scenario, it is assumed that the emitting region
moves with a relativistic bulk Lorentz factor of I}, in order to predict a larger X-ray
luminosity, since in the jet frame the energy density of CMB photons will be enhanced by a
factor of I2,,. Usually the I}, (or d) are not well known for most of the sources. Thus, for
each source we used d (given in Table 4.4) for which the condition of Ly_,4y, > Lyqqi0 IS
satisfied. In contrast, if the X-ray emission is produced by synchrotron radiation from a
second population of relativistic electrons with very high maximum energy, it is not required
to have a highly relativistic jet, and we assume § = 1. Since the electrons with high
maximum energy would cool down quickly, then they must have been produced in a
separate episode of acceleration, which occurred more recently. Moreover, the second
population of electrons can be produced in different parts of the knot. We do not go much
into details, but assume that there are two different electron populations responsible for the
emission.

In the IC/CMB scenario the underlying electron distribution is given by Eq. 4.1 where the
cutoff energy allowed to vary only the cases when the optical flux constrains the HE tail of
synchrotron emission, while for the other cases it is fixed at E.,, = 100 GeV enough to
produce photons up to X-ray band. In addition to this spectrum, a power-law distribution in
the form of N ~ E~*PL is added to model the X-ray spectrum in the two-component
synchrotron scenario. Since the data are not enough to constrain E,,,, p; an artificial HE

limit of Ej, 0 pr = 1 PeV has been introduced, whereas E,,;, p, is left as a free parameter
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only ensuring that the flux from the second component does not exceed the first one. To
make the deviation from the equipartition condition as less as possible, we definen =
U./Ug, which is used as a free parameter with U, during the fit. This will allow to find the
optimum value for n when n = 1 does not give a satisfactory representation of the data. In
the two-component synchrotron model we fix n = 1 and perform fitting of the radio-to-
optical data. Then, fixing this magnetic field, the X-ray data are fitted with the second
component.

As in the previous section the model free parameters of both core and knot emissions are
estimated using MCMC methods. In the parameter sampling the following expected ranges
are considered:1.5 < (@, ap;) < 10, 0.511 MeV < E/,;; < 1 TeV and N, and B are defined as

positive parameters.

4.6 Results and Discussion

The results of modeling of broadband emission from the core, knots and hotspots of M87,
PictorA, NGC 6251 and 3C 111 are shown in Fig. 4.14-4.17 and the corresponding

parameters are presented in Table 4.4.
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FIGURE 4.14: The modeling of broadband emission from the core and HST1, C, D, A and B knots of M87.
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The photon index in the y-ray band is usually I > 2.4. The cutoff energy is above several
GeV with the highest cut-off energy of = 317.3 GeV required for M87, since its emission
extends above 100 GeV. The magnetic field varies between B = (0.3 — 100) mG a typical
value usually used in the modeling of emission from the radio galaxies, and the system is
close to equipartition condition withn = (10 — 600). Both the two-component synchrotron
and IC/CMB models can satisfactorily reproduce the observed data. However, since the
emission observed from M87 has a photon index of I, = (1.9 - 2.8), then it can be fitted
with the two-component synchrotron model only. When the X-ray emission is interpreted as
IC scattering of CMB photons with an energy density of =~ 4.0 x 10713(1 + z)*erg, it is
required that the jet remains relativistic far from the nuclear region, with § = 8 in some
cases. For most of the knots, the power-law index of electrons, defined by the radio and X-
ray data, varies from 2.1 to 2.8. The only exceptions are the SHS hot spot and the k45 knots
of 3C 111, which have a = (1.42 £ 0.005) and 1.85 £ 0.005, respectively. The cut-off energy
(when it can be estimated from the data) is> 1TeV, implying there is effective particle

acceleration above TeV energies.
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FIGURE 4.15: The modeling of broadband emission from the core, WHS hotspot, knot A, B and C of Pictor A.
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The estimated magnetic field varies within B =~ (1.0 — 20)uG. In the case of the two-
component synchrotron model, the power-law index of electrons (responsible for radio to
optical emission) is mostly defined by the radio data, changing from 2.03 to 2.85. The only
exception is the k30 knot of 3C 111, which is modeled with @ = 1.45 £ 0.06. Such a steep
spectrum is necessary, since the peak of the first component should be around 103Hz,
otherwise it will overproduce the X-ray flux. As compared with the previous model, a larger
magnetic field B = (10 — 430) uG is needed. The synchrotron emission of the second
population of electrons for the same magnetic field can explain the X-ray flux when
Emin = (2.03-331.1)TeV and a = (1.62 —4.31). The particle energy density of this

component is negligible as compared with the other one.
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FIGURE 4.16: The modeling of broadband emission from the core, knot k9, k14, k30 k61 and NHS and SHS
hotspots of 3C 111.
The fundamental quantity is the total power (particles + magnetic field) transported by the
jet flow. The total jet power can be estimated using the parameters derived from the SED
modeling using L, = mcRiT?U, and Lg = mcRiT?Uy for electrons and magnetic field,

respectively (I' = 1 is assumed in the two-component synchrotron model). The protons with
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unknown contribution to the jet have not been considered in the calculations since a

number of assumptions need to be made. The emission from the core can be modeled

using the jet luminosity from Ly, =L, 4+ Lg =5.1%10* ergs~'102.65x 10**> erg s™.

When the jet power is estimated for the knots, in case of the beamed IC/CMB scenario, the

total jet power should change from 7 x 10*3erg s~ to 10*” erg s~ in order to explain the

X-ray luminosity. In the two-component synchrotron model, the total jet luminosity is lower

< 5 X 10*%erg s~* but still does not differ by much as compared with the luminosity of the

core.
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FIGURE 4.17: The modeling of broadband emission from the core and knot A of NGC 6251.

Table 4.4. The results of modeling of broadband emission from the core and knots/hotspots

3 a Ecut(TeV) (@)  (EminpTeV)  B(uG) n I;Jeltoﬂ ergs-1
M 87
core 4.0 2841312 0.32%397 - - 3037.891312 592.2 0.51
HST1 1.0 242153594 10.48%33% - - 256.213 1.0 0.09
D 1.0 2.31#3999%  0.78%5:3%¢  3.323%%%1  3.01%3:938 324.878 1.0 1.20
E 1.0 23610902 201%911 4077393  3.03+005 272.560 1.0 0.56
F 1.0 2.19%31 0.59%3:9% 4.86733%  3.04%39% 317.081 1.0 0.40
| 1.0 2252395  0.661312 3.8210%8  3.23%33 267.039 1.0 0.08
A 1.0 2.23%00004 (7470003 38+0014 3 77+0.02 301.21 1.0 0.51
B 1.0 2.14%33%35  0.33%50%9¢ 4311398 2.16131¢ 433.653 1.0 1.89
C 1.0 2.21#33%%5  0.4%3:9%2 2.83%397  2.64%535 278.65 1.0 3.05
__________________________________________ o
core 4.0 24715318 0.008%5:95% - - 34862.57130  11.6 1.42
A 8.0 23873352  10.87%1% - - 1.644 23.6812:23 5.56
1.0 2073331 079943933 2751335 12.69723¢ 11.818 1.0 1.82
B 8.0 281%01 0.1 - - 8.902 1.4510:26 127.89
1.0 2.0 0.1 3.11%338  17.511§53¢ 13.64 1.0 1.92
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4.0
1.0
4.0
1.0
4.0
1.0
8.0
1.0
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2.67701% 0.1 - - 8.1165 1.384311
2 0.1 2711915 12.33+484 15.21 1.0
2.86139%  0.68+33%3 - - 2.18721 11.67%117

2.026%5522  0.921508 2784322 21.13%91¢ 5.3487 1.0
238150032 0.42%3%3% - 9.97 3.121983
22113038 0373924 2.88%0%%  5.81%3%% 45.92 1.0

3C 303
2.69%3:9%  0.0083%3:9353 - - 64159.99%3%%2  11.6
2.58130:990¢  1.547+3:932¢ - - 6.16 26.651337
2.621001% 09281098 2381029  14.98%511 48.45 1.0

3C 275.1
2.0773:093  0.004+5:5900¢ - - 77135.5412981  45.6
2.1943925  0.19%5:907 - - 8.47 1.0
2.75%59:03%  0.257%5:93% 23013951 4.63%933 51.42 1.0
NGC 6251

2.28%397  0.0143591% - - 15730.2215%2 47.0
213739997 1.084%3:9%3 - - 3.85 10.05%3:32
2.1773903%  2.08%331%  2.22%89017  10.12%317 34.24 1.0

3C 207
2.77%39%  0.01439%% - - 105577119397 15.0
1.9819221  0.145%392 - - 3.23 69.33+1%3%
2.64793%92  0.1513:92 231438 18.41*127% 79.84 1.0
229739033 0.12139%8 - - 7.53 4177281
2.58%53:081  0.09739995  2.19%3%3  13.39%1%7% 65.26 1.0
2.35%59:9%2  0.11%3:992 - - 20.54 1981527
23510097 0.09%30092  2.851373  13.4271%82 56.339 1.0

3c1mn
2.34%3%%  0.007%5:95%3 - - 32189.28%1¢53  41.0
241338041 1349182 - - 1.05 47.01%382
21413012 091143988 1.8¥335  89.971719%% 13.78 1.0
23670007 1947313 - - 2.59 22.09%%37
23173915 0.9813987 2.51%37 2.031333 36.81 1.0
2.58%5:0%8  3.52%932 - - 5.84 41.541411
25027301 09970932  2.73%581  331.07135%3 31.43 1.0
239753007 3.851043 - - 2.78 7.681972
1.45415:057  0.18%3913 2131537 99.09713841 18.57 1.0
2.23%3:9397  0.6413544 - - 2.46 4.6219%
240123317 0.9213%¢  1.73%3%1s  23.41%5:38 17.26 1.0
1.85%3:9%2  0.32%3:99%9 - - 1.12 64.1973:21
210613333 0.27439%8  2.73%383  150.58%3523 12.36 1.0
24213907 1.28713:9% _ _ 10.40 2.611013
23470038 0.81970028¢  2.867077 154.07+13%% 15.91 1.0
1.957393  0.1613:5544 - - 1.78 8.481573
2.1913958  0.19%3:998  1.623%J32 19.77F1153 19.24 1.0
2.851399%  9.14%13¢ - - 11.48 23.3315%
2.641301%  0.39%9925  3.2633% 5451359 66.26 1.0
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CONCLUSION

In this thesis, the emission processes in large scale jets of several radio galaxies (M87,
Pictor A, 3C 303, 3C 275.1, NGC 6251, 3C 207, 3C 111 and 3C 120) have been
investigated. The radio galaxies (sub-class of AGNs) are among the brightest sources in the
Universe. Compared with blazars, the studies of radio galaxies allow to investigate not only
the emission from relativistic jets but also from other components (lobes, knots, middle
relativistic plasma, etc.) which are crucial for understanding the physics of the AGNs. In the
recent years, the availability of multiwavelength data allowed to make detailed study of the
nonthermal processes in AGNs in general and radio galaxies in particular. The AGN studies
are improved after the launch of several telescopes, such as Fermi LAT, Chandra, NuStar
etc. The Fermi LAT provides continuous observation of sources, which are crucial for
understanding the variable emissions from AGNs. The high quality NuStar observations
significantly help to understand HE phenomena occurring in the core of AGNs while the
exceptional angular resolution of Chandra allows to resolve the components in large scale
jets and understand the emission processes in these components.

The main aim of this thesis is to estimate the main parameters of the extragalactic jets (e.g.,
luminosity, magnetic field, etc.) to compare these parameters in sub-parsec and kpc scales.
For this purpose, the emissions from the radio galaxies observed in the y-ray band which
have large scale jet resolved by Chandra are investigated. For the considered sources, the
data collected by Fermi LAT (y-ray band) and Chandra (X-ray band) are analyzed together
and the spectral energy distributions for the jet emission near the nucleus and farther from
it are prepared using available multiwavelength data. These SEDs are modeled using a
leptonic synchrotron and inverse Compton models, taking into account the seed photons
originating inside and outside of the jet. The model parameters were estimated using the
Markov Chain Monte Carlo methods. The jet main parameters in the innermost (< pc) and
outer (> kpc) regions of the jets are estimated by means of a detailed theoretical modeling.
This comparison can greatly help to understand the evolution and propagation of the jets

from central engine to kpc regions.
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In Chapter 1, the main unification theory of AGNs is presented discussing the main
difference in AGNs of different types. The jets of AGNs with their main structure and
components are also presented. Briefly, the main radiation processes (synchrotron emission
and inverse Compton scattering) their cross sections, cooling times, spectra etc. are
presented.

In Chapter 2, the Fermi LAT data extraction and the likelihood analyses methods are
described providing detailed information on the data analyses steps (e.g., spectral and
temporal analyses, light curve preparation etc.). The Chandra X-ray data analyses methods
are presented, providing details on data extraction, preparation, source and background
regions selections, spectral analyses with Sherpa, etc.

In chapter 3, the main properties of the powerful jet of 3C 120 are investigated using the
multiwavelength data (Swift XRT/UVOT, Fermi LAT and Chandra data) from the jet
observations on sub-pc and kpc scales. On April 24, 2015, the y-ray emission from the
innermost jet of 3C 120 was observed when within 19.0 min and 3.15 hours the flux was as
high as (7.46 + 1.56) x 107® photon cm™%s~! and (4.71 £ 0.92) x 10~° photon cm™?s~!
above 100 MeV which corresponds to an isotropic y-ray luminosity of (1.2 —1.6) x
10*%erg s~1. Such luminosity is unusual for radio galaxies and more typical for BL Lacs.
The synchrotron/SSC mechanism can reasonably explain the multiwavelength emission in
the quiescent and flaring states while in the flaring state an additional contribution from the
external photon fields cannot be rejected. The necessary jet kinetic power isLj.; =
(1.31 — 48.0) x 10** erg s~1. The X-ray emission from the knots has a hard photon index of
~ (1.6 — 1.8) with a luminosity of L ~ (1.0 — 4.01) x 10*! erg s~1. This X-ray emission can
be explained by IC/CMB models only if the jet Doppler boosting factor is & > 10. If the X-
rays are produced from the direct synchrotron radiation of the second population of
electrons, which are produced more recently than the cooler population responsible for the
radio-to-optical spectrum, lower jet luminosity and no bulk relativistic motion on kpc scales
is required.

In Chapter 4, using the multiwavelength observations of M87, Pictor A, 3C 303, 3C 275.1,
NGC 6251, 3C 207 and 3C 111, the main jet parameters are estimated through the
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theoretical modeling and the constraints on these physical parameters in the innermost (<
pc) and outer (> kpc) regions of the same jet are compared. The results show that the jet
luminosities of the innermost and outer regions are comparable, suggesting that the jet
does not suffer important energy losses when propagating from the regions close to the
black hole to those at hundreds of kiloparsecs from it. However, at larger distances the

magnetic field and the particle energy density decrease, and the jet becomes radiatively

inefficient.
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