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INTRODUCTION

The recent progress of technical capabilities of the ground- and satellite-based
observatories have made it possible to investigate the physical processes taking place in
both Galactic and extragalactic sources studying their emission in a large frequency range
(multiwavelength astrophysics). Due to the large number of currently operating telescopes
and their mostly publicly available data, multiwavelength astrophysics has become one of the
fastest developing and most perspective fields of astrophysics.

According to broadband observations, large multiply sources of different classes have non-
thermal spectra ranging from radio to high energy (HE; > 100 MeV) and very high energy
(VHE; > 100 GeV) bands. These include Galactic sources such as pulsars, supernova
remnants, pulsar wind nebulae and binary systems and extragalactic sources, for example
Gamma-Ray Bursts (GRBs) and Active Galactic Nuclei (AGNs). From extragalactic sources
GRBs are short-lived bursts of y-ray photons, which last from a few milliseconds to several
minutes, while AGNs constantly emit for a very long time, making them one of the most
powerful long-lived objects of the Universe. AGNs are strong emitters in all observed energy
bands being among the most studied sources. The study of AGNs quickly developed since
their discovery, but tremendous progress was achieved after the recent lunch of several
telescopes operating in X-ray and HE y-ray bands, such as Swift, NuSTAR, Chandra and
Fermi-LAT.

A wide range of objects is subsumed under the name of AGNs in common have a strong
non-thermal emission from the core of a galaxy: although, they are characterized by
different optical and radio spectral properties. The main structure of these sources are
shown in Fig. 1. The central supermassive black hole is surrounded by an accretion disk,
which for all AGN types emits in the optical and UV energies. This thermal radiation
photoionizes the gas around the black hole and as a result broad and narrow emission lines
are observed, where the broad lines are coming from a region with a size of ~103
Schwarzschild radius around the black hole and the narrow lines are produced from a
much more extended region. The strong infrared emission of all AGNs argues for the

presence of obscuring matter (torus), which is concentrated on the plane in which the
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accretion occurs. The accretion disk produces highly collimated and fast outflows (jets) in
opposite directions, which provide the broadband non-thermal emission and has been
observed in almost all powerful radio-loud AGNs (roughly 15— 20% of AGNs are radio-

loud, meaning they have ratios of radio (5 GHz) to optical (B-band) fluxes > 10).
" Narrow Line
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Figure 1: The main structure of AGNs [1].

The motion of the plasma in these jets can reach from middle relativistic to high relativistic
apparent velocities and the emission from them has been observed across all
electromagnetic spectrum: from radio to HE y-ray bands. The observations at low energy
band allowed the investigation of the jet in sub-structures and sub-parsec scales, which
showed internal structures, such as knots and hot spots.

The observations at HE band (X- and y-ray) are equally important, since the large fraction
of the jet energy is released in these energy bands. Up to now, it is uncertain how the jets
are formed, accelerated and confined. For example, freely expanding jets probably should
have large opening angles while the observations show narrow structures, requiring
confinement and collimation. The new theories should address and explain the collimation
and propagation of the jets using the recent results from the multiwavelength observations.
The main unification scheme of different AGNs classes offered by [1] relies on the viewing
direction or the inclination angle of the jets. For example, when the inclination angle is large

to the observer, the radio loud AGN is a radiogalaxy whereas AGN with closely aligned jet is
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appeared as blazar. Some other divisions of AGNs are possible in the case of jet
intermediate angles, such as Compact Steep Spectrum (CSS) radio sources or Steep
Spectrum Radio Quasars (SSRQ). Another important class of AGNs interesting for y-ray
observations is Narrow line Seyfert 1 (NLSyl) galaxies. These sources have only recently
been detected in y-ray band, but due to interesting structures and detected strong y-ray
emission these sources are important for studies. Also, the detection of different
components (knots, hot spots, lobes, etc.) within the jets of AGNs in different bands
provides a new chance to investigate the physical processes occurring in these sources.
According to the unification theories, AGNs are the same objects, but viewed from different
directions. This implies that the studies of radiogalaxies, blazars or seyferts can help to
understand the properties of AGNs in general. Due to the large number of currently
operating telescopes, large numbers of AGNs have been observed in different energy bands
opening new perspectives for their studies. For example, the theoretical modeling of AGNs
broadband spectra obtained from the combination of data observed in different energy
bands allows the understanding of the main acceleration and emission processes operating
in AGNs. On the other hand, the studies of large numbers of the same class sources (e.g.,
BL Lacs, FSRQs, radio galaxies etc.) allow to find common behaviors between them, which
are crucial for understanding the general physical processes in AGNs (e.g., different
component formation, their evolution, etc.). Unlike, the observations in the low energy
bands (radio-X-ray), the data in the high energy y-ray band were available only after the
lunch of Fermi-LAT in 2008. Thus, their analyses and interpretations are among the most
actual topics in astrophysics.

In the y-ray band after initial 4-years of Fermi LAT observations, more than 1000 AGNs of
different types were detected above 100 MeV. Most of these sources were blazars although
small numbers of non-blazar AGNs also were detected. This thesis is devoted to study the
properties of AGNs, which show no-blazar like emission properties and being detected in
the high energy y-ray band. In total there are 27 non-blazar AGNs detected by Fermi LAT
including Fanaroff-Riley Class | (FR-1), Il (FR-Il) and SSRQ (CSS) types. Studying the

spectral properties of these sources and comparing with similar parameters of blazars
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provides a chance to understand the AGNs features in the y-ray band. In the current study,
the y-ray data observed during 2008-2015 are analyzed with corresponding spectral
properties (flux, photon index, etc.) estimation, which allows to find common properties of
different types of non-blazar AGNs. Then, possible spectral changes in (0.1 —100) GeV
band are investigated by spectral analyses. In order to identify the y-ray emitting sites,
detailed temporal analyses in long and short time scales are performed. For example, if the
variability can be rejected at high significance, this might be an indication that high energy
y-rays are produced from extended components (e.g., knots, lobes, etc.). Next, having the
data of UV/optical, X-ray and y-ray bands the origin of emission from some sources are
investigated by estimating the model free parameters using statistical methods. Also the y-
ray emission characteristics of recently detected 5 NLSyls are discussed, which facilitate
their jet studies as their y-ray spectra, flux, luminosity, etc. Then these results are
compared with those of radio galaxies and blazars (aligned and not aligned cases). These
studies are crucial for the study of non-blazar AGNs properties in the y-ray band using the

most recent available data.

The goals of the thesis are:

o Analyze Fermi-LAT data accumulated from the observations of 27 non-blazars AGNs
during 2008-2015, using the binned likelihood method

o Estimate the y-ray flux and photon index, investigate the spectra above several GeVs,
search possible deviation from power-law model.

e Study the flux variability both in short and long periods using the light curves
generated with normal and adaptively binned time intervals.

e Study the HE y-ray emission from the brightest radiogalaxy in MeV/GeV band NGC
1275. Investigate flux evolution in time, identify flaring periods and estimate flux
variability time scale.

o Estimate the y-ray luminosity, photon index and flux of NLSyl galaxies, study the
acceleration and radiation processes of the electrons in their jet by modeling their

multifrequency SEDs.
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Study the radiation processes in the jet of PKS 0625-35, which is one of the
radiogalaxies detected in the VHE y-ray band. Estimate the main parameters

describing the jet, such as luminosity, magnetic field, total power and etc.

Scientific novelty:

The results obtained from the Fermi-LAT data analysis accumulated during the 7
years of the observations of 26 non-blazar AGNs it was shown, that the measured

2

faintest flux is of the order of a few times 10~° photon cm=2 s~1, while the flux from

bright sources exceeds 107 photon cm™>

s'. In the I — L, plane, the luminosities of
non-blazar AGNs occupy the area of L, = (1.12 x 10*' — 7.85 x 10*®) erg s™* and the
y-ray photon indexes change within 1.84 — 2.86 range.

We showed, the y-ray spectra of most of the sources studied here are described
significantly better by a PL, while the spectra of NGC 6251, SBS 0846+513 and PMN
J0948+0022 are better modeled with log-parabola and the curvature in the y-ray
spectrum of NGC 1275 can be better described using power-law with eexponential
cut-off (B free). There is a hint of possible cut-off in the spectra of 3C 380, PKS
0625-35 and TH 0323+342, though the current data does not allow us to reject the
power-law model.

Using the y-ray light curves generated with an adaptive binning method we identified
rapid and strong variability of NGC 1275, 3C 120 and three NLSyl 1H 0323+342,
SBS 0846+513 and PMN J0948+0022 galaxies accompanied by changing of photon
index. The variability was also detected from 3C 111, Cen A core, 3C 207, 3C 2751,
3C 380, 4C+39.23B, PKS 1502+036 and PKS 2004-447 sources, but within longer
times scales.

Studying the HE y-ray emission of NGC 1275, we found that source displayed
prominent flaring activities in October 2015 and December 2016/January 2017 with
the 3-hour peak flux above 100 MeV of (3.48 +0.87) x 107®photoncm 2 s~!
observed on 2016 December 31 corresponding to an apparent isotropic y-ray
luminosity of L, =~ 3.84 x 10* erg s~'. The shortest y-ray variability time scale of

this source was 1.21 + 0.22 hrs, which is unusual for radio galaxies. The observed
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hour-scale variability suggests that the HE y-ray emission is produced in a very
compact emission region with R, <522 x 10'*(6/4) cm, and perhaps it is
produced in a sub-parsec scale of the jet.

Observing PKS 0625-35 radiogalaxy in optical/UV, X-ray and y-ray bands using the
data gathered with Swift UVOT/XRT L Fermi-LAT instrument during 8.7 years, we
found out, the one-zone synchrotron/SSC model can reproduce the observed
multiwavelength SED. Assuming the electrons are accelerated up to E,,,, = 50 TeV
with a power-law index of a =2.63 —2.76, the observed spectrum above TeV
energies can be explained by IC scattering of synchrotron photons on the electron

population producing the radio-to-X-ray emission in the jet.

Basic statements of the thesis:

1.

The HE y-ray emission properties (photon index, flux, luminosity) of non-blazar AGNs
Fermi-LAT data accumulated during 7 years of observation are investigated.

It is shown that, in the case of NGC 1275, NGC 6251, SBS 0846+513 and PMN
J0948+0022 spectra the power-law modeling can be rejected and are statically
better described by log-parabola or power-law with exponential cut-off models.

Short time variability of y-ray emission for NGC 1275, 1H 0323+342, SBS 0846+513
and PMN ]0948+0022 sources are detected, while the variability of 3C 111, Cen A
core, 3C 207, 3C 275.1, 3C 380, 4C+39.23B, PKS 1502+036 and PKS 2004-447 is
within longer periods.

The study of y-ray flaring periods of NGC 1275 showed, that the flux changes rapidly
within 1.21 + 0.22 hrs, when the y-ray flux increased up to (3.48+ 0.87) X

2 -1

107 photoncm™2 s
It is shown that the broadband emission (107 —10%7) Hz of PKS 0625-35
radiogalaxy can be explained within synchrotron/synchrotron self Compton scenario
if the maximum energy of accelerated electrons reaches up to 50 TeV.

Studying the y-ray emission from three NLSyl sources (IH 0323+342, SBS
0846+513 and PMN J0948+0022), it is shown that the emission is characterized with

short time variation implying the emission is produced within the compact regions of
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the jet. The broadband modeling of the emission from these sources showed that HE

y-ray emission can be well explained by IC scattering of synchrotron photons.

The practical value:

e The results obtained from the y-ray data analysis of a large number of non-blazar
AGNs can help to understand the acceleration and radiation processes in their jets.

o NLSyl galaxies were only recently classified as y-ray emitters, therefore study the
properties of y-ray mission from these sources is important to understanding the
physical processes in their jets responsible for broadband emission from very
compact region of the jet as inferred from the variability in short time scales.

o The results obtained from the multiwavelength studies of NGC 1275 and PKS 0625-
35 radiogalaxies can be used for investigation of the acceleration and the emission

processes in the inner jets of radiogalaxies.

The thesis is structures as follows:

In introduction the novelty and the importance of the problems considered in the thesis

are briefly discussed, presenting the previous results and emphasizing the main goals.

In chapter 1 the unification model of AGNs classification is briefly described, mainly
considering the broadband properties of radiogalaxies, NLSyl galaxies, SSRQ and CSS
quasars. Also, the main radiation processes (synchrotron and inverse Compton emission),
which are responsible for low and high energy emissions of AGNs, are presented. Then, the
description of Swift telescopes and Fermi-LAT telescope are presented describing their
technical parameters, observational methods, etc. Also, the detailed analysis of optical/UV,
X-ray and Fermi-LAT data are described including multifrequency light curve and SED

preparation.

In Chapter 2 the main characteristics of y-ray emission from 27 non-blazar AGNs included
in the third Fermi-LAT AGNs catalogue are investigated. The data of eleven FRI, ten FRII
radiogalaxies, six SSRQs and five NLSyls are analyzed using the new PASS 8 event selection

and instrument response function. Possible spectral changes above GeV energies are
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investigated with a detailed spectral analysis. The light curves generated with normal and

adaptive time bins are used to study the y-ray flux variability.

In Chapter 3 the y-ray emission from the brightest radio galaxies in the MeV/GeV band-
NGC 1275 is investigated. Using 8.7-year duration light curve of Fermi-LAT prepared with
normal and adaptive binned periods, the flaring periods are identified. The detailed
temporal and spectral analyses are performed for these active periods creating SEDs during

and around the flares are prepared, then corresponding emission processes are discussed.

In Chapter 4 the y-ray observation of PKS 0625-35 radiogalaxy using the Fermi-LAT data
accumulated during 2008-2017 are presented. Constructing the multiwavelength light
curves in the y-ray, X-ray and UV/optical bands identifying active and steady states of X-ray
radiation. Then the corresponding SEDs are prepared and modeled using Markov Monte

Carlo Chain methods estimating main jet parameters (luminosity, magnetic field, etc.).

In Chapter 5 the multiwavelength emission properties of most variable NLSyls (1H
0323+342, SBS 0846+513 and PMN ]J0948+0022) are discussed, using the y-ray data
from the last 8.8 years Fermi-LAT observations as well as available Swift (UVOT/XRT) data.
The flares in the y-ray band are identified and minimum variability periods are estimated.
One zone synchrotron/synchrotron self-Compton leptonic radiation mechanism is applied to

model the multiwavelength SEDs in quiescent and flaring states.

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

[13]



Chapter 1
1. MULTIFREQUENCY OBSERVATIONS OF AGNs

AND DATA ANALYSES

1.1 The classification of AGNs: The Unified Model

The unified model of AGNs proposed by [1] is based on the optical/UV and radio properties,
which connects FR-I radiogalaxies with BL Lack blazars and FR-Il radiogalaxies with FSRQ
quasars. Even if this is not a unique model, it can describe several important properties
observed in AGNs. Mainly, AGNs classification is explained by different viewing angle of the
relativistic jet, existence (or absence) of dusty structure around the accretion disc, which
absorbs the broad line emission, etc. (see Fig. 1.1). Below, some properties of FR-I and FR-II

radiogalaxies, SSRQs, CSSs and the y-NLSy1s non-blazar AGNs classes are described.

high power
BL Lac FSRQ

radio-loud (RL) AGN

NLRG /'

dusty absorber
accretion disc

|
v\ e )
Seyfert 2,)1 ¥ o e .
¥ i T e
\ " N\
\ » ® *o» -
X » e electon plasma
black hole
broad line region

<
\
A narrow fine region

radio-quiet (RQ) AGN

Figure 1.1: Sketch showing the structure and the main ideas of the AGNs unfied model. Credit: [2].

1.1.1 FR-I and FR-Il Radiogalaxies

The radio galaxies can be grouped in two main categories based on their radio morphology
and observed radio luminosity [3]. In particular, the radiation of FRIs is mainly produced
from the core and gets fainter farther from it, while in the case of FR lls the farther part of

[14]



the jet is brighter. The difference of these two sub-classes can be seen on Figure 1.2, where
the sources M 84 and 3C 175 are shown. These classes are also divided by their
luminosities: namely, the radio luminosity of FR-I at 178 MHz is < 10*! erg s~! while in the
case of FR-Il class it is larger than the mentioned limit. In the AGN unification theories FRI

and FRII sources are the parent populations of BL Lacs and FSRQs [1].
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Figure 1.2: Eaxmples of the radio maps of M84 (FR 1) [4] and 3C 175 (FR II) [5] galaxies obtained

&
S

with Very long-baseline interferometry (VLA) at 4.9 GHz.

1.1.2 SSRQ and CSSs Quasars

CSS radio sources are characterized by the steep spectrum (a = 0.5, where S~v~%) in radio
band and have (1-20) kpc compact scales not exceeding the size of the host galaxy [6]. The
radio morphology of these sources are similar to FR Il radiogalaxies, but within smaller
scales. Based on the symmetric radio structure in the both side of the core and the scales,
this class was divided into two sub-classes, which are compact symmetric objects (CSOs, [7])
if the physical extension is <1 kpc and medium-sized symmetric objects (MSO, [8]) for the
sources with up to (15-20) kpc scale. The recent studies in radio and optical bands showed,
that these sources are enough young (< 10° yr), which means that they are observed in the
initial stage of their evolution [9]. SSRQs usually have lobe dominated radio emission with
larger inclination angle of the jet compared to the blazars and consequently, the beaming
effect of the radiation is weaker [10]. In particular, it is not clear whether the variation of
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the flux is conditioned by thermal emission from the accretion disk like in the case of radio
quite quasars or the variation is due to the non-thermal emission. For example, as
mentioned in [11], the optical variability is most likely due to the thermal emission of the
accretion disk, although the non-thermal emission from the jet as a possible reason for the
variability can’t be excluded. Similar to radiogalaxies, SSRQs also have high luminosities of
the jets, and radiation from lobes and hot spots have been also detected in the large

distances.

1.1.3 The y — NLSy1 Galaxies

The classification of y-NLSy1 galaxies as a new class first time was performed by [12] based
on the Balmer lines widths and [Olll] forbidden lines: namely, their full width of half-
maximum (FWHM) of the broad Hp line is < 2000 km s, the emission of [O Il1] is weak( [O
[11//AS007/HB <3), and compared to normal seyferts they also have strong Feii lines [13] and
soft X-ray spectra [14], which exhibits short time variations of the flux [15]. The y-ray
emitting NLSyls are radio loud (RL) galaxies (generally only 5 — 7% of NLSyls are RL) with
relatively low black hole mass of ~(10° — 108) M, [16] and powerful relativistic parsec scale
jets resolved in VLBI images. Recently, also several NLSyls were detected in the y-ray band
by Fermi-LAT [16, 17]. The accretion powers of these sources are comparable or above the
Eddington limit [18]. The multifrequency observation showed similarities between SEDs of
these sources and FSRQs [19], although there are some differencies. In particluar, the host
galaxies of NLSyls are most likely spiral galaxies (e.g.,[20]), while blazars are hosted by

elliptical galaxies and compared to NLSyls they have heavier black holes [1].

1.2 The Main Processes Responsible for AGNs Emission

1.2.1 Thermal Radiation

The thermal emission observed from the AGNs is black body emission. This radiation is

described by Planck law, where B, (T) intensity is given by:

2rvd 1

B,(T) = == (1.1)

ekT—1
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where h = 4.135 x 10715 ev s is the Planck constant, T is the temperature of the system,
k =8.617x 107 %ev K~! is the Boltzmann constant and v denotes the frequency of the

radiation. The dependence of the intensity on the temperature is shown in Figure 1.2.
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Figure 1.3: Black body radiation for different equilibrium temperatures, showing shift of the

intensity into higher energies due to the increase of the temperature.

Thermal emission from AGNs is observed from the accretion disc, which peaks at

optical/ultraviolet or soft X-ray bands.

1.2.2 Synchrotron Radiation

When a charged particle(s) moves in the curved paths due to the Lorentz force produced by
inhomogeneous magnetic fields, it emits photons by synchrotron emission. When the

magnetic field dominates over the electric field, the Lorentz force on the charged particle is
F,=qX B %xB, (1.2)

where g is the particle charge, f = v/c denotes the particle velocity and B is the magnetic
field. It can be shown that the synchrotron power produced by a single electron obtained

from the generalized Larmor formula is expressed as

P,(0) = 207y?B?*cUgsin™2 0, (1.3)
here o = 6.65 x 1072° ¢m? is the Thomson cross section, 6 is the angle between magnetic
field line and the velocity vector called pitch angle and Uy = B?/8m is magnetic field energy
density.
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In the case of isotropically distributed pitch angles

P, = (4/3)ory?B%cUyg, (sin?0 = 2/3). (1.4)
Using this expression, we get the synchrotron cooling time for electrons. In the case of
p = 1 it has the following form:

E  3ymec
P, 4o;y2Up

tsyn -

(1.5)

The electron radiation power per unit frequency, when the pitch angle and Lorentz factor

are given, is given by [21]:

dN. V3e®B _ (E
L= —— (—V) (1.6)
dE,dt m.c?hE, \E,
Here
F(x) = xf:Ks/?,(T) dr, (1.7)
where K; 5 is the modified Bessel function and E, is the electron characteristic energy
E = 3ehB 18
c 4‘7Tmecy " ( . )

In the astrophysical sources the synchrotron emission is produced from the population of
electrons, which usually have a spectral energy distribution (SED) of N.(y) = Noy ™. In
general, the flux of synchrotron emission can be calculated by integrating the SED for all

electron energies. It is given by following formula [22]:

V3646'e3B

syn D INTT (A 0

=— dy'N,(y')F (x), 1.9
€ 1 Flf J.l e( ) () ( )

where €' = hv;/mc? is the dimensionless emitted photon energy and d; is source distance.

1.2.3 Inverse Compton (IC) Scattering

Inverse Compton (IC) scattering is the main mechanism responsible for the emission of the
high energy component of AGNs. The electron energy lose rate of IC scattering in the

Thomson regime is obtained by subtracting the initial radiation power from the scattered:
4
Pic = gO-TyzﬁZCUrad' (1.10)
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where U, ., is the photon field density before the scattering. Therefore, the cooling time of

a single electron can be written as

E 3ym,c

e Pic  4ory?p?U, ( )

The differential spectrum of IC scattering in the lab frame obtained by [23] is given by

following equation:

dN. nréc n(e)de
Y.€ __ 0 ( ) (2 Sln

= e+ 4yle— i) (1.12)
dtdeg 2yt €2 2¢ 2y2e )

4y
where, 1y =2.81794 x 107 cm is classical electron radius, ¢ and ¢; are energies of

interacting and scattered photons, respectively and n(e) represents the photon density.

1.2.4 Synchrotron/Synchrotron Self-Compton (SSC) Model

This most popular and successful radiation mechanism explaining the broad band (radio to
MeV/GeV) non-thermal emission of the relativistic jets is SSC model [24], where the low
energy component of the spectrum is interpreted as synchrotron radiation, while the high

energy component is described by IC scattering on the same population of electrons.
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Figure 1.4: Scheme showing one zone homogeneous spherical region moving with relativistic

velocity within the jet.

To compute the radiation, it is assumed, that the radiation is produced in spherical region,
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where the electrons are accelerated through the first order shock or stochastic second
order mechanisms. As the emitting region moves with relativistic velocities, the radiation is
beamed by 6, = 1/(I'(1 — Bcos 6)), which amplifies the flux (vE,) by 6. In general case,
the observed flux of SSC is [22]

we 9 (1+2)%07€}” d , Esy" Vmax e(V)
& 716 md2c%t:, . dy'

v,min

F.(q,1), (1.13)

ymln
where € = hv/mc? and € = hv/mc? are the dimensionless radiated photon energies in
the observed and lab frames, respectively and t,.,;, represents the minimum variability

scale of the flux in the observer frame.

1.3 The Neil Gehrels Swift Observatory and the Fermi
Gamma-ray Space Telescope

Relativistic jets in AGNs are responsible for the non-thermal emission, which covers the
whole electromagnetic spectrum. To understand the origin of the emission it is important to
study these sources especially in optical/X-ray and y-ray bands, since the emission in these

bands are most likely produced from the single population of the electrons.

Instrument Energy range Observing range
Swift/UVOT Optical/UVOT 170-650 nm
Swift/XRT Soft X-ray 0.3 -10 keV
Fermi/LAT y-ray 0.1- 300 GeV

Table 1.1: The main detectors provided the data used in this work.

In this section the detailed description of the data analysis obtained by the detectors on the
board of Swift Observatory and FGST are presented (except for the instruments, which data
were not used during this work). The Fermi Large Area Telescope (Fermi-LAT) is the main
detector on the board of FGST operating in the HE y-ray band since August 2008. Swift

telescope was launched on 2004 with three instruments on the board (Ultraviolet/Optical
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Telescope (UVOT), X-ray Telescope (XRT) and Burst Alert Telescope (BAT)). Initially, its
main mission was to detect gamma-ray bursts (GRBs), but then it was also used to study

AGNs. The observational energy ranges of detectors, which data are used in this thesis are

listed in Table 1.1.

1.3.1 The Neil Gehrels Swift Observatory

The “Neil Gehrels Swift Observatory” space telescope caries three instruments on board
providing data in the optical/UV, X-ray and y-ray bands. The descriptions of these

instruments are presented below (for more details please see [25]):

The Burst Alert Telescope (BAT). The BAT shown in Fig. 1.5 (upper right panel) is hard X-
ray transient instrument with large field of view (FOV) (1.4 sr) and operates in 15-150 keV
energy range. The large FOV allows 88% observation of the sky each day, detecting the
photons with 64 seconds time resolution. The last all-sky survey of the BAT telescope is

based on observations during 70 months, which mostly contains AGNs.

The X-Ray Telescope (XRT). The Swift/XRT (see Figure 1.5, middle panel) is CCD based
telescope, which performs localization, spectroscopy and light curve monitoring. It has 110
cm”2 effective area, 18-arcsec resolution, 23.6x23.6 arcsec FOV and detects photons in

0.2-10 keV energy range. The instrument can operate in four readout modes.

Imaging mode: The charged-coupled device (CCD) of this mode is like optical CCD, but
unlike Photon Counting (PC) mode, this allows photons to be piled up and no recognition
on-board is performed. This mode is not useful for bright sources, due to the pile up effect,

but it can precisely calculate centroid position and perform a good flux estimation.

Photodiode mode: This mode provides a reliable timing information with 0.14 ms time

resolution. But unfortunately, this mode is useful only in low rates.

Windowed Timing (WT) mode: The WT mode like the previous one hase a good time
resolution (2.2ms) providing a spatial 1-D dimensional imaging, where the central 8 arcmin
of the FOV are restricted to 200 columns, and the energy resolution is not restricted. The

example of this mode is presented in Fig. 1.6 (right panel). For bright sources this mode is
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very useful, because the pile-up effect appears only above the count rate of 100 count s,

which compared to count rates of AGNs is very high.

UWV/Optical Telescope
(UVoT)

/ Sunshade Mask
|

X-Ray Telescope
(XRT)

Burst Alert Telescope
(BAT) 2 Graded-Z

Shield

Optical Bench
Optical
Bench

Spacecraft
Module

Control Box
XRT Radiator

Power

Radiator Supply Box

BAT Detector Array

XRT Effective Area

1000 ¢ T T T L R

Electronics Box TP
—

=
=]
=]

Effective Area cm2

Radiator | |

1 M T [ R
flal] BB 500 1003 A0 [{u]+ 1] 10000

Energy (V)

Other Swift Science Instruments

60 ——————— 7

Defecor Processing Bectronics

\ﬁlh‘ Wheel / Telescope Power Supply I T
O e T u
1 y 3
AN i —_—
]

LN el R B ERE

b
o

LEE L S 1 B L0

no
(=}

Effective Area (cm?)

4_/1%’:

oo

T

\
|

s
2000 4000 6000 8000
Wavelength (&)

Figure 1.5: The three detectors on the board of Swift satellite (upper left panel). The burst alert
(BAT) (upper right panel), the X-ray telescope (middle panel) and UV-optical telescope (bottom

panel).

Photon-counting (PC) mode: The PC mode is based on the traditional frame transfer

operation of X-ray CCD. Unlike the WT mode, the imaging for this mode is two
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dimensional. The energy resolution is not restricted and the time resolution compared to
WT mode is bad (2.5 s). This mode is useful in low rates (< 0.5 counts™ ), where the pile-
up effect is negligible, but for higher rates we restore the PSF following the procedure

described in [26].
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Figure 1.6: Examples of PC and WT modes with the chosen source and background regions.

The Ultraviolet/Optical Telescope (UVOT). The UVOT is a 30 cm modified Ritchey-
Chretien optical/UV telescope performing optical and UV photometry in (170-650 nm)
waveband using seven lenticular filters (see Figure 1.5, lower panel). The FOV of this
telescope is 17'x 17’ containing 2048 x 2048 pixels. Despite the poor aperture, this

detector is a good addition to other detectors, providing simultaneous multifrequency data.

1.3.2 The Fermi Gamma-ray Space Telescope (FGST)

FGST telescope was launched in August 2008 carrying 2 instruments on the board: Large
Area Telescope (LAT) and Gamma-ray Burst Monitor (GBM). Below we describe common

technical details of these detectors and the detailed descriptions are provided in [27].

Large Area Telescope (LAT): The LAT is pair-conversion telescope sensitive to high energy
y-ray photons in the 20 MeV-300 GeV energy range (see Fig. 1.7). Every moment, it scans

20% of the sky and covers the whole sky every 3 hours. This detector consists of
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calorimeter for energy measurement, 16 dual silicon particle tracking detectors and data
acquisition module. The detection principle of Fermi-LAT is following: photons interact with
thin tungsten layers called conversion foils and under the field of a heavy nucleus produces
electron and positron pairs. Then, these pairs pass through the silicon strips detecting by
calorimeter. When the charged cosmic particles passes the outer layer, called
anticoincidence shield, a flash of light is produced, which allows to distinguish y-rays from
the charged particles. After the detection of photons in the calorimeter all necessary

information such as direction and energy can be estimated.

The Gamma-ray Burst Monitor (GBM): The GBM y-ray detector is used for detecting
photons from the y-ray bursts. This instrument consists of two groups of scintillators. One
of them contains 12 sodium iodide (Nal) scintillators and works in low energy range (from
several keV to 1 MeV). The second one is made of 2 cylindrical bismuth germanate (BGO)

scintillators and works comparatively in high energy range (~150 keV to ~30 MeV).

1.4 Data Analysis: Swift UYOT/XRT and Fermi-LAT

In this thesis the Fermi-LAT and the Swift UVOT/XRT data are mostly analyzed. Below the
main steps and methods of the data analyses are provided. The parameters applied here are

only for demonstrative purpose and exact values will be provided in each chapter.

1.4.1 Fermi/LAT Data Analysis

Data extraction. For the analyses the last reprocessed PASS 8 publicly available photon
and spacecraft (this contains information about position and pointing) data are dowloaded,
which contain source position (coordinates), search radius, observation time and energy
range. In the case of our studies, we mostly used the events in the energy range of (0.1-
300) GeV and from the radius of 10° or 12°. The whole data reduction and analysis were
performed using Fermi Sciences Tools viOrOp5 software package released on May 18, 2015

provided by Fermi collaboration.

Data reduction. As the first step, we performd appropriate cuts on the event data. Using

the gtselect tool, we performe energy, time, positional and zenith angle cuts. The last cat

[24]



was done by using the maximum degree of zenith angle, which is recommended to be 90
degree and allows to minimize the effects from the photons coming from the Earth's limb,
which are products of the cosmic rays and the atmosphere interaction. This tool also has
some hiden parameters, such as evclass=128 and evtype=3, by which allows to select only
events with high probabaility of being photons. Then, we updated good time intervals with
gtmktime tool based on the livetime and the pointing information contained in the
spacecraft file. In other words, this cut provides only those events which were registered in

a normal detection regime.
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Figure 1.7: Fermi Gamma-ray Space Telescope (upper-left panel) showing two The Gamma-ray
Burst Monitor (GBM) and Large Area Telescope (LAT) instruments. Upper-right panel shows the
structure of LAT detector, the lower-left panel ilustrates the effective area and in the lower-right

panel it is presented the photon detection procedure with LAT.

For the next step of data reduction, 3-D binned count map with gtbin tool was created,

where two dimensions are spatial sky projected coordinates binned into 0.1°x 0.1° pixels
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and the third dimension is 35 equal spaced energy bins in logarithmic scale. The binning
was performed in the square region which can be included in the circle centered on the
source position. Then, the source model file was created based on 3FGL catalog [28], which
contains point sources with their appropriate coordinates and parameters obtained from the
first 4 years of Fermi-LAT observations. The model includes not only sources inside the
ROI, but also from outside (e.g., 5 degree). This ensures possible contribution from the
distant sources, especially in the low energy range, where the angular resolution of Fermi-
LAT is larger. The model also contains Galactic duffuse emision (gll_iem_v06.fits) and
extrgalactic isotropic (iso_P8R2_SOURCE_V6_v06) emission models. During the last steps
of data reduction, we create live-time cube with gtltcube tool, which contains the
dependence of the sky position and the inclination angle of Fermi-LAT. The binned
exposure map was computed with gtexpcube2? tool, where P8R2_SOURCE_V6 response
function is used. And finally, using model file and the binned files we compute count map

using gtsrcmaps tool for checking the region selections, etc.

Spectral analysis. The spectral analysis is performed with gtlike tool using maximum
likelihood optimization methods. The principle of this method is the maximization of
likelihood function trying for various sets of parameters. As the likelihood function is non-
linear, the optimization is performed with non-linear algorithms called optimizers. It is
recommended to use NEWMINUIT optimizer, which provides the best estimation of
parameters. During the optimization all parameters of the background components and the
sources within the ROl are left as free parameter. The input files for this analysis are the
source model, the filtered event file, the spacecraft file, the exposure map, the live-time

cube and the count map. The parameters obtaind from the fitting are:

e Spectral parameters of the sources, which in the case of simple power-law model
are the normalization and the photon index.

e The photon numbers (N,,.q) is the numbers of photons predicted from the model.

o Test Statistic (TS) is defined as TS = 2(logL — logL,), where L and L, are the
values of likelihood function, when the source is included or not [29]. The square

root of this value is the source detection significance.
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https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/iso_P8R2_SOURCE_V6_v06.txt

Since the model file is created using the catalogue file based on the Fermi-LAT first 4-years
observation, for the longer considered period there is a possibility of detecting new source,
which is not accounted in the model file. To check this, Test Statistical map is created and

new sources, which have > 5¢ detection significance, are added to the model.

y-ray spectrum. The y-ray spectrum is created by dividing the whole 100 MeV-300 GeV
energy range into equal logarithmically bins and running above described fitting procedure
for every bin separately. In this case, we use the model file obtained from the whole energy
range fitting, where all sources and background parameters are fixed to the best fitted

values and only the normalization of the considered source is left as free parameter.

y-ray light curve. The y-ray light curve is prepared in two different ways: for fixed time
interval and with the help of adaptive binning method. In the case of normal time binning,
the total considered time is divided in equal lengths and likelihood analyses is applied again
for each bin. The next method is adaptively binning method [30], where the time bin is
chosen to provide constant uncertainty on the flux. This method allows us to study active
periods in detail, because the time bins at flaring periods are narrower than in steady
states. To provide the same uncertainty, the adaptive time bins are calculated above optimal
energy. Also, in this calculations, the possible contribution from the nearby and powerful
sources are also taken into account. The uncertainity level depends on statistics and can be
15% or 20% range. After obtaining the time bins, we generate the light curve calculating
the flux for every time using the unbinned likelihood method. This method is good for short
time bins, where the number of photons are small and there is no need to perform binning.
Here we again use the model obtained from the whole time analysis. The normalization of
the sources within the ROI besides the considered source are left as free parameters. The
spectral indices of studied sources are fixed to the best fitted values reducing the
uncertainities of the fitting parameters and. As no varability is expected from Galactic difuss

and exctragalactic isotropic radiations, the nomalizations of both components are fixed.

Light curve fitting. When the flares are identified in the light curves, the flare rise and

decay times are estimated by fitting with double exponential function [31]:
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where t, roughly corresponds to peak flux time, F, represents the constant flux level, F, is
the amplitude of the flare and finally ¢, and t; are respectively the rise and decay time of
the flare. The exact value of the time, where the flare is in its maximum state can be

estimated as:

_ TyTgq ;. Ta
tn = to + 5 In 7, (1.15)

And the largest possible size of radiation region is calculated using the shortest value
among rise and decay times from the equation:

cxmin(ty,tg)xd

R' <
1+z

, (1.16)

where z is the red shift and & is the Doppler factor.

1.4.2 Swift/XRT Data Reduction and Spectral Fitting

Data extraction and reducing. We downloaded unscreened event and housekeeping files
from Swift website'. The event file contains the data of XRT observation, which are position,
time and intensity of the given event. The information about satelite, such as voltage and
CCD temeprature are stored in the housekeeping file. The event data were reprocessed
using heasoft 6.13 with xrtpipeline v0.13.2 creating also the exposure map (this file is used

for the correction of lost counts).

Spectral extraction and rebinning. The extraction of source and background spectra is
performed with xselect tool in FTOOLS. First, we chose source and background regions
using ds9, then extract the spectra for appropriate regions using xselect, where filtering
with filter region command is also performed. Usually, the source region for PC mode is
chosen to be circle with a radius of 20 pixels around the source radio or optical position.
When pile-up effect is detected, a region with larger 30 pixel radius is used removing the
inner part of the PSF%. The background counts are extracted from annulus around the

source position with 51 pixels inner and 85 pixels outer radii. For WT mode the source

L http://www.swift.ac.uk/index.php
2 http://www.swift.ac.uk/analysis/xrt/pileup.php
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region is selected as 20 pixels circle, while the background region is annulus with innner 80
pixels and outer 120 pixels radii symmetrically placed about the half width of WT window, as
recomended by Swift team®. After spectral extraction, we generate Ancillary Response
Function (ARF), which include information about effective area using xrtmkarf command in
FTOOLS, where the exposure map is also inserted to perform correction for hot columns,
bad pixels, the lost counts and pile-up effect (if it is present).

Before spectral fitting, we rebin the spectrum of the source to obtain enough photons in
each energy bin, using grppha in FTOOLS with group min rcnts command, where rcnts
value depends on the statistic of the data. If the counts rate is high, we rebin the spectrum
so that each bin contains at least 20 counts and then we use chi square method to fit.
Otherwise, if the count rate is low, the data are grouped with rcnts = 1 value providing at

least one count per bin. For this case we use cash-statistic method.

Spectral fitting. The spectral analysis is performed with Xspec v12.9.1a package using the
rebinned spectral and background files, the ARF and the response matrix file (RMF). The
last one contains information about the probabilities of detection of the same photon with
several channels of detectors. We fit the spectrum with absorbed power-law model
A(E) = KE~"xM(E), where K is normalization, a is photon index M(E) = exp[—nyo(E)]
represents the photoelectric absorption with n, hydrogen column density and o(E) is the
cross section. To apply this, we use phabs x powerlaw model in xspec, where the column
density value is taken from [32, see Fig. 1.8] beeing fixed during the fitting procedure and
for the galactic abundance we used the cross section from [33]. As a result we get galactic

absorbed flux, Iy photon index and reduced X2 value.

Galactic absorption correction of the X-ray flux. To obtain unabsorbed corrected flux
for the fitted energy range we follow the instruction given in XSPEC v12.9.1 manual®. After
the fit we modify the model to phabs*cflux*pow using editmod command. Then we fix the
normalization factor to the fitted value, chose the energy range and refit to calculate the

unabsorbed flux. This fit gives us the flux and flux error in logarithmic scales.

® http://www.swift.ac.uk/analysis/xrt/backscal.php
* https://heasarc.gsfc.nasa.gov/xanadu/xspec/XspecManual . pdf

[29]



For the construction of the spectrum we rebin the data using the setplot rebin command
with minimum significance of 5o. After the rebinning we extract the data and the model
using iplot and wdata. Also, using delcomp command, we set the column density to O and

extracted the model. The anabsorbed corrected data are calculated by:

— Fmodel1
Funabsorbed - Fdata X F ) (1-17)
model2

where, Fy,., are data points, Fp 4011 and Fpoger2; are respectively the models with and

without column density.
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Figure 1.8: The logarithmic Aitoff projection of HI emission in the LAB dataset in 0 < Ny < 2 X

10%2 cm™2 scale integrated over the velocity range of —400 < v < +400 km s~1. Credit: [32].

1.4.3 Swift/UVOT Data Analysis and Extinction Correction

Data analysis. The UVOT data analysis is performed with HEASARC FTOOLS tools. The
UVOT images are downloaded from the Swift archive, which are already pipeline processed
by Swift Data Center (SDC). The source region for each filter is extracted from 5" circle
around the source position, and the background region is chosen to be both annulus and
circle depending on the source. Following the recommendation of UVOT team, we take
annulus with inner 27.5" radius and 7.5" width, from the source free region, otherwise we
change the inner (but the inner radius of the annulus can not be smaller than 15") and

outer radii, so that there are no sources in it’. If no appropriate annulus can be found, the

® https://swift.gsfc.nasa.gov/analysis/threads/uvot_thread_aperture.html
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events from the circular free source region beyond the 15" is selected. For each
observation, we sum the multiple image extensions of the same filter to increase counts
statistic. Then applying aperture photometry with uvotsource we calculate the magnitudes

for each filter.

The Magnitude correction and conversation to flux. In order to get extinction corrected
Mcorrectea Magnitude for each optical and UV filter the A, extinction coefficient for each

filter is calculated and then it is subtracted from the oobserved M, ¢.rveq Magnitude

Mcorrected = Mobserved - A)\, (1-18)

The selective extinction or color excess E(B—V) is obtained from the subtraction of

observed color index (B — V) ,pservea @nd intrinsic color index (B — V) intrinsic:
EB—V) = (B = V)observea — (B = Vintrisic- (1.19)
Then, the total extinction A, can be given by:

Ay =R,E(B -V), (1.20)
where the reverse value of R, denotes the steepnes of the extinction curve and the typical
mean value is R, = 3.1 [34]. The interstellar normalized extinction curve F(1) as a function
of wavelength has the following form:

EQA-V) _ Aj—Ay
E(B-V) Ag—-Ay'

FQQ) =

(1.21)

Taking into account these definations the relationship between A, extinction coefficient F (1)
can be expressed as:

A
E(B-V)

=R, +F(Q), (1.22)

To get A4,, we calculate the A, /E(B — V) ratios for each filter. we take F(4) values from the
normalized extinction curve of [34], where R, = 3.1 value was used and the E(B — V) values
are taken from [35].

In the next step we convert the corrected magnitudes to count rate as described in [36]:

2 Mzero

C=2em, (1.23)
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where M,,,, is photometric zero point magnitude (it corresponds to the magnitude, when
C = 1 counts s~*). These values for each filter are provided in Table 1.2.
For the count rate to flux conversation we took the apappropriate latest A ¢ factors from

[37] for each filter and convert them into flux in the units of erg cm™2s™*:

Filters é:ff M%m A;/E(B-V)° #r 9
[A] [magnitude] [10716 x erg cm™2s71A ]
\% 5402 17.89 3.1 2.613
B 4329 19.11 4.12 1.471
U 3501 18.34 4.89 1.628
W1 2591 17.44 6.47 4.209
M2 2229 16.85 9.30 8.446
W2 2033 17.38 8.80 5.976

Table 1.2: Parameters provided for extinction correction of Swift/UVOT filters.

Notes:
a) The effective wavelengths in Vega like spectrum calculated for each filter [36]

b) The zero-point magnitude.
c) These values for each filter are provided for calculation of corrected magnitude.
)

d) The factors for count rate to flux conversation taken from [37].
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Chapter 2
2. THE FERMI-LAT OBSERVATION OF NON-BLAZAR
AGNs

2.1 Introduction

The recent observations in the High Energy (HE; 100 MeV < Ey < 100 GeV) y-ray band
show that the extragalactic y-ray sky is dominated by the emission from different types of
AGNs. The majority of detected sources are blazars (BL Lacertae objects (BL-Lacs) and Flat
Spectrum Radio Quasars [FSRQs])- an extreme class of AGNs with jets forming a small
angle with respect to the line of sight, which makes their emission strongly Doppler boosted
[1]. Blazars are known to emit electromagnetic radiation in almost all frequencies that are
currently being observed, extending from radio to very high energy (VHE; >100 GeV) y-ray
bands. Their broadband spectra are mainly dominated by the non-thermal emission from a
relativistic jet pointing toward the observer. This non-thermal emission is characterized by
variability in all observed energy bands with different variability time scales ranging from
years down to a few minutes. The shortest variability time scales are usually observed in the
HE and VHE y-ray bands, e.g., the rapid changes of the y-ray flux of PKS 2155-304, IC
310, PKS 1510-089, 3C 454.3, 3C 273, PKS B1222 + 216, etc. [38; 39; 40]. This implies
that the emission is produced in a very compact region, which provides a unique chance to
investigate the jet structure and emission from sub-parsec regions.

Besides blazars, the y-ray emission from other types of AGNs (e.g., which do not show a
clear evidence for optical blazar characteristics or have jets pointing away from the
observer (non-blazar AGNs)) have been also detected. These sources were not considered
as favored GeV emitters, because the non-thermal emission from their jets is less Doppler
boosted. After the launch of Fermi-LAT, several non-blazar AGNs (mostly radiogalaxies)

were detected already in the first year of observations [41, 42, 43, 44]. This provided a
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chance to investigate also the emission from extended non-boosted regions, moderately
relativistic plasmas, etc.

Analyzing the Fermi-LAT data accumulated during the first fifteen months of observations of
non-blazar AGNs (including seven FRI radiogalaxies and four FRIl radio sources consisting
of two FRII radiogalaxies and two steep spectrum radio quasars [SSRQs]), [45] showed that
their average y-ray spectral indexes are comparable, but they are somewhat less y-ray
luminous than their parent population of BL Lacs and FSRQs. Despite the fact that a few
non-blazar AGNs had been detected, which prevented extensive population studies, the
observations of individual sources provided new and interesting results. Most interesting is
perhaps the detection of y-ray emission from the lobes of Centaurus A (Cen A) and Fornax
A [46, 47] radiogalaxies. In the case of Cen A, the emission extends up to ~ 3 GeV with a
soft photon index of I' = 2.6 and its flux makes more than half of the total source emission
[46]. Instead, the y-ray emission from the lobes of Fornax A has a power-law photon index
of [ = 2.0 and extends up to 20 GeV. It illustrates that the bipolar or quasi-symmetrical
structures in the radio maps around almost all the radiogalaxies can be potential sources of
y-rays.

The y-ray spectra of some radiogalaxies appeared with interesting features above several
GeV. For example, during the y-ray flaring activity of NGC 1275 in April-May 2009, a
hysteresis behavior in the flux versus photon index plane was observed [48], when the y-ray
photon index hardened from ' =~ 2.2 to [ = 2.0. Next, during its major y-ray flares of
October 2015 and December 2016/January 2017, in the flux versus photon index plane the
spectral evolution followed correspondingly a counter clockwise and a clockwise loop
inferred from the light curve generated by an adaptive binning method [49]. Another
example is the second component in the y-ray spectrum of the Cen A core emission; at
Ep = (4.00 £+ 0.09 GeV the photon index changes from '} = 2.74 to I, = 2.09 [50].

The multiwavelength observations of two well known radiogalaxies, 3C 111 and 3C 120,
which show superluminal apparent motions in their radio jets, provided some clue on the
localization of the emitting region. From 2008 to 2010, 3C 111 had only occasionally been
detected in the HE y-ray band. It was bright at the end of 2008, and faint for the rest of the
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time [51]. These bright periods in the y-ray band coincide with the millimeter-optical-X-ray
outburst, suggesting cospatiality of the events, which allowed to localize the y-ray dissipative
zone to be at a distance of about ~ 0.3 pc from the black hole in a compact region confined
within ~ 0.1 pc [51]. Similarly, very long baseline interferometry and very long baseline
array monitoring of 3C 120 reveal that its y-ray activity is accompanied by the radio and
millimeter core brightening followed by the ejection of a superluminal knot [52], where it
was shown, that y-rays are detected only when the components are moving in a direction
closer to our line of sight. The analysis of y-ray events detected during the superluminal
components ejection periods shows that the y-ray emission region is within ~ 0.13 pc from
the millimeter VLBI core [52].

The origin of the y-ray emission from non-blazar AGNs is another puzzling problem. In the
case of blazar, the fast variability indicates, that the emission is produced in a compact
region of the jet which narrows the range of possible emission mechanisms. For some non-
blazar AGNs, their jets are less Doppler-boosted, thus the y-ray emission from other
potential sites (e.g., moderately relativistic outflows, radio lobes, accretion regions, etc.) can
be detected as well, making exact theoretical modeling of the origin of emission harder.
Even when the emission is most likely produced in a compact region of the jet (e.g., Cen A
core [41], M 87 [42] and NGC 1275 [42]), the most popular one-zone
synchrotron/synchrotron self Compton (SSC) model clearly fails to explain the observed
multiwavelength properties. More complicated models, multi-zone [53] or structured jet
[54, 55], based on different assumptions should be employed to explain the observed data
properly. New and high-quality data are still needed to fully understand the origin of
multiwavelength emission from non-blazar AGNs.

We note that the emission from some non-blazar AGNs extends up to the VHE y-ray band,
allowing detecting them by current generation of ground-based detectors. The observations
of non-blazar AGNs in MeV/GeV (HE) and > GeV (VHE) bands, allowed to examine the non-
thermal emission processes in the jets of AGNs which are not strongly affected by Doppler
boosting. Up to now only the spectra of Cen A, M 87, NGC 1275 and PKS 0625-35 have

been measured in the MeV/GeV and TeV bands. The recent simulations show that at least
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eight new non-blazar AGNs will be detected by CTA at ~ 100 under the assumption of a
straight extrapolation of the Fermi-LAT measured power-law spectra in the CTA energy
range [56]. In this view, the study of the non-blazar AGNs y-ray spectra above ~ GeV is
presented [57], which can be done with much improved statistics than before, since i) the
Fermi-LAT data from longer periods of observation are collected and available and ii) the
recent update of the event-level analysis from PASS7 to PASS8. Moreover, using longer
periods, it will be possible to study the y-ray flux variability in both long and short time
scales. This is crucial for theoretical modeling and distinguishing between compact and
extended emission regions. This is why these sources are considered to study in the y-ray

band.

2.2 The studied Sources

The majority of AGNs detected by Fermi-LAT are blazars, FSRQs and BL Lacs, and the
number of unknown-type blazars is almost the same as that of FSRQs (~ 460) [58]. Only a
very small fraction of the total sample (2%) are non-blazar AGNSs, including fourteen
radiogalaxies, six SSRQs, one Compact Steep-Spectrum Quasar (CSSs), five Narrow Line
Seyfert 1s (NLSyls) and five other AGNs. From this list, the other AGNs show spectral
energy distribution (SEDs) typical for radio-loud compact-core objects, but data are lacking
to be more specific about their classes, thus we have excluded them from our sample.
Other sources have well-established classification and/or have a well evaluated optical
spectrum (with clear evidence for or lack of emission lines) and some of them are also
related with blazars in the unification scenario proposed for radio-loud AGNs (e.g., FRIs
with BL Lacs, while FRIIs are linked with FSRQs [1]. All these objects are included in the
source sample, i.e., AGNs with relativistic jets which are not blazars, and they are
collectively referred as non-blazar AGNs. Even if some of these sources might have different
jet properties (e.g., the jets of 3C 111 and 3C 120 with superluminal apparent motions, or
the jets of some objects have a smaller but still larger viewing angle than that of blazars)
they are not excluded from the sample to have a general view of the comparison of y-ray

emission characteristics of blazar and non-blazar objects.
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The radiogalaxies detected in the y-ray band so far can be sub-divided into two

morphological types, FRI and FRII [3], according to their radio luminosities.

Name 3LAC 2LAC 1LAC Type | Ph. Index

NGC 1218 J0308.6+0408 - J0308.3+0403 FRI 2.07 £ 0.11
IC 310 J0316.6+4119 | ]J0316.6+4119 - FRI/BLL | 1.90 +0.14
NGC 1275 J0319.8+4130 | J0319.8+4130 | J0319.7+4130 FRI 2.07 £ 0.01
1H 0323+342 J0325.2+3410 | J0324.8+3408 | J0325.0+3403 | NLSy1 2.44 £ 0.12
4C+39.12 J0334.2+3915 - - FRI/BLL? | 2.11 £0.17
TXS 0348+013 J0351.1+0128 - - SSRQ 2.43 +0.18
3C 111 J0418.5+3813 - J0419.0+3811 FRII 2.79 +0.08
Pictor A J0519.2-4542 - - FRII 2.49 +0.18
PKS 0625-35 J0627.0-3529 | J0627.1-3528 | J0627.3-3530 | FRI/BLL | 1.87 £ 0.06
4C+52.17 J0733.5+5153 - - AGN 1.74 £ 0.16
NGC 2484 J0758.7+3747 - - FRI 2.16 £ 0.16
4C+39.23B J0824.9+3916 - - CSS 2.44 £ 0.10
3C 207 J0840.8+1315 | J0840.7+1310 | J0840.8+1310 SSRQ 2.47 +0.09
SBS 0846+513 J0849.9+5108 - - NLSy1 2.28 +0.04
3C 221 J0934.1+3933 - - SSRQ 2.28 £ 0.12
PMN)0948+0022 | J0948.8+0021 | J0948.8+0020 | J0949.0+0021 NLSy1 2.32 £0.05
PMN J1118-0413 J1118.2-0411 - - AGN 2.56 £ 0.08
B2 1126+37 J1129.0+3705 - - AGN 2.08 £0.13
3C 264 J1145.1+1935 - - FRI 1.98 £ 0.20
PKS 1203+04 J1205.4+0412 - - SSRQ 2.64 +0.16
M 87 J1230.9+1224 | J1230.8+1224 | )1230.8+1223 FRI 2.04 £ 0.07
3C 275.1 J1244.1+1615 - - SSRQ 243 £0.17
GB 1310+487 J1312.7+4828 | J1312.8+4828 | J1312.4+4827 AGN 2.04 £ 0.03
Cen A Core J1325.4-4301 J1325.6-4300 | J1325.6-4300 FRI 2.70 £ 0.03
Cen A Lobes J1324.0-4330 | J1324.0-4330 | J1322.0-4515 FRI 2.53 +0.05
3C 286 J1330.5+3023 - - SSRQ 2.60 £ 0.16
CenB J1346.6-6027 | )1346.6-6027 - FRI 2.32 £ 0.01
Circinus J1413.276518 - - Seyfert | 2.43 +0.10
3C 303 J1442.6+5156 - - FRII 1.92+0.18
PKS 1502+036 J1505.1+0326 | J1505.1+0324 | )J1505.0+0328 NLSy1 2.61+£0.05
TXS 1613-251 J1617.3-2519 J1617.6-2526 - AGN 2.59 £ 0.10
PKS 1617-235 J1621.1-2331 J1620.5-2320 - AGN 2.50£0.23
NGC 6251 J1630.6+8232 | )1629.4+8236 | J1635.4+8228 FRI 2.22 +0.08
3C 380 J1829.6+4844 | J1829.7+4846 | )1829.8+4845 SSRQ 2.37 +0.04
PKS 2004-447 J2007.8-4429 | J2007.9-4430 | J2007.9-4430 NLSy1 2.47 £ 0.09

Table 2.1: Non-blazar Misaligned AGNs included in Fermi-LAT 3LAC catalog.
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An example of an FRI is the nearby radiogalaxy Cen A, and Pictor A with its peculiar jet is
an example of FRII. Increasingly aligned versions of FRIls are SSRQs, which are powerful
radio sources with large-scale radio structures and which appear at intermediate angles
between FRIls and FSRQs. SSRQs are sometimes classified as CSS quasars, since most of
the radio flux is emitted within galactic scales (< 10 kpc) rather than at hundreds of kilo-
parsec scales [59]. Their radio structure on milliarcsecond scales is similar to the
morphology of a large radio source with lobes, hot spots and jets; because of this similarity
and the observed high radio power, these sources are thought to be the precursors of large
radiogalaxies observed at the early stage of their expansion [10]. In the third catalog of
AGNs detected by Fermi-LAT, only 4C +39.23B has been classified as a CSS quasar
although SSRQs 3C 286 and 3C 380 also have characteristics similar to CSSs.

Recently, NLSyls have also been classified as y-ray emitters [18]. NLSyls are AGNs with
optical spectral properties similar to those of Seyfert 1 galaxies, except for having narrow
Balmer lines and strong optical Fell lines [13]. NLSyls exhibit strong X-ray variability, steep
X-ray spectra, relatively high luminosity, and a substantial soft X-ray excess [60]. These
characteristics point to systems with a central black hole having smaller mass (106 —
108 M) and higher accretion rates (close to or above the Eddington limit). Up to now it is
not clear whether or not the jets of NLSyls make a small angle to the observer’s line of
sight, however, they are very bright and interesting y-ray emitters. Including them in our
sample allows us to compare their y-ray spectra, flux, luminosity, etc. with those of
radiogalaxies and blazars (aligned and not aligned cases) which facilitates their jet studies.
The considered sources are presented in Table 2.1 taken from 3LAC AGNs catalog [58] and

below some details about all individual sources are presented.

2.2.1 FR-l and FR-Il Radiogalaxies

Centaurus A (Cen A): This massive eliptical radiogalaxy (otherwise NGC 5128), is classified
as FR-I radiogalaxy being the closest AGN to us (d; = 3.7 Mpc, [61]). In the radio band this
source has 10" angular size [62], which is equivalent to ~0.6 Mpc physical extention. This

source consists of two giant lobes in the outer part, while the central region contains a
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supermassive black hole with 5.5 10’My mass, powering a relativistic jet with 70°
inclination angle [63]. Due to its near distance, this source has been frequently observed
from radio to VHE y-rays (e.g., [64]). Cen A was the first AGN, where the y-ray emission
from the the radio lobes were detected using Fermi-LAT data accumulated in the initial 300
days of observation. The emission from the core of this source was detected also in VHE y-
ray band with High Energy Stereoscopic System (H.E.S.S.) [65]. The broadband emission
from the Cen A core up to several GeV was successfully explained by simple single zone
SSC model, suggesting that the electrons were produced in the inner part of the jet,
although it was not possible to include the non-simultaneous HESS data during the
modeling [46]. However, the analyses of longer Fermi-LAT accumulated data showed that
above 4.00 £+ 0.09 GeV the y-ray spectrum becomes harder, when the photon index changes
from '=2.74+0.03 to '=2.09£0.20 indicating, that there is a second high energy emission
component. In order to explain this component, the non-thermal processes in the
magnetosphere of the black hole [65], multiple SSC components (i.e., [53]), y-ray pair-
cascades in the the torus at ~ 103 Rg (Schwarzschild radius) (e.g., [66]) and other scenarios
were discussed. The high energy y-ray emission from the lobes can be explained as inverse

Compton (IC) up-scattering of microwave background (CMB) photons [46].

3c 264: This source also known as B 1142+198 is classified as FR-l and considered as one
of the luminous galaxies in the Abell 1367 cluster with z = 0.0217 [67]. In the radio band, in
its kilo parsec structure a nucleus with a jet in the northeast direction extending up to 28"
(11.5 kpc) [68] were observed. Also, an evidence of the counterjet in the southwest direction
was observed [69]. Besides, the radio and optical bands, this source was detected in X and

y-ray bands, making the jet of this source a candidate for deep multifrequency study.

3C 120: This broad line radiogalaxy, with z=0.033, is a powerful emitter almost in all
bands. The radio morphology is similar to FR-I class, although superluminal components
from the kpc-scale jet, with = 10° inclination angle, have been detected [70]. Most likely,
the emission in the X-ray band is mainly produced from the accretion disc, as very high X-
ray luminosity has been observed, which follows from the fact that this source has been

detected in the y-ray band by Fermi-LAT after the first 15 months observation [45]. It is
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interesting that the radio and millimeters brightening events are correlated with y-ray
events [52]. Similar coincidence has been also observed between the dips in the X-ray
bands and the superluminal components ejection observed in radio band [71]. This allowed
to conclude the accretion disc and jet relation in this source. As shown in [72], within a year
and half-year time binning, this source is almost undetectable in the first six years of Fermi-
LAT observation and then significantly increases, showing variability in long time scales. A
y-ray variability within short time scales (days and sub-days) was also observed as reported
in [54]. The y-ray emission in steady state can be explained by SSC mechanism [72],
whereas for the flaring states more complex spin-layer model was used [54]. This source is
interesting for large scale jet emission studies, since it has several bright knots in the jet,

which were resolved with Chandra telescope.

NGC 2484: This FR-I class radiogalaxy also known as B2 0755+37 is located in Abell S740
galaxy cluster with z=0.0413. It has a jet in the North-West and South-East directions
forming lobes. First one is imbedded in the South-East lobe, while the second jet is
compressed in the beginning and becomes wider in the farther part from the core [73]. Its
jet has a radio polarization at the level of 5%, while the inner region and external region of
the lobes are highly polarized up to 25% and 35%, respectively [74]. This source has been
detected in the y-ray band after the four years of Fermi-LAT observations (3LAC, [58]) with

4.560 detection significance.

Centaurus B: This radio-loud radiogalaxy is a comparably nearby (d, = 56 Mpc, [75]) with
~ 24" angular size, which corresponds to approximately 380 kpc linear size for the source
distance. It is very bright in the radio band [76], but the proximity to the Galactic plane and
inaccessibility from the northern hemisphere has not alowed to study this radiogalaxy
better. The observation of this source in the radio band was performed using the data of
Australia Telescope Compact Array (ATCA) (4.80 and 8.64 GHz) and Molonglo Observatory
Synthesis Telescope (MOST) (843 MHz) [76], which revealed jets and diffuse lobes around
the core. The radio classification of this source is a bit tricky, as the edge of the
northeastern lobe is sharper similar to FR Il radiogalaxies [77], while the bright jet and

diffuse lobes obviously have the morphology of FR | class. Also, the radio luminosity of this
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radiogalaxy at 1.4 GHz is L, 4 ¢y, = 5 X 10*terg s~1, which lies close to the division of the
FR I/FR II limit. Accordingly this source has intermediate classification between FR | and FR
Il sources. The X-ray diffuse emission from the lobes first time was detected by [78] with the
Advanced Satellite for Cosmology and Astrophysics (ASCA), while the radio core has been
already detected in the earlier observations. The main South-Wast jet was also resolved in
the X-ray band using Chandra [79] and XMM-Newton [80] telescopes. Cen B was included
in the both 2LAC [81] and 3LAC [58] catalogs of Fermi-LAT showing no evidence of

extended emission in y-ray band [82].

M87: This massive FR | elliptical radiogalaxy with =~ (3 — 6) x 10°M, central black hole
mass [83] is located in the Virgo cluster and has the second nearest distance (d; = 16.4,
[84]) among the Fermi-LAT detected AGNs. The one sided jet of this radiogalaxy with ~ 30"
scale [85] has 10° — 25° incilantion angle and shows (4 — 6)c superluminal motion in the
optical band [86]. Due to the unusual nuclear activity, the bright jet knot and the nucleus
have been observed in all wavebands being the first radiogalaxy detected in VHE (>
200GeV) y-ray band with High-Energy-Gamma-Ray Astronomy (HEGRA) telescope [87].
Additional observations with other TeV telescopes such as HESS, VERITAS, MAGIC have
been also performed, showing short time variability. Interestingly, that the core of this
source is variable in X-ray and TeV bands in day-scales, suggesting, that VHE energy
radiation is coming from the inner part of the jet [88]. In the case of the HST-1 knot, the X-
ray onbservations from 2000 to 2016 showed flux decrease in the last few years [88]. The
broadband emission from the jet knots were enterpreted with several models, such as
synchrotron radiation from electrons or IC scattering of synchrotron or CMB photons by
electrons and etc. (e.g. [89, 90]). The detection of M87 with Fermi-LAT telescope first time
was reported in [42] with a power-law spectral index of ' = 2.26 + 0.13. The broadband
emission of the core inlcuding VHE data can be explained by one-zone SSC model.
Interestingly, that despite the short time variability in the X and TeV bands, no evidence of

variability in HE y-ray radiation has been detected [42].

NGC 6251: This is nearby (d, =106 Mpc, [91]) giant elliptical radiogalaxy with

supermassive black hole in center with mass of =~ (4 —8) x 108M. The radio jet with 3
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Mpc linear size [92] has < 40° viweing angle [93]. This radiogalaxy is classified as FR | due
to the jet radio luminosity and the radio morphology, although there is also a hint of FR Il
classification, taking into account the radio structure of the whole galaxy [94]. The radio jet
can be divided into four parts: the bright inner, the weak central, the outer and the weak
intensity regions located at the dicatances from the core of < 120", ~ (120" — 180"),
~(180" — 270") and = 270", respectively. The X-ray radiation has been detected not only
from the nucleus and knots but also from the radio lobes, which has ~ 2.1 Mpc extent being
larger than the outer lobes of Centaurus A. In this case, the X-ray emission has been
explained by IC scattering of CMB photons from the electrons [95]. The y-ray radiation
from this source first time was reported in the first Fermi-LAT AGN catalog (1LAC, [96]). As
shown in [97], where the lobes were excuded as the possible y-ray sources, the broadband

emission was modeled with one-zone synchrotron/SSC and structured jet models [98].

NGC 1218: This source also known as 3C 78 is SO/a radiogalaxy with FR | class radio
morphology [99] and has z=029 [100]. The observation in the radio band with the Multi-
Element Radio Linked Interferometer Network (MERLIN) and VLA showed one-sided jet with
~1 kpc scale [101]. The radio jet with inclination angle between =~ (30° —40°) was also
detected in optical band by Hubble Space Telescope (HST) with the same extention as in
radio band [102]. The X-ray emission observed by BeppoSAX staellite has been explained as
thermal radiation with the non-thermal contribution from the radio/optical jet [103]. The
detection in y-ray band first time was reported in [44] with ~60 detection significance and

then it was included in all three Fermi-LAT AGNs catalogs.

TXS 0331+3915: This FR | class radiogalaxy with z = 0.02 [104] has been observed in radio
band with Very Large Array (VLA) observatory at 5 GHz showing one-sided parsec scale jet
[105] with < 45° viewing angle [106]. Besides the Fanaroff-Riley radio classification, it has
been also classified as a low-power compact (LPC) radiogalaxy [106]. The source was
detected in the y-ray band with the detection significance of 5.020 after the four years of
Fermi-LAT observation [58].

3C 111: This powerful broad line radiogalaxy at z=0.049 [107] has FRII class radio

morphology characterized by a bright core and one-sided jet, which has 78 kpc projection
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size [93], a viewing angle of 18°[108] and contains many knots and northern hot spot as
showed the observation with the Very Long Baseline Array (VLBA) [93]. There is also a
possibility of the counter jet conditioned by the radio lobe opposite to the mentioned jet
[93]. The observation with VLBA radio telescope revealed several structures, which are
compact nucleus, recollimated shocks, interaction regions between the jet, the surrounding
environment and many superluminal components within the jet, which reach up to ~6c¢
[109]. Eight radio knots were also detected in near-IR/optical and X-ray bands, respectively
with Hubble Space Telescope (HST) and Chandra telescope, including the northern and
southern hot sports. This source was included in the first 1ILAC Fermi-LAT AGNs catalog
[96], being excluded in the second AGN catalog [81] and then was included in the 3LAC
AGNs catalog [58].

Pictor A: This is FR Il radiogalaxy at z=0.035 [110] classified as BLRG based on the optical
properties [111]. The jet of Pictor A has about 100 kpc linear size and < 45° viwewing angle.
The radio jet of this source first time was detected using VLA telescope [110]. It showed one
sided very weak jet, without any evidence of counter jet, while the lobes and the core are
relatively bright. These lobes were resolved in radio band showing complex radio sub
structure called hot spots [112] being observed along with the jet in the optical and X-ray
bands (e.g. [113, 114]). The optical observations performed with HST showed 4 knots along
the jet located in 32" 43" 106" and 112" from the core [114], which later were resolved also
in the X-ray band with Chandra instrument. Initially, the detection of this source in the y-ray
band was reported in [115] with marginal ~ 5.80 significance based on three years

accumulated data and then were included in the 3LAC AGNs catalog [58].

2.2.2 SSR@s and CSSs Quasars

3C 207: This SSRQ at z=0.684 has lobe dominated morphology [116] beeing classified as
FR Il radiogalaxy. Along the one-sided jet there are bright kpc-Mpc knots located in 9.95
kpc (knot-A), 32.66 kpc (knot-B) and 46.15 kpc (knot-C) distances from the core and a
western lobe in the edge of the jet . These spatial regions were also detected in X-ray band

by Chandra telescope, while in the optical band only the inner knot was detected with HST
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[117] and also weak X-ray flux was observed by Chandra telescope. This source was included
in all three Fermi-LAT AGNs catalogs with relatively steady flux, thus the possible

contribution from the knots can’t be excluded.

3C 275.1: This bright SSRQ at z = 0.55 is surounded by elliptical nebulosity. The radio
observation showed a bright core and a one-sided jet in the northwest direction [118] with a
~11° viweing angle [119]. Another observation of VLA also detected a lobe in the edge of the
mentioned jet and a faint lobe in the opposite side, without a sign of the counter jet [120].
The HST [121] and Chandra [122] telescopes also detected a hot spot in the northest lobe,
which was undetectable in the radio band. This source has been included in all three Fermi-

LAT AGNs catalogs.

3C 380: This SSRQ quasar initially was classified as CSS by [123] based on the early
observations, where the size of this source was suggest to be less than 20 kpc. This source
at z=0.692 has been observed many times in radio band with VLBA (e.g., [124]) exhibiting
one-sided parsec scale jet with two knots, which was detected also in the optical band with
HST telescope (e.g., [125]). As shown in [126] these radio knots are located at ~0.7 and
~1.0 arcsec from the core. This source was already detected in the y-ray band using data

accumulated during the first 11 months of observation and then was included in all Fermi-

LAT AGNs catalogues.

PKS 1203+04: The VLBI observation of this SSRQ quasar showed “X” shaped structure,
which contains a long curved jet and two pairs of lobes located in the opposite site of the
main direction of the source [127]. One possible explanation of this structure is the change
of the jet direction due to the precession of the central engine [128]. The source was
included in the 3LAC [58] AGNs catalog of Fermi-LAT with detection significance of 5¢
having a double association with 3FGL J1205.4+0412.

3C 286: This bright source at z = 0.849 [129] classified as CSS quasar [8] is characterized
by high radio polarization. The projected radio structure is 700 pc in the southwest
direction [130] contiaining a bright core (also detected in optical band with HST [131], a pc

scale jet with viewing angle of 48° and two lobes in the the east and southwest directions
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located at 0.7"and 2.6" from the core, respectively [132]. Interestingly, there are two
compact regions in the inner part with similar emission capabilities as showed by VLBI
observations [130], which were not resolved in the optical band. This is a hint of the
counterijet in the direction of ~90°. Besides the radio core the HST telescope also detected a
faint region in the eastern part, which is most likely associated with the mentioned Easter
radio lobe [131]. This source is known with its highly radio polarization [133], which is
especially noticeable at the inner part of the jet [134], with polarization of ~10 %. In the y-
ray band this source is relatively weak being included only in 3LAC AGNs catalog of Fermi-

LAT with 5.2¢ detection significance [58].

4C+39.23B: Among the misaligned AGNs from the 3LAC catalog of Fermi-LAT [58], this
quasar at z = 1.21 [135] is the second CSS class source being detected with 9.2¢

significance [136].

2.2.3 y-NLSy1 Galaxies

PKS 1502+036: This RL-NLSy1 at z=0.409 has a black hole with the mass of 4.5 x 10" Mg,
[20]. This source is characterized by FWHM (HB) = (1082 + 113) kms™1, [OIII]/HB ~
1.1, a strong bump in Fell emission line and has relatively high value of radio loudness
(RL = 1549 defined as the ratio between the flux densities at 1.4 GHz and 4400 A [137].
This source was also included in the sample of high frequency peaked (HFP) AGNs due to
the radio spectrum peak above 5 GHz [138]. A core-jet structure with pc-scale was resolved
by VLBI at 15 GHz [139]. In the y-ray band this source was included only in the 3LAC
catalog [58].

PKS 2004-447: Another RL-NLSy1 galaxy detected by Fermi-LAT in 2009 [18] at z=0.24
[140] has a black hole mass of 5 x 10°M, estimated by Hp line [141]. The optical properties
are similar to those of NLSyls with FWHM (HB) = 1447 kms~* and [OIII]/HB = 1.6,
while the Fell line is weak (EWFell < 10 /OX) [141]. The radio structure resolved by VLBI at
8.4 GHz exhibited a typical one-sided jet core structure. The radio loudness of this source is
high enough and changes dependent on the optical flux RL = f, g5 guz/ fopticas > 1700 [141].

The properties of the rest three NLSy1 sources are presented in Chapter 5.
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2.3 The Analysis of Fermi-LAT Data

Data analyses: The data preparation and analyses were performed as described in section
1.4.1, here only main parameters are provided. Mainly, the data set used here was collected
during the first 7 years of Fermi-LAT operation, from August 4 2008 to August 4 2015.

The photons from a circular region with a radius of 10° around each source under
consideration were used, except for 3C 207, M87, PKS 1502+036, PKS 2004-447 and 1H
0323+342, around which a region with a radius of 12° was used for a better representation
of the ROI. By selecting different radii of the ROl we ensure that the selected ROl is an
accurate representation of the observation. The model file for each source is created using
the Fermi-LAT third source catalog [28] (3FGL) where all sources falling between ROl and
ROI + 5° region are included in it. The normalization of background models as well as
fluxes and spectral indexes of the sources within ROl are left as free parameters in the
analysis while for the sources outside ROI, the spectral slopes and normalizations were fixed

to the values given in the 3FGL catalog.

Spectral analysis: In order to find the best matches between spectral models and events,
the binned likelihood analysis is performed with gtlike tool as described in section 1.4.1. The
detection significance of each source is quantitatively estimated using the Test Statistics (TS)
defined in section 1.4.1. The spectra of the considered sources are modeled with a Power-
Law (PL) model in the form of
W () e
dE E,

where the normalization N, and y-ray photon index I' are considered as free parameters.

If deviation from the power-law model is found, then a more complex power-law with

exponential cut-off model in the form of

2w () m(-(2)") =

is used, where N,, I' and E. are free parameters. First we fix the value of g =1, then

consider it also as a free parameter. Since the log-parabolic spectral shape gave a better
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modeling for the spectra of some blazars [142], we consider also the log-parabola model in
the form of

dN _ E,\ @~ Blog(Ey/Ep)
@ =M z)

, (2.3)
where Ny, a and B are free parameters. Different models are compared using a log
likelihood ratio test: the TS is twice the difference in the log likelihoods and its probability
distribution can be approximated by a x2 distribution.

The spectra of each source are calculated by separately running gtlike for smaller energy
intervals equal in logarithmic space. In each bin the flux is estimated by fitting the power-
law model with the spectral slope fixed at the value obtained by the fit in the entire energy
range and the bins only with TS > 4 were considered. Using the data accumulated for
longer time than used in 3FGL can result in new y-ray sources in the ROI, which are not
properly accounted for in the model files. In order to probe for additional sources, a TS
significance map on a square grid with 0.1° x 0.1° spacing that covers the entire ROI is
created using the best-fit model. If there were excess hot-spots with TS > 25 we sequentially

added a new point source with a conventional spectral definition (PL) and performed

binned likelihood analysis with gtlike.

Temporal analysis: The y-ray light curves are calculated by repeating the same analysis for
shorter time periods as presented in section 1.4.1. The power-law slope of each source
being analyzed is first fixed and then allowed to vary in the fit. Since no variability is
expected for the underlying background diffuse emission, we fixed their parameters to the
average values obtained in the 7-year analysis.

The minimal time interval used for light curves calculation has been chosen so that the
period when the source has been detected by Fermi-LAT corresponds to the large fraction
of the total bins, considering the periods when TS > 4. For some sources, pure statistics did
not allow to investigate the variability in shorter than six-month bins while for bright sources
the light curves with denser time sampling are considered. In order to identify whether the
y-ray emission is variable or not, we construct a variability index from the value of the

likelihood in the null hypothesis that the source flux is constant across the considered
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period, and the value under the alternate hypothesis that the source is variable [143]. If the
null hypothesis is correct the variability index is distributed as y2 with N-1 degrees of
freedom where N is the number of bins used in the light curves. The source is considered
variable when the variability index is equal or greater than the threshold value of 99%
confidence level in a y2 distribution with N — 1 degrees of freedom (e.g., 115.88 and 16.81
for the light curves with a month and a year time-scales, respectively). This is a commonly
accepted methodology used to identify variable sources in the Fermi-LAT catalogs (e.g. [44,
143, 28]. In order to check again the results, possible variation is also investigated using a
simple x2 test following [31].

At regular (fixed) time binning, using long bins will smooth out the fast variations during
bright periods, and on the contrary, using short bins might result in many upper limits
during the low-activity periods which prevents variability studies. Thus we also generate
light curves with the help of the adaptive binning method [30]. Although this method has
been developed for blazar studies, it can be applied to radiogalaxies as well. In the adaptive
binning method, the bin width is adjusted by requiring a constant relative flux uncertainty,
which produces longer time intervals during lower flux levels and narrower bins, when the
source is in a high state (see also section 1.4.1 for more details). This method allows getting
maximum possible information about the flux variation.

In the adaptive binning method, the light curves are with constant uncertainties of the fluxes
in each time bin. In principle, the flux can be calculated above any energy, but above the
optimum energy of E,,, the accumulation periods necessary to fulfill the required
conditions (e.g., uncertainty) are the shortest relative to other choices of energy.
E,,: depends on the signal/background ratio and is calculated using the power-law slope
(I') and the flux obtained in the 0.1-300 GeV interval (see the appendix of [30]). For each

source, adaptive binning light curves with 15% and 20% uncertainties are generated.

2.4 The Results of the Analysis

Of the 27 non-blazar AGNs studied here, 26 are detected with TS > 25. The only exception

is TXS 0348+013 which appeared with TS =~ 14. The results from the current data analysis
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are summarized in Table 2.2. For each source, the class, distance, y-ray photon index (I'),
flux (E,) and luminosity (L,), the detection significance (o = VTS) and the energy of the
highest energy events with their detection times are presented. Our results have been
verified by i) carrying out analyses by two different ways: first by a standard procedure as
suggested by the Fermi-LAT collaboration and then by using the Fermipy python package,
and ii) by comparing the results with the previously reported ones (from 3FGL).

The results presented here are consistent with those reported in [58], but with reduced
uncertainties and a higher detection significance. The majority of the sources have been
detected with > 100 which allowed to perform spectral studies above 1 GeV as well. NGC
1275 was detected with the highest detection significance of 267.4c while 3C 303 and NGC
2484 are still detected at the threshold limit with 5.20 and 5.60, respectively, because these
sources were mostly undetected by Fermi-LAT during the considered period.

From Table 2.2, the y-ray photon index of non-blazar AGNs varies from I' = 1.84 to 2.86.
The hardest photon indexes of I' =~ 1.84 + 0.17 and I =~ 1.89 + 0.04 have been found for
TXS 0331+3915 and PKS 0625-35, respectively, while the softest spectrum is observed for
TH 0323+342, I' =~ 2.86 + 0.04. Interestingly, 3C 264, NGC 1275, M87, NGC 1218 and 3C
303 have been detected with I' = 2.0 — 2.1, which corresponds to a nearly flat spectrum in
the vE, (erg s™') representation. The brightest sources, Cen A and NGC 1275, have a
flux of = 1077 photoncm™2s™! and the faintest source 3C 303- (1.44+0.75) X
107° photon cm™2s~1 .

Among FRIs, PKS 0625-35 (d;, = 243.7 Mpc) is the most distant source detected so far,
while the other FRIs are mostly at d;, < 200 Mpc. Except for Cen A and NGC 1275, which
are bright due to their proximity, as the flux of FRIs is relatively weak (a few times
exceeding the Fermi-LAT sensitivity of = 1.9 x 107° photon cm™%s~1 at 10 GeV), it is not
expected to detect FRIs, that are much farther than those currently being observed. On the
contrary, the luminous FRIls, SSRQs (CSS) and NLSyls are detected at much larger
distances - z > 0.1. For instance, the most distant non-blazar AGNs detected in the y-ray
band are 3C 286 and 4C +39.23B at z = 0.85 and z = 1.21, respectively. If the observed

luminosities are typical for FRIls, SSRQs (CSS) and NLSyls, in principle more distant
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sources can be still detected (e.g., the y-ray emission from 4C +39.23B still would be
detected by Fermi-LAT even if the source is at z =~ 1.84). NLSyls detected in the y-ray band
are at z = (0.2 —0.6) (except the nearby 1H 0323+342 at z = 0.061), which is not
surprising, considering their powerful jets.

The results presented in Table 2.2 are shown in Fig. 1, the left panel of which shows the y-
ray photon index (I') versus flux (F,[> 100 MeV]) estimated from the power-law fit. It is
evident, that the considered sources have different properties as they are well separated in
the I' — F, plane. For example, FRIs have a harder y-ray photon index with the mean value
of 'm =222 and a y-ray flux ranging from = 1.5 x 107° photoncm™?s™* to =~ 3.6 X
1078 photon cm™%s~1. Among FRIs, only Cen A and NGC 1275 are showing systematically
different properties. In case of Cen A, the photon index and the flux are mostly defined by
the low energy component (see the next section), but when using those of the second
component (I' =2.31+ 0.1 and (9.16 + 0.68) x 1071% photon cm™2s~1), it fits well in the
common properties of FRIs. NGC 1275 is a unique and particularly bright radio galaxy, so it
is not a surprise that it demonstrates quite different properties. The FRIIs/SSRQs have
rather similar properties and occupy a narrow area on the I — F, diagram: the y-ray photon
index is (23-2.7) with the mean being I, ~258 and a flux of
(09 — 4) x 1078 photoncm™%s71. Only 3C 303 with I' = 2.04+£0.19 is out of the
mentioned area, showing properties more characteristic of FRIs. Despite using the data
having been accumulated for seven years, this source is detected only with 5.20, causing
large uncertainties in the parameter estimation. For NLSyls I' > 2.3 which is more similar to
FRIIs/SSRQs albeit their y-ray flux is shifted to > 107 photon cm™%s~! Worth of
mentioning is the bright source PMN J0948+0022 which, being located at a distance of 3.4
Gpc, appears with the same flux as does the nearby Cen A (3.8 Mpc) but its luminosity is
~ 7 x 10° times higher.

Even if the non-blazar AGNs considered here may have different jet properties (e.g., jet
viewing angle, superluminal apparent motion etc.), it is interesting to compare their y-ray
photon index and luminosity with those of blazars. The right panel of Fig. 1 shows the y-ray

photon index versus luminosity of non-blazar AGNs and of those BL Lacs and FSRQs which
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are included in the third catalog of AGNs detected by Fermi-LAT [58]. The y-ray luminosity

is estimated from the measured flux by

Emin/Emax 2T
L, = 47d? Epgy (W) X E,(> 100 MeV), (Emin = 100 MeV, Epgy = 300 GeV).  (2.4)

The luminosity distance (d,) is calculated by adopting the standard cosmological parameters
of Hp = 70 km s~ Mpc™1, 2,, = 0.27 and 2, = 0.73.

The previous studies of non-blazar AGNs reveal that in the I' — L, plane FRIs and FRlls
occupy different regions as do BL Lacs and FSRQs [45]. In case of blazars, it has been

already shown that there is a well-defined boundary between BL Lacs and FSRQs.
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Figure 2.1: (Left Panel): The flux (E > 100 MeV) versus photon spectral index of FRIs, FRIIs, SSRQs
and NLSyls. (Right Panel): Photon spectral index vs. y-ray luminosity of the considered sources as
compared with similar properties of blazars (light blue ellipse for FSRQs and light red for BL Lacs).
In both plots FRIs, FRIls, SSRQs and NLSyls are shown with red, blue, cyan and green colors,

respectively.

BL Lacs appear with I' < 2.2 and L, < 10*” ergs™', whereas FSRQs with I' > 2.2 and
L, > 10* erg s~1; the two blazar subclasses overlap at intermediate values of both spectral
index and luminosity [144]. It has been suggested that this division is of a pure physical
origin, i.e. in BL Lacs the jet propagates in a medium where the external radiation field is
absent or very weak, so that the electrons are cooling less but can be accelerated to VHEs,
so that low luminosity and a harder electron/photon index are expected. In FSRQs, the

emitting electrons will efficiently cool down and reach only moderate energies, therefore
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they will appear as luminous sources, but with a soft y-ray photon index. Interestingly,
similar division is noticeable also for FRIs and FRIls, albeit shifted to lower luminosities (Fig.
1, right panel; the blazars have higher luminosity due to Doppler boosting). The y-ray
luminosity of most of FRIs is L, <3 x 10** ergs~',and the photon index I' < 2.3.
Likewise, for FRIls L, > 3 x 10** ergs~*,and I' > 2.3. SSRQs and NLSyls occupy the
area beyond I' > 2.3 and L, > 10** erg s~%, and are clearly separated from FRIs and FRlls,
except for 1H 0323+342, the nearest NLSy1 having been detected so far in the y-ray band,

which has a lower luminosity of L, < 10* ergs™

. The difference of y-ray luminosity in
different source classes is in a good agreement with the unification theories: less luminous
FRIs are followed by FRIls and then by SSRQs most aligned version of FRIls. For the
sources studied here it is interesting to compare the energy released in the y-ray band with
the capability of the central source (Eddington accretion power). More reasonable would be
to compare the y-ray luminosity in the proper frame of the jet (L., = L,/2[}%;) but it
requires to make different assumptions to estimate unknown I},,;,. Considering that I}, is
usually not very high for non-blazar AGNs, it is reasonable to use L,. We did not find black
hole masses for Cen B, 3C 221, PKS 1203+04, TXS 0331+3915 and 4C +39.23B while for
other sources the values available in the literature have been used. A common feature for
all FRIs is that the intrinsic y-ray luminosity corresponds to only a small portion of the
Eddington accretion power - L,/Lggq < 107*. For example, M87 hosts a super massive
black hole with an enormous mass of (6.6 + 0.4) x 10° M, [81], but L, /Lg4q = 9.6 x 1077
implying that in the y-ray band only a very small fraction of the source capability is realized.
Similarly, L,/Lgqq3.0 x 107 is for the nearby Cen A and L,/Lggq = 9.1 x 10~* for the
distant PKS 0625-35 radiogalaxy. For FRIls and SSRQs L,/Lgsq = 107> —107* and
0.2-0.4, thus the total available power is very efficiently converted to the emission in the y-
ray band. Interestingly, due to the small black hole masses in NLSyls, L,/Lgqq = (2 — 4)
which can be even higher during the flaring periods, similar to blazars, where also such

"super-Eddington” regimes (but with larger L, /Lgq,4 ratio) are observed (e.g., [143]).
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1073 — 10~* and 0.2-0.4, thus the total available power is

For FRIls and SSRQs L, /Lg4q

very efficiently converted to the emission in the y-ray band. Interestingly, due to the small

(2 — 4) which can be even higher during the

black hole masses in NLSyls, L,/Lgqq

® No red shift found
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flaring periods, similar to blazars, where also such "super-Eddington" regimes (but with
larger L, /Lgqq ratio) are observed (e.g., [1495]).

The highest energy of the events with higher probability of being associated with the
sources and having less angular separation and their detection times, computed using the
gtsrcprob tool, are presented in Table 2.2. The highest-energy photons of 258.8, 221.5,
111.0 and 107.9 GeV were detected from M87, NGC 1275, Cen A and PKS 0625-35,
respectively. Except Cen A, all the other sources have comparably hard photon indexes, so

their spectra extend to HEs allowing to detect photons above 100 GeV.

2.5 Discussion

The y-ray spectra of most of the sources studied here are described significantly better by a
PL. However, the y-ray spectra of some bright sources have been detected with a higher
significance show a tendency of a cutoff/break above 1 GeV. In addition, non-blazar AGNs
variability studies can shed light on the physical processes in action, such as particle
acceleration and emission mechanisms, origin of brightening (s) and the structure and
location of the emission region (s). Below, the non-blazar AGNs detected by Fermi-LAT are
discussed individually or by each set of objects that behave in a similar fashion. The spectra

and light curves are presented in Figs. 2.2 and 2.3 and the main parameters are in Tables

2.2 and 2.3.

NGC 1275: The y-ray spectrum is shown in Fig. 2.2 (a). The spectrum starts to steepen
around = (1 —10) GeV and more complex log-parabola and power-law with exponential
cut-off models are used to fit the data. The log likelihood ratio test shows that the power-law
with exponential cut-off modeling when 8 = 0.43 + 0.04 is preferred over the simple power-
law with a significance of 5.8c. This model is shown with red color in Fig. 2.2 (a) together
with log-parabola (blue) and power-law with exponential cut-off (B = 1, orange) models.
Among the considered sources, NGC 1275 is unique, where the flux variation in time scales
as short as a day can be investigated. The light curve with normal (7-day) and adaptive time
binning (assuming 20% uncertainty) is shown in Fig. 2.2.3 (a) with blue and red colors,

respectively. The y-ray light curve appears to be quite a complex one, with many peaks and
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flaring periods. The adaptively binned light curve shows that in the active states the
required uncertainty is reached on sub-day scales, which once again confirms the short-
scale variability of this source. Also, after M|JD 56000 (2012) the source was mostly in a

bright state, which resulted in the increase of the average flux (Fig. 2.2.3 [a]).

3C 120: The light curve with 90-day binning (see the insert in Fig. 2.2.3 [b]) shows that up
to MJD 56900 the source flux is below the Fermi-LAT sensitivity threshold and is mostly
undetectable (only upper limits). Afterwards, the y-ray flux increased being detected by
Fermi-LAT almost all the time. More dramatic changes in shorter time scales can be seen on
the adaptively binned light curve shown in Fig. 2.2.3 (b) (red data). The data collected from
MJD 54682 (4 August 2008) up to MJD 56919.31 (19 September 2014) are necessary to
reach the 20% uncertainty in the first bin, while it took shorter time afterwards. The most
dramatic increase in the y-ray flux was observed on April 24, 2015 when within 19.0 min
the flux reached (7.46+ 1.56) X 107® photoncm™2s~! with I' = 2.29+0.21 and 11.20
detection significance. Then the flux slowly decreased and the data collected within 10 to 35

days were enough to reach 20% uncertainty.

Cen A core: The changes observed in the y-ray spectrum are shown in Fig. 2.2 [b]. The
presence of the unusual break [50] is confirmed using the Fermi-LAT data accumulated for
a longer period. In the energy range of 0.1-300 GeV, the broken power-law with the break
energy 2.35 + 0.08 GeV is preferred over the power-law at ~ 5.00 level. The energy range
of 0.1-300 GeV was divided into (0.10-2.35) GeV and (2.35-300) GeV subintervals and the
likelihood analyses were re-run. The first component with I' = 2.75 + 0.02 and a photon flux
of (1.62 + 0.04) x 1077 photoncm™%s™1 is detected with 71.50 and shown with black
color in Fig. 2.2 (b) while the red line shows the second component with I' = 2.31 + 0.1 and
(9.16 + 0.68) x 1071° photon cm™2 s~1 detected with 25.70. This break is unusual in that
the spectrum gets harder instead of getting softer, while typically the opposite occurs. This
is a unique case and has never been yet observed in the y-ray spectra of other AGNs. This
hardening could be caused by the contribution of an additional HE component beyond the

common SSC jet emission.
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Figure 2.2: Spectra of NGC 1275, Cen A core, NGC 6251, PKS 0625-35, 3C 380, SBS 0846+513,
1H 0323+342 and PMN J0948+0022 measured in the energy range from 100 MeV to 300 GeV,
which showed deviation from the simple power-law model above several GeV (see the text). The
best fit models obtained with gtlike are depicted together with spectral points which have been
obtained by separately running gtlike for smaller energy intervals. The corresponding parameters

are given in Table 2.2.

NGC 6251: Detected with 32.00, its spectrum extends up to = (60— 70) GeV, but the

power-law model fails to explain the y-ray data above 1 GeV. The results of fitting with
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alternative models, log-parabola (blue) and power-law with exponential cut-off (B = 1, red),
are shown in Fig. 2.2 (c). The data are better explained by log-parabola with a = 2.29 +
0.05 and B = 0.10 + 0.03. Among the considered radiogalaxies, only the spectrum of NGC
6251 is described by LP, indicating that perhaps a different process is responsible for the
particle acceleration. As shown by [142], the y-ray spectra well described by the log-
parabola are formed when the jet electrons are accelerated stochastically. Instead, the
power-law with exponential cut-off is formed within diffuse shock acceleration theories and
can be interpreted as the emission from accelerated particles, where the cut-off is due to i)
escape of the highest energy particles, ii) limitation of the acceleration processes or iii)

radiation losses.

Name Model a B Zceu\j 1oi>;(;loclf:i/2$_1 2(4L)
NGC 1275 PLEC | 1.86 £0.03 | 0.43+0.04 | 6.24+2.30 | 31.84+0.38 | 34.1
NGC 6251 LP 2.29 +0.05 0.1+0.03 - 210 £0.19 16.2
PKS 0625-354 PLEC | 1.83 £0.06 1 131.2 £ 88.04 | 1.04+0.13 4.0
3C 380 PLEC | 2.36 +0.05 1 55.57 £50.74 | 3.21£0.19 2.0
1H 0323+342 LP 2.74+£0.06 | 0.09 +0.04 - 7.03£0.30 9.6
SBS 0846+513 LP 2.15+£0.03 | 0.09 £0.02 - 3.21£0.18 25.8
PMN J0948+0022 | LP 2.41£0.02 | 0.16 £0.01 - 12.75 £ 0.02 95.2

Table 2.3: The parameters obtained from the fitting with log-parabola (LP) or power-law with

exponential cut-off (PLEC) models.

PKS 0625-25: This is one of the radiogalaxies detected in the VHE y-ray band [146]. Its y-
ray photon index, I' = 1.89 + 0.04, is unusually harder as compared with those of other
radiogalaxies. Around 100 GeV, there is a hint of substantial deviation from power-law
(black curve in Fig. 2.2 [d]), but the power-law with exponential cut-off model with
I =183+0.06 and E.,, = 131.2 + 88.04 GeV (Fig. 2.2 [d], red curve) is preferred over the
simple power-law only at the ~ 20 level, so that the power-law can’t be rejected. However,

the spectrum of PKS 0625-35 in the TeV band is softer, 7., = 2.8+ 0.5 [146], which
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strengthens the assumptions of the cutoff in the GeV band. This source was separately

studied using broadband data, which was published in [147] and described in chapter 4.

3C 380: Its y-ray spectrum can be described by power-law with I' = 2.43 + 0.03 detected
with = 36.20 and its emission extends up to 300 GeV (Fig. 2.2 [e]). We note an indication of
deviation of the power-law with respect to the data above 10s of GeV, but the power-law
with exponential cut-off modeling with I' = 2.36 + 0.05 and E, = (55.57 + 50.74) GeV
(Fig. 2.2 (e) red color) is preferred over power-law only at the level of ~ 1.40. Its y-ray
emission is variable in 30-day scales but the adaptively binned light curve shows that
sometimes the flux increases also in short periods: for example on MJD 55184.71 within 21.3
days the flux increased up to (8.45 + 1.37) x 1078 photon cm™2 s71.

Noticeably different spectral and temporal properties are observed for NLSyls analyzed
here. The spectra of PKS 1502+036 and PKS 2004-447 were better described by power-
law with steep, I' =2.67 + 0.04 and I = 2.63 £ 0.05 photon indexes, respectively. Their
emissions are variable in long (e.g., 45- and 60-day) time scales and the spectra extends up
to 10-30 GeV. Instead, the y-ray emission of 1H 0323+342, SBS 0846+513 and PMN
J0948+0022 significantly increases in day- or a few-days scales [18, 19, 148]. With the help
of the light curves generated by the adaptive binning method, we report on flux variations

and spectral changes in shorter time scales.

1H 0323+342: Its spectrum is steep (I' = 2.86 + 0.04) and the y-rays are detected up to 10
GeV. There is a marginal evidence of a spectral curvature around 1 GeV (Fig. 2.2 (f) black
curve) and both log-parabola or power-law with exponential cut-off (B = 1) models can
better explain the observed data (blue and red curves in Fig. 2.2 (f), respectively). However,
because of low statistics (~ 3.10) power-law modeling cannot be excluded. For most of the
time, the y-ray flux of 1H 0323+342 did not much exceed the value averaged over the
whole observational time (blue data in Fig. 2.2.3 [c]). The adaptively binned light curve
calculated for 15% uncertainty shows several periods when the flux significantly increased
(Fig. 2.2.3 [c] red data). The most significant increase was observed on MJD 56534.3 when
within 16.2 hours the flux was as high as (1.98 + 0.31) x 107® photoncm™% s~ and the

photon index hardened to I' = 2.22 + 0.15. During this flare, the flux-doubling time was as

[58]



short as 0.49 days, implying the emission is produced in a very compact region, = 1.2 X

10 x & cm [149]. After this rapid flare, the source again entered its quiescent state.
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Figure 2.3: Light curves of NGC 1275, 3C 120, 1H 0323+342, SBS 0846+513 and PMN
J0948+0022. The light curves are calculated with standard gtlike tool for normal (blue) and

adaptively binned (red) time scales.

PMN J0948+0022: Its spectrum measured in the narrow 0.1-10 GeV range appeared with
a significant curvature Fig. 2.2 (h). The comparison of log-parabola and power-law models
yields a log likelihood ratio of 95.2, so the power-law modeling can be rejected with a
significance of 9.76c0. The log-parabola model compared with the observed spectrum is

shown in Fig. 2.2 (h) with blue color (for parameters see Table 2). The y-ray light curve with
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15-day (blue) and adaptive bins (red, 20%) shows that the source is alternatingly in its
flaring or quiescent states (Fig. 2.2.3 [e]). Several times, the source flux was above
107% photon cm™2 st and during an extremely active state from MJD 56290.96 to MJD
56294.60, it reached a peak flux of (1.51 + 0.31) x 107® photon cm™? s~ within 18.9 hrs,
corresponding to an apparent isotropic y-ray luminosity of L, ~ 1.09 x 10*® erg s~*, which
is typical for the brightest FSRQs. For most of the time the photon index is > 2.5, where the
hardest one is I' = 2.13 £+ 0.18. The observed rapid flux changes in intra-day scales and the
amplitude of the increase once more show that in the y-ray band NLSyls behave similar to
blazars.

SBS 0846+513: Below =~ 10GeV the spectrum can be well described by a power-law (black
curve in Fig. 2.2 [g]) with ' = 2.26 + 0.02 which is the hardest photon index obtained for
the selected NLSY1s. At higher energies, the power-law model over predicts the observed
data (blue line in Fig. 2.2 [g]) suggesting a turn-over in the spectrum. Indeed, at 5.1c the
log-parabola with @ = 2.15 + 0.03 and 8 = 0.09 + 0.02 explains the data statistically better.
A sequence of flares can be identified on the y-ray light curve of SBS 0846+51 with 30-day
(blue) and adaptive bins (red, 20%) shown in Fig. 2.2.3 [d], though with a lower amplitude
as compared with the flares of 1H 0323+342. The highest flux of (6.35 + 1.12) x
107 photon cm™2 s~ was observed on MJD 56145.6 and the active state lasted till MJD
56146.8, when within 19.6 hours the flux was (4.15 + 1.04) x 1077 photon cm™% s™1, but
the photon index was significantly hard 1.73 + 0.14. This is the hardest y-ray photon index
detected during the considered seven years and, interestingly, the highest-energy 16.5 GeV
photon had been also observed during this period. This hardening is most likely associated
with the emission from the re-accelerated or fresh electrons which produced also the

observed highest-energy photon.

PKS 1502+036 and PKS 2004-447: The spectra of these NLSyls were described by
power-law model with [ = 2.67 +70.04 and I = 2.63 + 30.05 photon indexes respectively.
A calculation showed a flux variability only within longer 45- and 60-day. The adaptive light

curve of these sources did not showed considerable increase of the flux during the time,
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although due to the bad statistics the adaptive bins were enough longer not allowing to

study the variation in shorter time scales.

Sources with long time variability: The y-ray emission from some sources varies within
longer time periods as compared with NGC 1275 and 3C 120. For example, the low energy
component of Cen A core emission is variable within 45 days which confirms the marginal
evidence reported in [50]. In the second emission component, there is an indication (at the
limit) of a year and half-year scale variability, but because of limited statistics, however, no
definite conclusion can be drawn. There is a hint of variability in the y-ray light curves of
M87 and PKS 0625-35 with 60-day binning but the statistics does not allow neither to
confirm nor explore it in shorter time scales. The previous observations of M87 in the HE
and VHE y-ray bands have already suggested that it is in its quiescent state [42, 150], while
being active and repeatedly in the flaring state in 2005 [151]. Interestingly, these sources

are also the ones which have been detected in the VHE y-ray band so far [88].

FRIls, SSRQs and CSS. Among these sources 3C 111, 3C 207, 3C 275.1, 3C 380 and
4C+39.23B are variable. The variability of 3C 111 is highly significant in the light curve with
60-day binning. For 3C 207 and 3C 275.1, the significance is still not high enough to
confirm the variability in short time scales, but the y-ray emission is variable within a year.
For 4C +39.23B, in the light curves with 90-day and 60-day binning, the periods when the
source was and was not detected by Fermi-LAT are comparable, therefore no definite
conclusion can be made but the y-ray emission is variable within a half-year period.
Nevertheless, a short time scale activity around 21 April 2011 was observed, when within
29.4 days the flux was (4.39 +0.85) x 1078 photoncm™2*s~! (as inferred from the
adaptively binned light curve). The significance is still not high enough to search for y-ray
variability in the other sources studied here. It is interesting to highlight Cen B and NGC
6251 where the y-ray emission is detected with high 18.50 and 31.60 significances,
respectively. The constant flux assumption can’t be rejected when using light curves with
short (few months) or long times scales (half-year/year). Although this does not allow to rule

out possible variability completely, this is interesting, since both have large scale structures,
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~ 380 kpc for Cen B [76] and ~ 1.8 Mpc for NGC 6251 [92], and in principle, the y-rays

can be produced in these regions.

2.6 Summary

The y-ray emission from non-blazar AGNs included in the third catalog of AGNs detected by
Fermi-LAT is investigated using the Fermi-LAT data accumulated in 2008-2015. The sample
consists of eleven FRI, three FRII, six SSRQ, one CSS and five NLSy1 sources. We obtained

the following results:

i) The y-ray photon index of non-blazar AGNs changes within 1.84-2.86. The hardest
photon indexes of I' = 1.84 +£0.17 and I' = 1.89 + 0.04 were obtained for TXS 0331+3915
and PKS 0625-35, respectively, and the softest for 1H 0323+342, I' = 2.86 + 0.04. The

2571 while the flux

measured faintest flux is of the order of a few times 107° photon cm™
from bright sources exceeds 1077 photon cm™% s~1. The farthest non-blazar AGN detected
by Fermi-LAT is 4C +39.23B at z=121 with a y-ray flux of

(1.91+0.19) x 108 photon cm™2 s~ 1.

ii) In the I — F, plane, the FRIs have a harder y-ray photon index with I}, = 2.22 and a flux
ranging from =~ 1.5 x 107° photoncm™?s™! to 3.6 x 1078 photoncm™? s~1. The mean
photon index of FRIIs/SSRQs shifts to a higher value of I, = 2.58 (i.e., softer spectra) and
the flux to the range of (0.9 —4) x 1077 photoncm™2s~1. With a y-ray flux of >
1077 photon cm™2 s™1, the average photon index of NLSYs is similar to that of FRIIs/SSRQs
with [ > 2.3.

iii) In the I — L, plane we confirm the previous results from the analysis of a smaller
sample of non-blazar AGNs. The y-ray luminosity of most of FRIs is L, < 3 x 10** ergs™"
with T < 2.3 while for FRII L, >3 x 10** ergs™ but I' > 2.3. SSRQs and NLSyls occupy
the area beyond I > 2.3 and L, > 3 x 10*° ergs~", which is more typical for FSRQs, and
are clearly separated from FRIs and FRIls. The ratio of apparent y-ray luminosity to the

Eddington accretion power is different for each class of objects considered here. This ratio
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is usually very small for FRIs (< 107*), increasing for FRIIs/SSRQs (1073 — 107%), and

exceeding unity for NLSyls.

iv) The y-ray spectra of most of the sources studied here are described significantly better
by a PL. The spectra of NGC 1275, NGC 6251, SBS 0846+513 and PMN J0948+0022
deviate from power-law significantly. The spectra of NGC 6251, SBS 0846+513 and PMN
J0948+0022 are better modeled with log-parabola while the curvature in the y-ray spectra
of NGC 1275 can be better described using power-law with exponential cut-off (B free).
There is a hint of possible cutoff in the spectra of 3C 380, PKS 0625-35 and 1H 0323+342,
though the current data does not allow us to reject the power-law model. The unusual break
in the spectrum of Cen A is confirmed, which shows that below and above 2.35 + 0.08 GeV,

the photon index is ' = 2.75 + 0.02 and 2.31 + 0.1, respectively.

v) New sources having variable y-ray emission have been identified. Apart rapid and strong
variability of NGC 1275 and 3C 120, periods of strong flux increase and short time scale
variability are found for TH 0323+342, SBS 0846+513 and PMN ]J0948+0022, using the
light curves generated with an adaptive binning method. The y-ray emissions from 3C 380,
3C 111, Cen A core (low energy component), PKS 1502+036 and PKS 2004-447 vary within
months, and there is an indication (at the threshold limit) of variability of the flux of PKS
0625-35 and M87. The y-ray flux of 3C 207, 3C 275.1 and 4C +39.23B varies within half-
year or one-year periods. Notable is the absence of y-ray variability of Cen B and NGC
6251, which appeared to have been detected with a significance of 18.50 and 31.60,

respectively.

vi) The y-ray emission from NLSyls with their flares and peculiar multiwavelength
properties make them more similar to blazars. The y-ray emission is variable, showing
flares in short time scales along with a moderate hardening of their spectra. For example,
on MJD 56146.8 SBS 0846+513 was in its high state with a flux of (4.15 + 1.04) x
1077 photon cm™% s~* with a significantly hard photon index of 1.73 + 0.14. During the
active state of PMN J0948+0022 from MJD 56290.96 to MJD 56294.60, the peak y-ray flux
was (1.51 + 0.31) x 107® photon cm™2s~! within 18.9 hrs, which corresponds to an

apparent isotropic y-ray luminosity of L, ~ 1.09 X 10*® ergs™".
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Chapter 3
3. y-RAY VARIABILITY OF NGC 1275

3.1 Introduction

Due to its proximity (z = 0.0176, = 75.6 Mpc) and brightness, the radiogalaxy NGC 1275
has been a target for observations in almost all energy bands. Core-dominated asymmetrical
jets at both kpc [152] and pc scales [153] have been detected in the radio band with
characteristics more similar to those of Fanaroff and Riley type 1 sources [2]. The emission
in the X-ray band is mostly dominated by the thermal emission from the cluster, although a
non-thermal component in the energy range 0.5-10 keV with a photon index of Iy =~ 1.65
has been observed [154]. High Energy (HE; > 100 MeV) y-rays from NGC 1275 had already
been detected by Fermi-LAT using the data obtained during the first 4 months of
observations [42]. Then, using the data accumulated for longer periods y-ray flux and
photon index variation on month timescales were detected [48]. However, the y-ray
emission is variable also in shorter (a few days) time scales [155]. Very High Energy (VHE;
>100 GeV) y-ray emission with a steep spectral index of 4.1 + 0.7 was detected by MAGIC,
using the data accumulated between August 2010 and February 2011 [156]. No hints of
variability above 100 GeV were seen on month time scales.

Even, if the observed y-ray variability allowed to exclude Perseus cluster as the main source
of y-ray emission, the exact mechanisms responsible for the broadband emission from NGC
1275 are still unclear. The multiwavelength Spectral Energy Distribution (SED) hints at a
double-peaked SED with the peaks around 10* Hz and (1023 — 10%*) Hz [157]. Within a
“classical” misaligned BL Lac scenario, a one-zone synchrotron/Synchrotron Self Compton
(SSC) interpretation of the SED can well explain the HE peak constrained by Fermi-LAT and
MAGIC data but has difficulties explaining the low energy data. It requires that the jet
should be more aligned than it is estimated, e.g., 30°— 55° [158]. Therefore, additional
assumptions on the jet properties and/or more complex scenarios for inverse-Compton

scattering should be made.
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In the HE y-ray band frequently flaring activities are known for NGC 1275 [159]. A
substantial increase of the y-ray flux in the HE and VHE y-ray bands was detected in
October 2015 and January 2017 [160, 161, 162]. In October 25, 2015 Fermi-LAT detected a
bright flare with a daily peak flux of (1.6 + 0.2) x 107¢photon cm~% s~ [160]. Then, in
the night between 31 December 2016 and 01 January 2017 a major flare was detected in the
VHE y-ray band when the flux was 60 times higher than the mean flux [161]. Also the flux
>100 MeV was about 12 times higher than the most significant flux observed with AGILE
[162]. Besides, Swift observations during this major y-ray active period provided data in the
UV and X-ray bands and so giving a unique chance to investigate the flaring activity of NGC
1275 in the multiwavelength context.

The goal of the current study is to have a new look on the y-ray emission from NGC 1275
(the btightest radiogalaxy in the GeV band) in the last ~ 8.7 years in general and during the
major flaring periods in particular. The larger data set allows to investigate the y-ray flux
evolution in time with improved statistics in shorter time scales, while a detailed analysis of
recently observed exceptional flares will allow to have an insight into the particle

acceleration and emission processes.

3.2 Fermi-LAT observation and Data Analysis

Data reduction and analysis. For the current study, publicly available data accumulated
during the last ~8.7 years of Fermi-LAT operation (from August 4, 2008 to March 15, 2017)
are analyzed with the standard Fermi Science Tools v10rOp5 software package with the
same principle as described in section 1.4.1. In the analysis we selected different radii
(9°,10°,12° and 15°) of the ROl to ensure that the selected ROl is an accurate
representation of the observation. This yielded essentially the same results within statistical
uncertainties, so a radius of 12° was used and the photons from a 16.9°x 16.9 ° square
region centered at the location of NGC 1275, (RA, dec) = (49.96, 41.51), were downloaded.
As in 3FGL, the y-ray spectrum of NGC 1275 was modeled using a log-parabolic spectrum:

d_N _ (E_y)_a_BIOQ (Ey/Eb)
de ~ O \g,

(3.1)
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where N, is the normalization, a is the photon index at E;, energy, which is fixed during the
analysis and B represents the curvature of the spectra.

Using of the data accumulated for an almost 2 times longer period than in 3FGL, can result
in new y-ray sources in the ROl which are not properly accounted for in the model file. In
order to probe for additional sources, a TS map of the ROl is created with gttsmap tool
using the best-fit model of 0.1-500 GeV events. To identify the coordinates of the excess hot
spots with TS>25 (50), we used the find source iterative source-finding algorithm
implemented in Fermipy. In the TS map it identifies the peaks with TS > 25 and adds a
source at each peak starting from the highest TS peak. The sources position is obtained by
fitting a 2D parabola to the log-likelihood surface around the maximum. Alternatively, the
sources position was calculated by hand using the pixels surrounding the highest TS (similar
to the method used in [163]. Both methods resulted in similar values. For each given point
we sequentially added a new point source with a conventional spectral definition (power-law)
and performed binned likelihood analysis with gtlike. For the further analysis we used the
model file with the new additional point-like sources to have better representation of the

data.

Temporal variability. The y-ray light curve is calculated using the unbinned likelihood
analysis method as described in section 1.4.1 using the events in the energy range of (0.1 —
300) GeV. Different model files are used to ensure that the possible contribution from
sources within ROl are properly accounted for. In the model file obtained from the whole-
time analysis, the photon indices of all background sources are first fixed to the best guess
values in order to reduce the uncertainties in the flux estimations, then those of the sources
within ROl are considered as free parameters. In addition, we analyzed the data
accumulated during the one-month periods covering the major flares (01-30 October and
15 December 2016-15 January 2017). Then we fixed the spectral parameters of all
background sources as in [40]. All approaches yielded essentially the same results. We used
the latter model as the rising and decaying times of the first flare can be evaluated better.
Given shorter periods are considered, the spectrum of NGC 1275 has been modeled using a

power-law function with the index and normalization as free parameters.
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Figure 3.1: The light curve of 0.1 < E <300 GeV y-rays from NGC 1275 from August 4, 2008 to
March 5, 2017, with 3-day (blue) binning.

Since no variability is expected for the background diffuse emission, the normalization of
both background components is also fixed to the values obtained for the whole time period.
Fig. 3.1 shows the y-ray light curve with three-day bin size. Despite the fact that the flux
sometimes exceeded the averaged value presented in 3FGL
(= 2.26 x 1077 photons cm™% s™1), pronounced flaring activities were detected in October
2015 (hereafter Flare 1 [F1]) and in December 2016/January 2017 (hereafter Flare 2 [F2]).
Starting from 22 October 2015 the daily averaged flux of NGC 1275 was above
1076 photons cm™? s™! and remained high for 5 days with a daily averaged maximum of
(1.48 + 0.20) X 107° photons cm™2 s~1 observed on 24 October 2015. Another substantial
increase in the y-ray flux was observed on December 31, 2016 when the flux increased
from about (4 ~ 5) X 1077 photonscm™2 s~ to (2.21 + 0.26) x 1077 photons cm™2? s~ 1
within a day with a detection significance of ~ 21.50. The photon statistics allowed us to
study these flares with denser time sampling (sub-day) for the first time. The shortest bin
sizes have been chosen to ensure that i) the flare rise and decay periods are well
constrained and i) the detection significance for each bin exceeds the ~ 5o limit. The
statistics allowed to use bins with 8-hour intervals for F1 and 3-hour bins for F2. For
example, from MJD 57317 to MJD 57322, the detection significance varied between 5.1¢0 and
13.10, and from MJD 557753 to MJD 57754 it was between 5.30 and 10.40. The
corresponding light curves are shown in the lower panels of Fig. 3.2. In order to check if

the likelihood fit has converged in each time bin, the plot of Npred/\/Npred vs Flux/AFlux is
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shown in the lower panels of Fig. 3.2 for 8-hour (left) and 3-hour (right) bins. We verified
that the fit has converged in the surrounding bins as well. As one can see, it seems there is
a linear correlation without any declination, so the errors are an accurate representation of

the observation.
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Figure 3.2: Top panels: Sub intervals covering F1 (left) and F2 (right). F1 is shown with 8-hour (blue)
and 12-hour (red) time intervals and F2 with 3-hour (blue) and 6-hour (red) bins. The red dashed
lines show the fit of F1 and F2 with Eq.1.8. Lower panels: The plot of Npred/\/Npred vs Flux/AFlux

for 8-hour (left) and 3-hour (right) bins.

Further, the y-ray flux and photon index variations are investigated using a light curve
generated by an adaptive binning method [30] (see Section 1.4.1). In order to reach the
necessary relative flux uncertainty, the integral fluxes are computed above the optimal
energy [30], which in this case is E, = 208.6 MeV. Also, in order to improve the accuracy
of the method, the flux of bright sources which lie close to NGC 1275 have been taken into
account. This is done by providing the parameters of confusing sources during the adaptive
binning light curve calculations. The light curve calculated assuming a constant 15%

uncertainty is shown in Fig. 3.3 (upper panels) for the period covering the large flares.

Spectral Analysis. The changes in the y-ray photon index are investigated by analyzing the

data from the following four periods:

1. overlapping with the observation of Swift on 30 December 2016. Even if the Swift

observations lasted ~960 seconds, in order to increase the statistics, the y-ray
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spectrum has been extracted for the period MJD 57752.75-57753.25 where the

source has a comparable flux as revealed from the light curve with a 6-hour binning
(Fig. 3.2, upper right panel).

2. MJD 57754.00-57755.75, when the flux is relatively constant and it coincides with
the observations of Swift on 01 January 2017.

3. at the peak of F2 (MJD 57753.81), using the data accumulated for 3 hours.

4. MJD 57442.32-57444.45, which corresponds to the quiet (steady) state in the X-ray

and y-ray bands.
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Figure 3.3: Top panels: The upper panel shows the period of major flares with the constant
uncertainty (15%) light curve above 208.6 MeV obtained with the adaptive binning method. The
lower panel shows the photon index variation during the same period. Bottom panels: The photon

index vs. the flux above 208.6 MeV for F1 (left) and F2 (right).
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The y-ray spectrum of NGC 1275 has been modeled using a power-law function (dN/dE ~
Ny E~T) where the normalization (N,) and power-law index (I') are considered as free
parameters. The best matches between the spectral models and events are obtained with an
unbinned likelihood analysis implemented in gtlike. The spectral fitting results are
summarized in Table 3.1. After analyzing the data for each considered period, the SEDs are
obtained by freezing the NGC 1275 photon index in the model file and separately running
gtlike for smaller energy bins of equal width in log scale. The SED for each period is shown
in Fig. 3.4. Although some features can be noticed, it is hard to make any conclusion
because of large uncertainties in the estimated parameters.

We separately analyze the Fermi-LAT data to determine the energy of the highest energy
photon detected from NGC 1275 using gtsrcprob tool and the model file obtained from the
likelihood fitting. All spectral parameters of the sources within ROl are first fixed to the best
fitting values obtained in the whole time analysis and then are left free. Both yielded
identical results. In this case, additional care must be taken since IC 310, which is known to
be a strong emitter in the VHE y-ray band [164], is only at a distance of 0.623°. So both
sources are considered to estimate the probability whether the photon belongs to NGC 1275
or to IC 310. The highest-energy photons detected during the four periods mentioned

above are presented in Table 3.1.
3.3 Swift UYOT/XRT Data Analysis

XRT Data. During the F2 flare Swift made 3 observations, but unfortunately no observation
during the F1. In addition to these observations, the Swift data of February 25, 2016,
corresponding to a relatively stable state in the X-ray band have been analyzed. The steps
of Swift-XRT data analysis is presented in section 1.4.2, but below several parameters
related with analyses of NGC 1275 data are presented. The XRT data were analyzed with the
XRTDAS software package (v.3.3.0) distributed by HEASARC along with the HEASoft
package (v.6.21) (for more detail, please see section 1.4.2). The source region was defined

as a circle with a radius of 10.6 pixels (25") at the center of the source, while the
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background region as an annulus centered at the source with its inner and outer radii being

20 (47"") and 30 pixels (71", respectively.

Fermi-LAT
Period Date Flux® Ph Index | TS |
(GeV)
57442.32-57444.45 2016/02 (24-26) 418 £0.85 1.93 £ 0.14 123 10.39
57752.75-57753.25 2016/12 (30-31) 856230 | 1.79+0.17 106 34.77
57753.81 2016/12 31 34.82 £8.67 | 1.93+0.19 102 5.84
57754.00-57755.75 2017/01 (01-02) 6.27 +1.20 1.67 = 0.11 178 4.18
Swift-XRT
Obs id Date Exp. time | Ph. Index‘ Unab. Flux® | XZ.q (d.o.f.)
34380005 2016-02-25 2750 1.52 £ 0.08 3.10 £0.19 1.04 (75)
87312001 2016-12-30 939 1.75 £ 0.12 8.64 £ 0.76 0.74 (24)
87311001 2017-01-01 619 1.77 £ 0.17 10.57 +1.26 1.15 (15)
31770011 2017-01-01 984 1.77 £ 0.08 10.29 £ 0.55 0.95 (173)

Table 3.1: Parameters of spectral analysis.
Notes:

a) Integrated y-ray flux in the 0.1 — 100 GeV energy range in units of 1077 photon cm™2 s~2.

)
b) y-ray photon index from likelihood analysis.

c) Photon energy in GeV.

d) Photon index from X-ray data analysis.

e) X-ray flux in the energy range 0.3-10 keV in units of X 107 erg cm™2 s (corrected for the Galactic

absorption).

Such selections allowed minimizing the possible contribution from the cluster emission. For
PC mode observations (Obsid 87312001, 87311001), the count rate was above 0.5 count/s,
being affected by the piling-up in the inner part of the PSF. This effect was removed,
excluding the events within a 4-pixel radius circle centered on the source position. All

spectra were re-binned to have at least 20 counts per bin, ignoring the channels with
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energy below 0.3 keV and fitted using Xspec v12.9.1a. The results of the fit are presented in
Table 3.1.

UVOT Data. In the analysis of Swift-UVOT data, the source counts were extracted from an
aperture of 5.0” radius around the source. The background counts were taken from the
neighboring circular source-free region with a radius of 20"”. The magnitude calculation and
correction for Galactic extinction were performed as described in section 1.4.3. The spectra

of these observations for each filter are shown in Fig. 3.4.

3.4 Interpretation of the Results

The y-ray light curve appears to be quite a complex one, with many peaks and flaring
periods. The highest fluxes were detected in October 2015 and December 2016/)January
2017 when the daily averaged peak y-ray fluxes ~ (1.48 — 2.21) x 107 photons cm™% s~*
integrated above 100 MeV were detected. It reached its maximum of (3.48 + 0.87) x
107% photons cm™% s~1 on December 31, 2016, within 3 hours, which is the highest y-ray
flux observed from NGC 1275 so far; it exceeds the averaged flux by a factor of ~15.4. The
apparent isotropic y-ray luminosity at the peak of the flare, L, = 3.84 x 10* erg s~
(using d, = 75.6 Mpc), exceeds the averaged y-ray luminosity of other radiogalaxies
detected by Fermi-LAT (usually < 105 ergs=! [45]); it is more comparable with the
luminosity of BL Lac blazars. This is quite impressive, considering the large Doppler
boosting factors of blazars (6 = 10) as compared with the value of § ~ (2 — 4) usually
used for the radiogalaxies. Yet, at § = 4 the total power emitted in the y-ray band in the
proper frame of the jet would be L., =L,/26% =12x 10** ergs~'. It is of the same
order as the kinetic energy of the NGC 1275 jet (Lj,; = (0.6 — 4.9) x10* ergs™1)
estimated from broad-band SED modeling [43]. This implies that during the discussed
flaring period a substantial fraction of the total jet power, (Ly,/Ljee < 1), is converted
into y-rays. These assumptions are in a strong dependence with 3, which is highly unknown.
But it seems that § = 4is already a limiting case, and larger decrease of L., is not
expected.

The y-ray spectrum estimated during the peak flux appeared as a nearly flat one (cyan data
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in Fig. 3.4), though the photon index estimation uncertainty is large (I' = 1.93 + 0.19). This
is similar with the spectrum measured in a quiet state (Fig. 3.4, gray data), although with a
significantly increased flux. The y-ray photon index measured before and after the peak flux
hints at spectral hardening (see Table 3.1 and Fig. 3.4 blue and red data). However, large
uncertainties in the photon index estimations do not allow us to make strong conclusions on
the spectral hardening or softening. Although, as compared with the quiet state, it is clear
that during the active states the y-ray flux increases and the spectrum shifts to higher
energies.

The broadband SED of NGC 1275 (Fig. 3.4) shows that during the bright y-ray states, the X-
ray flux also has increased. The analysis of the Swift XRT data detected during F2 results in
an unabsorbed flux of Fy5_i0kev = (0.86 — 1.06) x 1071% erg cm™2 s~ which nearly 3
times exceeds the averaged flux observed in February 2016. We note that the X-ray photon
index measured during the quiet state is somewhat similar to the values measured by XMM-
Newton [154], while during the active states the X-ray photon index is steeper (~ 1.7). In the
lower energy band, the UV flux from UVOT observations is relatively stable when comparing
the quiescent and flaring states, albeit the data from all filters are not available to make

definite conclusions.

3.4.1 The Variation of y-ray Photon Index

The y-ray photon index changes during ~8.7 years of Fermi-LAT observations are
investigated with the help of an adaptively binned light curve. In Fig. 3.3 (upper panels) the
photon flux and index variation in time are shown for the time that covers only F1 and F2. In
the course of ~ 8.7 years, the hardest photon index of I' = 1.62 + 0.13 was observed on
MJD 55331.51 for ~ 2.78 days, while the softest index of I' = 2.77 + 0.21 was detected on
MJD 56124.71. The lowest and highest fluxes (above 208.6 MeV) were F, = (4.27 %
1.06) x 107® photonscm™2s~'  and  F, = (1.18 + 0.28) X 107® photons cm™ s *,
respectively. When the source is in active state, the data accumulated for a few hours is
already enough to reach 15% flux uncertainty, while in the quiet states, the data should be

accumulated for several days. Interestingly, in the first ~ 8.7 years of Fermi-LAT operation,
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the highest-energy photon with E, = 241.2 GeV has been detected on MJD 57756.62 (after
F2) within a circle of 0.071°around the nucleus of NGC 1275 with the 3.360 probability to
be associated with it. Another events with E, = 221.5,164.9,125.6,123.3 and 109.2 GeV
have been observed on MJD 55402.39, 56760.82, 56610.75, 56578.00 and 57694.65,
respectively. We note that the PSF of Fermi-LAT at energies > 10 GeV is sufficient to
distinguish the photons with high accuracy, so the highest energy photons are most likely
coming from NGC 1275. It appeared that the y-ray spectra for the periods when the highest
energy photons were emitted, have mostly harder photon indexes (e.g., I' = 1.74 + 0.14
when E, = 241.2 GeV photon was detected). Likewise, when photons with E, =
221.5,164.9,125.6,123.3 and 109.2 GeV were detected, the photon indexes were
=181 + 0.15, 193 + 0.15, 1.79 + 0.13, 1.94 + 0.14 and 1.86 *+ 0.15, respectively.
This hardening is probably associated with the emission from reaccelerated or fresh
electrons, which produce also the observed highest energy photons.

The spectral changes observed in the photon-index-flux plane give us important information
about the dynamics of the source and an insight into the particle acceleration and emission
processes. The photon index I' as a function of the flux during F1 and F2 is shown in the
bottom panels of Fig. 3.3. A counter-clockwise loop is observed during F1, while during F2
the spectral index and flux changes follow a clockwise path. Such loops are expected to
occur as a consequence of diffusive particle acceleration at strong shocks and cooling of the
radiating particles. As discussed in [165], it is expected to have a counter-clockwise loop, if
the variability, acceleration and cooling timescales are similar, implying that during the
flare, the spectral slope is controlled by the acceleration rather than by the cooling
processes. Consequently, the occurrence of a flare propagates from lower to higher
energies, so the lower energy photons lead the higher energy ones. Instead, if the spectral
slope is controlled by synchrotron cooling or any cooling process that is faster at higher
energies, a clockwise loop will be seen. The counter-clockwise loop observed during F1
suggests that, most likely, this flaring event is due to the acceleration of the lower-energy
electrons. Note that such ‘harder-when-brighter’ behavior was already observed during the

previous flares of NGC 1275 [48,155]. The clockwise loop observed during F2 indicates that

[74]



during this flare the flux started to increase at low energies (HE radiating particles cool
down and radiate at lower and lower energies) and then propagate to HE. This shows that
HE electrons are playing a key role during F2, which also produce the highest energy
photons from NGC 1275 observed around F2.

The interpretation of the mechanism responsible for spectral evolution can be more
complicated than it was discussed above. It has been already shown that, depending on the
change of the total injected energy, the dominance of synchrotron and Compton
components can also vary, so that the trajectory in the photon index-flux plane evolves
clockwise or counter clock-wise, depending on the total energy and the observed energy
bands [166]. Thus, the observed spectral evolution is quite sensitive to various parameters
in the model and it is hard to draw any firm conclusions. The discussions above are of first

order approximation and are generally meant to understand the dynamics of the system.

3.4.2 The Estimation of the Flux Variability Period

During F1 and F2, the flare time profiles (Fig. 3.2 upper panels blue data) are investigated
by fitting them with double exponential functions [31] and described in section 1.4.1. The
fitting parameters are summarized in Table 3.2 and the corresponding fit is shown in Fig.
3.2 middle panels (red dashed line). The time profiles show asymmetric structures in both
flares, showing a slow rise and a fast decay trend. The time peak of F1 is MJD 57320.18 with
the maximum intensity of (2.39 + 0.31) x 107° photons cm™%s~1. The rise time is
32.49 + 7.20 hours with a sudden drop within 2.22 + 1.19 hours. The parameters of F2 are
better estimated and are characterized with a shorter rise time, when within 8.03 +
1.24 hours the flux reaches its maximum of (4.20 + 0.48) x 107 photons cm™2 s~ on MJD
57753.79 and drops nearly 4 times in ~ 6 hours. The minimal e-folding time is t; =
1.21 + 0.22 hours, using the decay time scale of F2, and it is the most rapid y-ray
variability observed for NGC 1275. We note that even if the rise time of F2 is used, the flux
e-folding time of about 8.03 * 1.24 hours will still be shorter than any previously reported
value. The obtained shortest flux e-folding time, t; = 1.21 + 0.22 hours, is unusual for

radiogalaxies and has never been observed for any other radiogalaxy so far.
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t, + err tqy + err to FE(x1077)  Fy(x1077)

Flare period
(hour) (hour) MJD phcm™2s71 phcm™2s71

2015 October 3249 +£720 222+119 57320.41£0.19 8.43+1.42 23.92+3.08

2016 Dec/2017Jan  8.03 +1.24 1.21+0.22 57753.88 £0.04 9.73 +1.75 41.96+ 4.82

Table 3.2: Parameter values best explaining the flares.

It is more similar to the rapid y-ray variability detected from several bright blazars [39,
40]. [39] was the first to point out that during the y-ray flares of PKS 1510-089 the flux
doubling time-scale was as short as 1.3 + 0.12 hours which was the shortest variability time-
scales measured at MeV/GeV energies at that time. It is interesting that such rapid y-ray
variability is mostly observed from flat-spectrum radio quasars. The asymmetric profile of
NGC 1275 flares can be explained if assumed that the accelerated particles (e.g., by shock
acceleration) quickly cool down due to the increase of the magnetic field (assuming the
electrons dominantly lose energy by synchrotron cooling). In order to interpret the fast
decay (t; =1.21 £ 0.22 hours) as cooling of relativistic electrons (tgecay = teooting/0;
teooing = 6 mm?e c®/orB* E,) with E, =100 GeV, the magnetic field should be B ~
478 mG(5/4)"Y?(tdec/1.2h)~/? (Ee/100GeV )~*/2 (where we assumed a moderate
Doppler boosting factor of d = 4), which is not far from the typical values usually used in
the modeling of emission from radiogalaxies [42]. Even if the magnetic field is 10-100 times
lower than this value, the shock acceleration time scales (tq.. = 6 1, ¢/vZ) would be more
than enough to accelerate the electrons > 100 GeV within the observed rise time scale

(8.03 + 1.24 hours).

3.4.3 The Origin of Multiwavelength Emission: Discussion

The observed short time scale variability of 1.21 +0.22 hours allows constraining the
characteristic size of the emitting region radius to R, < § x c X T ~ 5.22 x 10'* (§/4) cm.
If the entire jet width is responsible for the emission, assuming the jet half-opening angle
6, = 0.1° the location of the emitting region along the jet will be r= R, /6, =
0.1 (6/4) (6;/0.1°7* pc. This strongly suggests that the observed emission is most likely
produced in the subparsec-scale jet. In principle the jet can be much more extended and
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the emission is produced in a region smaller than the width of the jet. For example, multiple
regions moving in a wider jet having different beaming factors can be an alternative

possibility [53].
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Figure 3.4: The multiwavelength SED for the periods presented in Table 3.1.

In this model, the emission is expected to take place in a broadened jet formation zone close
to the central supermassive black hole, where even for a large jet angle, a few emission
zones can move directly toward the observer and Doppler boost the emission. Here the
emission region is very close to central source, again implying that the innermost jet (sub
parsec-scale) is responsible for the emission. The SED presented in Fig. 3.4 as well as that
in [157], hint at a double-peaked SED similar to those of other GeV/TeV-emitting
radiogalaxies [42] and blazars. This similarity allowed to model the SED of NGC 1275 within
the one-zone synchrotron SSC scenario [157]. However, it failed to reproduce the required
large separation of the two peaks (gray data in Fig. 3.4) with small Doppler factors
(86 = 2 —4) typical for radiogalaxies. With the new data, the situation even worsened: even
if the data are not enough to exactly identify the location of the peaks, clearly, the first peak
is at ~ (10" — 10*®)Hz (unchanged) while the rising shape of the MeV/GeV spectrum
indicates the second peak shifted to higher frequencies. Such large separation of the two

SED peaks unavoidably requires a higher Doppler factor than that used previously.
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Moreover, if one-zone SSC emission dominates, usually it is expected to have correlated
changes in the X-ray/y-ray band, which are not observed here. One can avoid these
difficulties by assuming that HE emission is produced in a local substructure of the jet,
which is characterized by a higher boosting factor and/or smaller inclination angle.

For example, the mini-jets generated by local reconnection outflows in a global jet (‘jets in a
jet’ model [168]) can have extra Lorentz boosting and the emission can be produced around
these local reconnection regions. This successfully explains the fast TeV variability of M87
[169] so that it can be naturally considered also in this case. In addition, two-zone SSC
models, when different regions are responsible for low and high-energy emissions, can be
an alternative. In more complex-structured jet models the seed photons for IC scattering
can be of external origin (the emission region is the layer and external photons are from the
spine, or vice versa [55] the energy of which is higher than that of synchrotron photons
resulting in the shift of the emission peak to higher energies. However, these models involve
additional parameters, which cannot be constrained with the current data set and additional

observations in the radio/optical and VHE y-ray bands are required.

3.5 Summary

The y-ray emission from NGC 1275 during ~ 8.7 years of Fermi LAT observations was
investigated. The source displayed prominent flaring activities in October 2015 and
December 2016/January 2017 with the 3-hour peak flux above 100 MeV of (3.48 + 0.87) x
107® photon cm™2 s~ observed on 2016 December 31 corresponding to an apparent
isotropic y-ray luminosity of Ly =~ 3.84 x 10*> erg s~*. This luminosity is more typical for
BL Lac blazars and corresponds to a large fraction of the kinetic energy of the NGC 1275
jet, implying that the y-ray production efficiency is very high.

During the major flares, the photon statistics allowed us to investigate the flare properties
with as short as 3-hour intervals for the first time. This allowed to find very rapid variability
with the flux e-folding time as short as 1.21 + 0.22 hours, which is very unusual for
radiogalaxies. The y-ray photon index of the source was evolving during the flaring periods,

showing counter clockwise and clockwise loops in the photon-index-flux plane during the
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flares in October 2015 and December 2016/January 2017, respectively. Also, some of the
highest energy y-ray photons observed from the source during ~8.7 years arrived around
the same active periods. Perhaps this rapid y-ray flare was associated with effective particle
acceleration that led to emission of these photons.

The observed hour-scale variability suggests that the emission is produced in a very
compact emission region with R, < 5.22 x 10'* (§/4) cm, and perhaps it is produced in a
sub-parsec scale jet. During the y-ray activity, the HE component not only increased but
also shifted to higher energies. Considering this shift and the large y-ray luminosity, it
makes it very challenging to explain the observed X-ray and y-ray data in the standard
synchrotron/SSC models. Additional assumptions on the jet structure/emission processes

are to be made.
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Chapter 4
4. HE y-RAY EMISSION FROM PKS 0625-35
RADIOGALAXY

4.1 Introduction

As we mentioned in section 1.1, in the y-ray band the dominant sources are AGNs of
different types. The studies of blazars, which are the dominant type of AGNs detected in the
y-ray band, allowed to investigate the emission processes in the innermost part of the je.
The AGNs with the jets pointing away from the observer (radiogalaxies, seyferts, etc.) were
not considered as favored GeV sources, because the larger jet inclination angle (compared
with the jet of blazars) makes their non-thermal emission less Doppler-boosted. The
detection of these sources provided new perspectives to study HE emission processes in
different components of AGNs.

It is interesting that the emission from some radiogalaxies the y-rays not only in HE but also
VHE y-ray band were detected. These are Centaurus A [65], M87 [170], NGC 1275 [171] and
PKS 0625-35 [146]. Using multiwavelength data, the emission detected from Centaurus A,
M87 and NGC 1275 is well investigated showing that the emission is most likely produced in
the innermost jet and interestingly the emission is described by blazar like synchrotron/SSC
emission. These observations allowed obtain important information about the physics of
their jets. Only recently VHE y-ray emission above 250 GeV has been detected from PKS
0625-35 [146]. The emission is well described by a power-law with the index of [ = 2.8 +
0.5, which extends up to 10 TeV. PKS 0625-35 is at a red shift of z = 0.055 having radio
morphology more similar to that of the Fanaroff-Riley class | radio sources [172]. In the
MeV/GeV band, the y-ray emission from PKS 0625-35 is described with an unusual hard
photon index, [ = 1.87 + 0.06, as compared with the average photon index of radiogalaxies

- > 2.3. The hard photon index and the detection in the VHE y-ray band have made this
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radiogalaxy an interesting target where the particle acceleration and emission processes can
be examined under the most extreme regimes.

Considering the large amount of data available in the y-ray band (around 9 years), one can
study the y-ray emission properties with improved statistics. Namely, the y-ray spectra
above GeV energies can be investigated with better statistics than before and by considering
the data from longer periods, one can look for y-ray flux variability in long as well as in
short time scales, which is necessary for theoretical modeling. This is motivated us to have a
new look on the emission from PKS 0625-30 using the most recent data available from

Fermi LAT and Swift UVOT/XRT data.

4.2 Fermi-LAT Data Analysis

For the present analysis, the publicly available Fermi-LAT 9-years data, from 4th August
2008 to 4th August 2017 (MET 239557417-518227205) are analyzed with the same steps as
presented in section 1.4.1, where the Pass 8 data used. In particular, we downloaded
photons from a 10° region centered on VLBI radio position of PKS 0625-35 (RA, Dec) =
(96.77, -35.49) and worked with a 14° x 14° square region of interest (ROIl). The fitting
model includes diffuse emission components and y-ray sources within ROl (the model file is
created based on 3FGL) and the Galactic background component is modeled using the LAT
standard gll_iem_v06 diffuse background model and iso_P8R2_SOURCE_V6_v06 for the
isotropic y-ray background. The normalization of background models as well as fluxes and

spectral indices of sources within 10° are left as free parameters in the analysis.

Results of the Spectral analysis: We assume that the y-ray emission from PKS 0625-35 is
described by the power-law where the normalization and index are considered as free
parameters, then the binned likelihood analysis is performed. From a binned gtlike analysis,

the best-fit power-law parameters for PKS 0625-35 are

(d—N)P — (8.99 + 0.47) x 10~ (i)_l'%im

-1 -1 -2
E 00 MeV~™" s ™ cm™*, (4.1)

Which corresponds to F, = (1.02+0.10) x 107° photon cm™s~"! integral flux with

TS = 1041.1, that is = 32.30 detection significance above 100 MeV.
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Figure 4.1: Spectral energy distribution of the core of PKS 0625-35 as compared with the best

Power-Law (red) and Power-Law with Exponential Cut-off (blue) models.

This spectrum for 10 energy bins is presented in Fig. 4.1 with the red bowtie. There is an
indication of deviation of the power-law model with respect to the data around 100 GeV. In
order to check for a statistically significant curvature in the spectrum, an alternative fit of
the power-law with an exponential cutoff function in the form of dN/dE = E~*Exp(—E /
Ecut) is done, which results in a = 1.76 £ 0.16 and E.,; = 80.77 + 40.95 GeV (blue bowtie
plot in Fig. 4.1). The power-law and cutoff models are compared with a log likelihood ratio
test: the TS is twice the difference in the log likelihoods, which gives 9.9 for this case. Thus,
the exponential cutoff model is preferred over the simple power-law only at 3.20 level, so
that the power-law can't be rejected; but the detection of PKS 0625-35 in the TeV band by
H.E.S.S [144] gives a photon index of [ty = 2.8 £ 0.5 which strengthens the assumptions of

the cut-off in the GeV band.

Temporal analysis: The y-ray light curve is calculated with the unbinned likelihood analysis
method implemented in the gtlike tool. (0.1 —300) GeV photons are used in the analysis
with the appropriate quality cuts applied in the data selection. The photon indices of all
background sources are fixed to the best guess values obtained in full time analysis in order

to reduce the uncertainties in the flux estimations.
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Figure 4.2: The light curves in the y-ray, X-ray and optical bands. The y-ray light curve was
calculated using 60-day (blue) and 90-day (red) bins.

The power-law index of PKS 0625-35 is first considered as a free parameter and then as a
fixed one. Since no variability is expected for the background diffuse emission, the
normalization of both background components is also fixed to the values obtained for the
whole time period. Fig. 4.2 illustrates the y-ray flux variation above 100 MeV for 60-day
(circle) and 90-day (triangle) sampling. A x? test shows that the reduced x? is x?/dof = 0.95
with the probability of constant flux P(x*) = 0.56 for 60-day bins and x?/dof = 1.45 with
P(x*) = 0.049 for the 90-day bins. These numbers are consistent with no variability
although the light curve with 90-day bins indicates possible variability. Because of limited

statistics, no definite conclusion can be drawn.

4.3 Optical/UV and X-Ray Data Analysis

Swift XRT: All XRT observations were in PC mode (ObsID: 39136001, 39136002,
49667001 and 49667002 and the observations were made on MJD 55157.8, MJD 56502.8,
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MJD 56499.8 and MJD 55228.2, respectively. The data are analyzed following the steps
presented in the section 1.4.1. Namely, the data were analyzed using the XRTDAS software
package (v.3.3.0) distributed by HEASARC as part of the HEASoft package (v.6.21). The
source spectrum region was defined as a circle with a radius of 47" at the center of the
source, while the background region was defined as an annulus centered at the source with
its inner and outer radii being 120" and 200" respectively. Since the source count rate was
always below 0.5 countss™' no pile-up correction was necessary. The spectrum was
rebinned to have at least 20 counts per bin, ignoring the channels with energy below 0.3
keV, and fitted using XSPEC v12.9.1a. The 0.3-10.0 keV spectrum is well fitted by an
absorbed power-law model with column density Ni; = 6.36 x 102°cm™2. The results of the fit

are given in Table 4.1 and the corresponding spectra are shown in Fig. 4.3.

Obs. ID Date Exp. Time (s)  Photon Index*  Unab. Flux®  x24(d.o.f.)
39136001 Nov 22,2009 1379 1.97 £0.08 15.86+ 0.90 1.20 (20)
39136002 Feb 01,2010 4523 2.26 + 0.05 9.42 + 0.31 1.31 (43)
49667001  Jul 26, 2013 8079 211+0.09 8.09+0.23  1.35(59)
49667002 Jul 29, 2013 2452 212+0.04 6.90 = 0.41 1.05 (15)

Table 4.1: Fitting results of the data obtained by the XRT instrument on board Swift.

Notes:

*Photon index from X-ray data analysis.

®X-ray flux in the energy range 0.3-10 keV in units of x 1072 erg cm™2 s~ (corrected for the

Galactic absorption).

The change of the X-ray flux during these observations can be seen on the light curve
shown in Fig. 4.2 (middle panel). Although the X-ray flux did not increase significantly (the
highest flux of Fy3_19kev = (15.86 £ 0.90) X 10712 ergcm™2 s~! observed on November 22,
2009, exceeds the lowest by 2.3 times), the X-ray photon index softened, changing in the

range of [, = (1.97 — 2.26) during the whole y-ray observational period.

Swift UYOT: In the analysis of the Swift UVOT data, the source counts were extracted from
an aperture of 5.0" radius around the source. The background counts were taken from the

neighboring circular region having a radius of 15". The magnitudes were computed using
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the uvotsource tool (HEASOFT v6.21) and then the furthers steps (correction for Galactic
absorption, effective wavelength calculations, etc.) are presented in section 1.4.1. For the
first two observations on MJD 55157.8 and MJD 56502.8 W2 U filters were unavailable,

while all filters for the last two observations are available.

4.4 The Theoretical modeling of the Broadband SED

Modeling Data. The broadband SEDs of PKS 0625-35 are shown in Fig. 4.3 where the
radio data (gray) are archival and taken from ASI Science Data Center. The SEDs hint at the
existence of two non-thermal emission peaks in the IR/optical/UV and HE y-ray bands.
Taking into account the results of the previous studies of other Fermi LAT-observed
radiogalaxies [148, 46, 72|, the multiwavelength emission of PKS 0625-35 is modeled using
the synchrotron/Synchrotron Self-Compton (SSC) [173, 174] 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 [175], Ni(E}) = N§ (E,/mec?)~* Exp[—E,/E/,] and the electron
energy density (U,) scales with that of the magnetic fields (Ug). Since the blob moves along
the jet, the radiation will be amplified by a relativistic Doppler factor of & for which a typical
value of (for the radiogalaxies) § = 4 was used. It is hard to estimate the emission region
size in the absence of statistically significant y-ray variability. Most likely, the innermost jet is
responsible for the y-ray emission, and we assume that the blob size isR ~ 4 x 10”cm ~
0.1 pc.

The construction of the parameters is performed by Markov chain Monte Carlo (MCMC)
method using the modified naima package [176], where the spectral parameters and the
uncertainty of the model for each parameter is estimated by MCMC sampling of their

likelihood distributions. The sampling is run by 64 simultaneous walkers, with 100 steps and
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100 burin-in of run. During the sampling, we use the following ranges of the
parameters: 1.5 < a < 10, 0.511 MeV < Elcytminmary < 1TeV, N, and B are
constrained to be positive values. In the case of synchrotron/SSC model, the applied
emissivity function of Synchrotron radiation is taken from [177], where random magnetic
field is considered. And the IC radiation is calculated using the monochromatic differential

cross-section presented in [178].
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Figure 4.3: The broadband SED of PKS 0625-35 emission for low and active states. The blue and
red solid lines are the synchrotron/SSC model fitting for two different X-ray fluxes. The model

parameters are presented in Table 4.2.

The results of the modeling: The broadband emission modeling results obtained in two
different X-ray states are shown in Fig. 4.3 with the corresponding parameters in Table 4.2.
We choose to model the SEDs for two different photon indices in the X-ray band,
Iy = 197 + 0.08 (blue circle) and Iy = 2.12 + 0.04 (red circle). Also, these periods
correspond to the highest and lowest X-ray fluxes observed during the considered period.
In the fit we did not include the radio data since the radio emission can be produced from

the low-energy electrons which are accumulated for longer periods, but require that the
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radio flux should not exceed the observed flux. Thus higher values of E,,;, are obtained,
E}in = 340 + 2.18 GeV (summed the errors in quadrature) and E,,;, = 1.23 + 1.13 GeV for
the low and active states, respectively. The HE tail of the underlying electron distribution,
Ejax, 1s mostly defined by the HESS data, this is why in the modeling of SEDs in the active
and low states its values are similar, E),,, =44.84+34.42TeV and E),,, = 4638+
33.88 TeV, respectively. The -ray photon index observed in the MeV/GeV band by Fermi
LAT allows to estimate the power-law index of underlying electrons responsible for the
emission. The slope of IC emission, (vFv « v*~%) is related with the power-law index of
electron by s = (¢ —1)/2 where s = 1+ T = —0.88. The estimated values are a = 2.76 +
0.12and a = 2.63 £ 0.15 for the low and active states respectively, in agreement with the

predictions.

Parameter Steady Active

Doppler factor ) 4 4

Norm. of electron distribution N§ X 10°2eV 1 12.0219-23 1.261+993

Electron spectral index a 2.76 £ 0.12 2.63 +£0.15
Minimum electron energy E,.in(GeV) 3.40%22:5> 12613422
Cutoff electron energy El(TeV) 4.20*238 19.71%}:22
Maximum electron energy E)nax(GeV) 448413378 46.3873381
Magnetic field B[mG] 8.95%3%% 16.2715%2
Jet power in magnetic field Lg x 10 erg s—1 7.69 25.41

Jet power in electrons L, x 10%erg s~* 7.48 5.58

Table 4.2. Model parameters.

Since the synchrotron component has increased, the magnetic field in the active state
B = (16.27 £ 3.95) mG is higher than in the low state B = (8.95 + 2.43) mG, since the
synchrotron emission depends on the total number of emitting electrons N,, Doppler factor
§ and magnetic field strength B. The magnetic field energy density is Uz = 0.32 X
107° erg cm™3 and Ug = 1.05 x 107° erg cm™3 for low and high states, respectively, lower
than the same values for electrons, U,=3.10x10"*ergcm™ and U, = 231X

10~* erg cm™3, respectively.
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The jet power in the form of magnetic field and electron kinetic energy are calculated by
Ly = mcRiI*Ugand L, = mcRiI?U,, respectively, and are given in Table 4.2. The jet
power in electrons changes within (5.58 — 7.48) x 10*3 erg s™! and that in the magnetic
field changes within (7.69 — 25.41) x 10*! erg s™1, which are lower than the Eddington

luminosity Lgpp = 1.63 X 10*” erg s~* for the black hole with 1.29 x 10°My, [179].

4.5 Summary

In this chapter, the multiwavelength emission from PKS 0625-30 is investigated using the
Swift XRT/UVOT and Fermi LAT data. The modeling of SEDs in different periods allowed to
investigate the jet properties and physical processes that take place in the core where, most
likely, the jet is formed.

The y-ray data analysis shows that the source emission extends above 100 GeV with a hard
photon index of I' = 1.88 + 0.04 and a detection significance of = 32.30. There is a hint of a
spectral curvature in the y-ray spectrum of PKS 0625-30, but the power-law with an
exponential cut-off model is preferred over the simple power-law modeling assuming a
break around E_,, = 80.77 + 40.95 GeV with a significance of only 3.2g. Although the low
statistics does not allow to claim for a statistically significant curvature in the spectrum, the
y-ray photon index observed in the VHE y-ray band, I;,, = 2.8 + 0.5 strongly supports the
presence of a break or a cutoff in the GeV spectrum of PKS 0625-30. There is a marginal
evidence of variability in the light curve with 90-day binning, although because of low
statistics no definite conclusion can be drawn.

In the X-ray band, the average flux in the 0.3 —10.0 keV range is around (0.7 — 1.6) x
107 erg cm™% s=! with the X-ray photon index of I' = 2.0 — 2.3. When the lowest and
highest fluxes from Table 4.1 are compared, a nearly 2.3 times increase of the X-ray flux is
found, which can be related with the changes of magnetic field in the emitting region. The
hardest X-ray photon index is I' = 1.97 £ 0.08 and the softest is I' = 2.26 + 0.05. These
changes 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 modify

the power-law index and the minimum energy of underlying electrons.
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The one-zone synchrotron/SSC model can reproduce the observed multiwavelength SED,
assuming the y-rays are produced in a compact region (~ 4.17 x 10'” ¢m) in the innermost
jet. Assuming the electrons are accelerated up to E,,,, = 50 TeV with a power-law index of
a = 2.63 —2.76, the observed spectrum above TeV energies can be explained by IC
scattering of synchrotron photons on the electron population producing the radio-to-X-ray
emission in the jet. The necessary jet kinetic power is (5.83 — 7.56) x 10*3 erg s~1, which

corresponds to (0.018 — 0.023) % of Eddington power.
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Chapter 5
5. X-RAY AND y-RAY EMISSIONS FROM NLSyls

GALAXIES

5.1 INTRODUCTION

Recently, Fermi-LAT has detected y-ray emission from five NLSyls (for more detailed about
NLSYT1s see section 1.1.3, where the y-ray emission properties of PKS 1502+036 and PKS
2004-447 were discussed: these sources have flux variability in relatively long time scales
and soft photon index in the y-ray band with 2.61+ 0.05 and 2.47 +0.09 values,
respectively. Instead the emission from 1H 0323+342, PMN ]0948+0022 and SBS
0846+513 are variable in short time scales and are more powerful sources with large
detection significance, which allows to identify and examine flaring period, find minimum
variability periods, etc. In this chapter the broad band emission from these three bright
NLSyl is investigated using the ~8.8years Fermi LAT accumulated data and Swift
UVOT/XRT observations during the considered period. The basic characteristics of these

sources are:

1H 0323+342: The y-ray emission from this source was initialy reported in [18] using data
accunmulated in 9 months. Among the considered sources, it has the closest distance at
z=0.0629 [179]. The radio observations showed a flatness in radio spectrum [181] and pc-
scale core-jet structure is resolved by VLBI [182]. More recent observations with VLBI at 15
GHz detected sumperluminal component with ~(1 — 7)c speed, which allowed to restrict
the jet viweing angle to < (4°—13°) [183]. We note that this source has the brightest
optical emission compared to other y-NLSyls. The black hole mass estimated by different
method varies in the range of (1 —3) x 108M with approximately equal accretion and
Eddington rates. The emission from this source is variable almost in all observed bands,

from radio to y-ray bands.
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PMN J0948+0022: This galaxy at z = 0.5846 is the first y-ray emitting NLSy1 detected by
Fermi-LAT [148] and since now it is considered the most powerful y-ray emitter among the
NLSYs. The radio loudness of this source is R = 846 [184]. The radio observations showed a
hint of core-jet structure [185] with inverted radio spectrum, which also suport the
presence of the relativistic jet [186]. PMN J0948+0022 is variable in almost all wavebands,
although it is more evident in y-ray band [187]. The broad band emission was explained
using one zone leptonic models, where for the HE y-ray component IC scattering of

synchrotron and BLR photons are used.

SBS 0846+513: This is another NLSyl powerful in the y-ray band at z=0.585. The VLBI
images showed two components having core-jet structure [139], followed by the detection of
superluminal motions [19] and radio to y-ray variability. In the y-ray band two significant
flaring periods, in 2012 (May-Aug) and in 2013 (Apr-Jun), where observed. The last flare
activity in y-ray band was accompanied by activities in optical/UV and X-ray bands. The
broad band emission of SBS 0846+513 was modelled with one-zone synchrotron plus IC

from the external BLR [188] or dust torus [189] photons.

5.2 Fermi-LAT Data Analysis

Data acquisition. For the current study, we have used the publicly available data
accumulated during the last ~ 8.8 years of Fermi-LAT operation (from August 4, 2008 to
June 4, 2017). The data were analyzed with the standard described in section 1.4.1, where
14.1° x 14.1° square ROl centered at the locations of PMN J0948+0022- (RA, dec)=
(147.223, 0.363) and SBS 0846+513- (RA, dec)= (132.482, 51.145), and 12.7° x 12.7° at
TH 0323+342- (RA, dec)= (51.313, 34.171) were applied.

Temporal analysis. To identify flaring periods, we generated the light curves with the help
of adaptive binning method (see chapter 1, section 1.4.1). The optimal energies providing
20% flux uncertainity were E, = 156.4, 170.8 and 282.3 MeV for 1H 0323+342, PMN
J0948+0022 and SBS 0846+513, respectively and the corresponding light curves for the
period from 2008 to 2017 are presented in Fig. 5.1, Fig. 5.2 and Fig. 5.3 with the same

sequence.
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Figure 5.1: The y-ray, X-ray and optical/UV light curves of 1H 0323+342 between 2008-2017,

where the dashed lines denote the flaring and steady states.

[92]



*.;‘ PMN J0948+0022 F1 F2 SteadyF3 F4F5 " _e- Adaptive binned
= 18 ¥ R
o 11 1 e 1
5 ¥ R
g ¥ T
h_o' 1 1 I I 1 [}
o 10f ¥ R
S N A
S 6 i TR 'e
T ol i ! :t : t
€ Zmey eyt L e e
_ i T “e- Swift XRT
o i R ::+
14 ¥ I
5 ¥ I
(=] 11 n (| no
o 10t ¥ AR SRS
5 ¥ o[
< H i o
26l 4y ¥ TSR
el [ ) *: 'AI : : +|I "* t
g1 s ¥ T A ]

ol ' ¥ S A ERA

| ' A A St e |

10 ¥ A - Swift W1
c I o stz
8 ¥ R - Swift W2 1
5 ¥ T
(o)) [ 1" (I 11 no
£ O ¥ R R
5 ¥ I
< 4 ¥ ooy
3 ' i i R
B ﬁ% A R

2+ i R I

- H S N ;

10} ¥ T iii A Swift V|
o ¥ oo e Swift B
e 8 ¥ oo & Swift U ]
5 ¥ T
o I " R 0o
S 6 ¥ R
E ¥ R
3 Y T ¥ el ;

LN B
20y iy ¥ R I t
55 600 55 ;500 56 600 56 I500 57 600 57 rI:')OO

Figure 5.3: The y-ray, X-ray and optical/UV light curves of PMN J0948+0022 between 2008-2017,

where the dashed lines denote the flaring and steady states.
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Figure 5.2: The y-ray, X-ray and optical/UV light curves of SBS 0846+513 between 2008-2017,

where the dashed lines denote the flaring and steady states.
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In the y-ray band, TH 0323+342 is in its quiescent state for most of the time (the flux did
not much exceed the averaged value), but the flux increased significantly several times. The
most violent increase was observed on MJD 56534.3 when the flux increased up to
(1.98 + 0.31) x 107® photon cm™% s~! within 16.2 hrs and the photon index hardened to
2.22+0.15. After this rapid flare, the source again entered its quiescent state. A sequence of
flares can be identified in the light curve of SBS 0846+513, however with a lower amplitude
as compared with the flares of 1TH 0323+342: the highest flux was observed on M|D
56145.6 - (6.35 + 1.12) x 1077 photoncm™?s~1. The high state of SBS 0846+513
continued till MJD 56146.8, when within 19.6 hours the flux was (4.15 + 1.04) X
1077 photon cm™2 s~1, but the photon index was significantly hard 1.73 * 0.14, which is the
hardest y-ray photon index detected during the considered period. The light curve of PMN
J0948+0022 shows that the source is alternatingly in its flaring or quiescent state. The
source flux was above 107 photon cm™2 s~1 several times (during brightening) which is
impressive, considering the large distance of z=0.585. The source was in an extremely
active state during MJD 56290.96 - MJD 56294.60, reaching a peak flux of (1.51 +
0.31) x 107® photon cm™2 s~ within 18.9 hrs, which corresponds to an apparent isotropic
y-ray luminosity of L, =~ 1.09 x 10*8 erg s=*, which is typical for the brightest FSRQs. The
observed hardest photon index is 2.13 + 0.18, but for most of the time it is > 2.5. The rapid
changes observed in intra-day scales and the amplitude of the increase once more show that

in the y-ray band NLSy1 sources have properties similar to those of blazars.

5.3 Swift UYOT/XRT Data Analysis

5.3.1 XRT Data

The observations of these sources with Swift have been performed many times during the
considered ~8.8 years. All XRT data were analyzed with the XRTDAS software package
(v.3.3.0) distributed by HEASARC along with the HEASoft package (v.6.21). The data were
taken only in photon counting (PC) mode for all sources, and since the count rates of all

sources were always below 0.5 counts s~*, no pile-up corrections were necessary. Source
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events were extracted in the 0.3-10 keV range within a circle of a radius of 20 pixels (47"),
while the background events were extracted from annular regions around the targets. Due
to low count statistics for PMN J0948+0022 and SBS 0846+513, to perform spectral
analysis, we rebinned the spectrum to ensure a minimum of 1 count per bin and used Cash
statistics. All spectra of 1H 0323+342 were rebinned with a minimum of 20 counts per
energy bin to allow yx2 fitting. Whenever multiple datasets were available during the
quiescent and flaring states, the event files were merged together. The spectra in the 0.3-
10 keV energy range were then analyzed with the Xspec v12.9.1a package, using the power-
law model with the Galactic absorption values from [32] taken as frozen parameters. The
detailed description of XRT data analysis including data reduction, pile-up correction,
spectral analysis and unabsorbed flux calculation are presented in section 1.4.2. The results

for all sources are listed Table 5.1.

5.3.2 UVOT Data

In this case the counts were extracted from 5" aperture centered on the source position.
The background events of SBS 0846+513 were extracted from circle in free source region
with 15" radius, while in the case of 1H 0323+342 and PMN J0948+0022 the annular
regions were used with 27" and 24" inner radii, respectively and the widths in both cases
were 8". The detailed description of magnitude calculation and correction is presented in

section 1.4.3.

5.4 Size of the y-Ray Emission Region

Initially for all the considered sources, performing a temporal analyses the emission region
sizes are estimated. In the light curves presented in Fig. 5.1, 5.2 and 5.3, several bright
periods for each source can be identified. In order to derive the flare rise and decay time
scales, the light curves for the periods of these flares have been calculated with normal time
binning. The shortest bin sizes have been chosen to ensure that i) the flare rise and decay
periods are well constrained and ii) the detection significance for each bin exceeds the ~ 50

limit. For some flares, when a large increase of intensity is observed, the flare rise or decay
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periods cannot be constrained even when the bins with day or sub-day scales are used. So

we select only the intervals when the rise and decay periods of the flares are clearly visible.
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Figure 5.4: The theoretical fitting of 1H0323+342 (F5, Figure 5.1), PMN J0948+0022 (F5, Figure
5.2) and SBS 0846+513 (F2, Figure 5.3) flaring periods with exponential function shown with red

lines (the detailed description of this procedure is presented in section 1.4.1).

The period chosen for 1H0323+342 is from MJD 56504.3 to MJD 56596.4, that for SBS
0846+513 is from MJD 56130.7 to MJD 56156.8, both with a day bin, and that for PMN
J0948+0022 is from MJD 56282.7 to MJD 56308.7 with an 18-hour bin. The corresponding

light curves are shown in Fig. 5.4. To derive the flare doubling timescales and understand
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the nature of the flares, the light curves are fitted with an exponential function (see Section
1.4.1 for more detail) and the corresponding fits are shown in Fig. 5.4 (blue line) with the
fitting parameters given in each plot. In the case of 1H0323+342 the flux increases several
times within t, = 0.49 + 0.26 day and then slowly decreases within t; = 0.64 + 0.28 day
(Fig. 5.4 [upper panel]). The rise time scale of PMN J0948+0022 (Fig. 5.4 [middle panel]),
t, = 1.78 + 0.34 day is comparably longer than t; = 0.47 + 0.17 day, showing a slow rise
and a fast decay trend. The time profiles show a nearly symmetric structure in the flare of

SBS 0846+513 (Fig. 5.4 [lower panel]) with t,, = 0.97 + 0.32 day and t; = 1.02 + 0.61.
5.5 Quiescent and Flaring States of the Sources

From the y-ray ligh curves of 1H0323+342, PMN J0948+0022 and SBS 0846+513 flaring
and quesecent periods for further spectral analyses were selected. From the many flares
tnly the ones, which have simultaneous Swift observations were considered. These periods
in all light curves are marked with dashed lines and named with F; (see Fig. 5.1, 5.2 and
5.3), where F5, F5 and F2 flares of 1H0323+342, PMN J0948+0022 and SBS 0846+513,
respectively were considered during the theoretical fitting (in the next section). In the case
of steady states, we chose only one period for each source, when the source in all energy
bands was in its relatively quiet state. The y-ray data analysis were performed with
unbinned likelihood method and the spectra of each source modeled using simple PL. The
fitted model was used to generate the SED with the same steps as described in section 4.4.
The results of the spectral analysis are presented in Table 5.1. In the case of XRT analysis,
we combined all the observations for the given period. Using xselect package, we merge the
event files, while the combination of exposure maps was performed with ximage package.
Due to the merging of the counts rate, for some periods the rate was higher than
0.5 counts s™! and the pile-up analysis (see section 1.4.2 for more detail) was performed
excluding the events from the 3 — 4 pixel circle in the inner part of the PSF. The grouping
and spectral analysis for these periods were performed with the same way as for the single
observation described in section 5.3.1. The fitting results are provided in the Table 5.1.

Different UVOT IDs were combained with the following steps. First we summed the image
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extentions of the same exposure into one image with uvotimsum, then we copied them into
another file using fappend task of the FUITILS” sub-package. And finally, we summed all
copied images again using uvotimsum command. The selected source and background
regions were the same as for the single observations described in section 1.4.1. The
extinction corrected magnitude calculation and conversation into fluxes was performed as

explained in section 1.4.2 and the results are presented in Table 5.1.

1H0323+342
Fermi-LAT
State Period' Flux? Photon index® Test Statistic*
Flare 1 | 54784.4-54788.0 3.82 £0.80 2.61+0.19 65.9
Flare 2 | 55856.7-55877.5 1.57 £ 0.30 2.74+0.17 56.8
Steady | 55957.0-56194.9 0.45 4+ 0.02 3.07 £ 0.06 47.3
Flare 3 | 56329.2-56345.4 3.36 + 0.48 2.79 £0.15 108.9
Flare 4 | 56464.0-56497.1 3.03+0.24 2.55 4 0.0.07 365.1
Flare 5 | 56532.3-56542.5 7.82 1 0.70 2,67 £ 0.10 343.9
Flare 6 | 56996.3-57025.8 | 3.17 +0.27 2.8810.10 270.9
Swift-XRT
State Exposure® Flux® Photon Index’ XZ.q (d.o.f.)?
Flare 1 5944 1.38 £ 0.05 1.89 £ 0.05 1.27(49)
Flare 2 2040 2,19 £ 0.09 1.90 + 0.06 0.63(35)
Steady 1536 1.00 £ 0.06 191+ 0.10 0.91(13)
Flare 3 4001 1.00 + 0.05 1.64 £+ 0.06 0.92(30)
Flare 4 16890 2.93 +0.05 1.82 +0.02 0.99(182)
Flare 5 4460 2.83 +0.09 1.72 + 0.04 1.14(62)
Flare 6 5804 2.29 £ 0.05 2.02 £0.04 0.97(93)
Swift-UVOT
State Ve B® u° wi1° M2° w2°
Flare1 | 1.86+0.07 | 1.86+£0.02 | 1.97+0.07 | 1.69+0.07 | 2.08+0.10 | 2.28+0.0
Flare 2 | 1.86+0.10 | 2.13+0.09 | 2.26+0.0 | 2.00+0.0 | 2.67+0.10 | 2.96%0.14

" This is one of the FTOOLS sub-packages designed for the manipulation of fits files.
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Steady | 1.68+0.07 | 1.59+0.07 | 1.74+0.07 | 1.57+£0.07 | 1.85+0.10 | 1.90%0.0
Flare 3 | 1.68+0.07 | 1.86+0.08 | 1.97+0.08 | 1.68+0.0 | 2.06+0.11 | 2.12+0.10
Flare 4 | 2.25%0.0 | 2.37£0.04 | 2.67+0.07 | 2.43+0.0 | 3.13+£0.09 | 3.31+0.06
Flare 5 | 2.20+0.0 | 2.35£0.0 | 2.80£0.0 | 2.50£0.0 | 3.28+0.0 | 3.43%+0.0
Flare 6 | 2.16£0.06 | 2.20+0.0 | 2.64£0.07 | 2.36+0.0 | 2.97+0.0 | 2.88+0.0
PMN J0948+0022
Fermi-LAT
State Period' Flux? Photon index® Test Statistic*
Flare 1 | 55368.1-55405.2 3.58+0.27 2.53+0.07 504.0
Flare 2 | 55717.4-55735.1 4.13+0.39 2.62+0.10 303.8
Steady | 55898.1-55966.8 1.11£0.14 2.63+0.11 148.3
Flare 3 56055.4- 2.36+0.24 2.59+0.10 261.4
Flare 4 | 56227.5-56236.5 5.17+£0.58 2.66%0.12 228.0
Flare 5 | 56290.0-56293.7 | 12.66+1.33 2.59+0.11 316.4
Swift-XRT
State Exposure® Flux® Photon Index’ X2, (d.o.f.)?
Flare 1 1556 5.01£0.51 1.64+0.12 0.96(120)
Flare 2 5161 3.70+0.23 1.61+0.07 1.09(233)
Steady 5212 3.3510.23 1.59+0.08 0.88(223)
Flare 3 741.7 5.51£0.95 1.57£0.22 0.71(62)
Flare 4 2050 4.38+0.46 1.5510.12 0.97(117)
Flare 5 721.7 14.80%1.28 1.65%0.11 1.00(158)
Swift-UVOT
State % B® u® wi1° M2° Ww2°
Flare 1 | 2.26+0.37 | 2.29+0.40 | 2.14+0.28 | 2.24+0.23 | 2.55+£0.31 | 2.66%0.21
Flare 2 | 1.9120.35 | 1.17+0.23 | 2.04+0.19 | 1.84+0.16 | 2.20£0.19 | 2.571+0.16
Steady - - 1.60+0.04 - - -
Flare 3 - 2.30+0.0 - - - -
Flare 4 - - 1.76+0.07 - - -
Flare 5 | 9.79+t0.9 | 8.80+0.5 | 7.80+0.4 | 5.53+0.2 | 9.28%0.6 | 8.05*+0.4
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SBS 0846+513

Fermi-LAT
State Period' Flux? Photon index® Test Statistic*
Flare1 | 56064.6-56157.5 | 1.76 + 0.10 2.1+ 0.04 1499.3
Steady | 56157.5-56392.7 | 0.24 £ 0.05 2.53+£0.15 61.13
Flare 2 | 56392.7-56448.9 1.37 £ 0.12 2.11 £ 0.06 689.2
Swift-XRT
State Exposure® Flux® Photon Index’ X%, (d.o.f)®
Flare 1 4750 1.09 £ 0.18 1.35+0.18 1.53 (76)
Steady 19140 0.39 + 0.04 1.55 + 0.13 117 (123)
Flare 2 7629 1.63 + 0.16 1.36 + 0.11 0.93 (174)
Swift-UVOT
State Ve B® ue wi1° M2° Ww2°
Flare 1 0.56+0.1 | 0.35+0.5 | 0.12+0.03 | 0.16+0.01 | 0.16+£0.01 | 0.15%0.01
Steady | 3.45+0.13 | 2.58+0.12 | 1.67£0.09 | 0.90+0.0 | 0.98+0.0 | 0.77+0.0
Flare 2 | 5.68+0.16 | 3.56+0.13 | 2.37+0.0 | 1.42+0.05 | 1.39+0.06 | 1.24+0.03

Table 5.1: The SEDs summary of separated flare and steady periods of 1H 0323+342,
PMN J0948+0022 and SBS 0846+513 denoted in Fig. 5.1, 5.2, and 5.3.

Notes:
1) Flares and steady states time intervals in MJD.

2) Integral y-ray flux calculated for 0.1-300 GeV range in units of 10~7 photoncm™2 s71 .
3) Photon index obtained from y-ray data analysis.

4) Test Statistic of the y-ray data likelihood analysis.

5) Net exposure in seconds.

6) Unabsorbed X-ray integral flux calculated in 0.3-10 keV range in units of
1072 erg cm™2 s~1 for PMN J0948+0022 and SBS 0846+513 and 107! erg cm™2 s~}
for 1H 0323+342.

7) Photon index obtained from X-ray analysis.

8) Reduced chi suqgare of X-ray data analysis with C-statistic.
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5.6 Theoretical Modeling of the SEDs in Flare and

Steady States

Taking into account the similarities between the emission characteristics of NLSyls and

blazars, the multi-wavelength emission in the quiescent and flaring states are modeled using

the synchrotron/Synchrotron Self-Compton (SSC) [172, 173] 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.

EI

min

MeV

1
Ecut

GeV

!
Emax

TeV

mG

Ljet

X 10%erg st

1H 0323+342

Q (8=10) | 2.49+397 4.871533 5.2419:¢6 2.811128 | 244.23%2383 0.56
F1 (8=15) | 1.90+39¢ 4.6013:5¢ 4574939 5.93%797 32.77+%38 2.25
PMN J0948+0022
Q (3=10) | 1.93%311 | 56.62%3222 3.021942 4.65%58¢ | 237.0671792 1.54
F5 (d=15) | 1.75%%12 95.81%2233 3.1615379 | 5691198 | 107.41*137 7.03
SBS 0846+513
Q (6=10) | 2.01*%317 | 123.73%538) | 7.15%%8 5251887 38.1913%7 1.90
F1 (3=15) | 2.05%318 | 269.94%3233 ) | 10.63729% | 5.29%7¢8 16.63%1:29 8.20
F2 (3=15) | 2.01%313 | 128.561¢227 | 9.89%333 4.247%38 26.66117% 5.79

Table 5.2: Model Parameters.

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

[102]



theories, [175] Ni(E.) = N§ (E,/m.c?)~* Exp[—E}/El,] for E ., < E; < E}. , Where
E;,in and E}, ., are the minimum and maximum electron energies, respectively.

For each source, the emitting region size has been calculated taking into account the flux
doubling times given in Fig. 5.4. 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/ (1 — Beos[B,ps]), Where 6, is the angle between the bulk velocity and the line of
sight. We assumed that § = 10 in the quiescent state and then § = 15 during the flaring
periods. These values have been chosen similar to the estimated mean bulk Lorentz factors
of FSRQs obtained from the analysis of a large sample of y-ray emitting FSRQs, [190]
considering the similarities between FSRQs and NLSyl1. The constraint of model parameters

was performed by modified naima package [176] as described in section 4.4.

5.7 Results

The results of SEDs modeling are shown in Fig. 5.4, 5.5 and 5.6 with the corresponding
parameters in Table 5.2. The radio emission is due to the low-energy electrons which are
accumulated for longer periods, that is why, the radio data are treated as an upper limit for
the purposes of our modeling.

The broadband SEDs of 1TH 0323+342 in the quiescent and flaring states are shown in Fig.
5.5 (left panel). During the flare the X-ray spectra significantly hardened, Iy = 1.72 + 0.04
compared with Iy = 1.91 + 0.10 in the quiescent state accompanied by the increase of the
X-ray flux from Fy = (10.0340.63) x 10"2ergcm™2s™1 to Fy = (2832 + 0.88) X
107*2erg cm™? s~1. Similar changes are observed also in the y-ray band: the flux increased
18.2 times (during the flare it was F, = (7.85 + 0.70) X 1077 photon cm™* s~') and the
photon index changed from a = 3.02 + 0.21to @ = 2.67 + 0.10. In the quiescent state the
emission can be explained, assuming ¢ = 2.49 + 0.06 and E.,, = (52.40 + 6.30) GeV
(observer frame) for the underlying electron distribution. While in the modeling of a flaring
state, harder @« = 1.90 + 0.07 and higher E.,, = (68.55+ 8.10) GeV (observer frame) are
needed. This change in a is due to the X-ray spectrum hardening and the increase of Ecut

can explain the shift of the y-ray spectrum to higher energies. The total jet luminosity
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(Ljet = Lo + L) is Ljee =056 xX10** ergs™ in the quiescent state and Lj,, = 2.25 x

10%5 erg s~1in the flaring period.
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Figure 5.5: The broad band SED of 1TH 0323+342 in the flaring and quiescent states.

The multiwavelength SED of PMN J0948+0022 observed during quiescent (black) and
flaring states (blue) is shown in Fig. 5.6. Among many flares observed during the
considered time, almost all of them had rather similar y-ray photon indices a = (2.34 —
2.52) but different fluxes. We chose the flare from MJD 56290.0 to MJD 56293.7, when the
y-ray flux was almost to its maximum. During this period, the X-ray photon index hardened
(Ix = 1.65 + 0.11) and the flux increased (14.80+ 1.28)x 10712ergcm™2s71 as
compared with quiescent state Iy, = 1.59 + 0.08 and (3.35 + 0.23) x 10 *2ergcm™2 s~ If
the power-law index of the electrons is @ = 1.93 + 0.12 with E_,; = (30.19 £ 5.32) GeV
(observer frame) and @ = 1.75 + 0.12 with E_,; = (47.33 + 5.93) GeV (observer frame), for
the quiescent and flaring states respectively, the emission in the X- and y-ray band can be
explained by SSC emission from the electron population producing the radio to optical
emission in the jet. When the emission in the quiescent state is modeled (§ = 10), as the

emitting region size is small, the magnetic field should be larger B = 0.24+ 0.02 G to
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account for the observed data, while at d = 15 the magnetic field is weaker, B = 0.11 + 0.01
G. The jet total luminosity, Lj, = 1.54x 10* ergs~!, increases up to Lj, = 7.03 X

10%% erg s~1 during the flare.
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Figure 5.6: The broad band SED of PMN J0948+0022 in the flaring and quiescent states.

The broadband spectrum of SBS 0846+513 is shown in Fig. 5.7 for quiescent (gray) and
flaring states (Flare 1 (blue) and Flare 2 [red]). During the flaring states the X-ray photon
index slightly hardened (Iy = 1.35 £ 0.18 for Flare 1 and Iy = 1.36 + 0.11 for Flare 2) as
compared with the quiescent state (I = 1.55 + 0.13). Due to large uncertainties, the power-
law index of underlying electrons does not change significantly and a = 2.00 + 0.1 well
explains the observed data in both states. A similar photon index hardening is observed also
in the y-ray band when comparing quiescent and flaring states (I' = 2.53 + 0.15 versus
I' =211+ 0.05), which resulted in that the cut-off is shifted to higher energies, e.g.,
E..: = 7153+ 20.26 GeV in the quiescent and E.,; = (148.35 — 159.45) GeV in the
flaring states (both in the observer frame). In the modeling the magnetic field should be
changed in accordance with the changes of the flux observed in the X-ray band (2.5-3.5
times), and it is B = (16.63 + 1.14) mG in the quiescent and B = (26.66 — 38.19) mG in
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the flaring states. The total jet luminosity is particle dominated, with L;, = 1.90 X
10**erg s~ in the quiescent state, and it increases up to Lj, = (579 —8.20) x

10*5erg s~1 during the flares.

— Flare 1 =
11 — Flare 2 .
=111 — Quiescent ¢
: :
N B \
%} . .
Y 12t e
.l

g 1 t J'.,

o . y .1

2 - /

< -13 . t +

g §

>, i

s} o

= 14t ¢

1
L)
—15}
10 15 20 25

Log [v (Hz)]
Figure 5.7: The broad band SED of SBS 0846+513 in the flaring and quiescent states.

The modeling presented above illustrates that the one-zone synchrotron/SSC model can
successfully explain the observed multiwavelength emission from 1H0323+342, PMN
J0948+0022 and SBS 0846+513. The hard X-ray photon index implies a hard power-law
index also for the electrons a < 2.0 and from the y-ray data, the cut-off energy is
E..: =50 GeV. This implies that the emission is dominated by the emission from freshly
accelerated electrons, which are effectively accelerated up to/above TeV energies. The jet
total luminosity required for modeling, L, = (1 —8) X 10** erg s~! which is almost of the
same order as the Eddington accretion power, Lg;; = (10*° — 10*¢)erg s~! for the black
hole mass of (10”7 —10%)Mg, which implies that the total jet luminosity is effectively

converted to emission in the jets of NLSyls.
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CONCLUSION

AGNs are among the most powerful sources of the Universe and their studies allow not only
understanding the physical processes and their formation, but also the Universe at large
distances. Since their discovery, AGNs were always studied in different bands, but rapid
development was in recent years, when simultaneous operations of many telescopes in
different band allowed studying the spectral properties from radio (~107 Hz) to VHE y-ray
(~10%7 Hz) bands. These multiwavelength studies provided chance not only to apply the
known theories, but also new and unknown features were discovered. The high quality data
from the observation allowed to examine the emission processes, which supported the
investigation of dynamic changes in these sources.

Studies of AGNs are especially important in the HE y-ray band for several reasons. First of
all, most of the AGN jet energy is released in the y-ray band, so the most extreme features
of AGNs can be investigated. The emission from AGNs is continuously monitored since
August 2008, which is crucial to understanding the origin of their variable emission.
Moreover, the y-ray data are necessary to fully understand the nature of the HE MeV/GeV
emission component in the AGN spectrum. Indeed, the recent observations in the y-ray
band were crucial for identifying new y-ray emitting AGNs as well as in understanding the
emission processes. For example, Fermi-LAT observations showed, that together with
blazars the AGNs with higher jet inclination angle (e.g, radiogalaxies) are another and very
important class of y-ray emission. On the other hand, the single source studies revealed
that energy released in the y-ray band sometimes can exceed the maximum available energy
of the central source (Eddington power).

In this thesis, the y-ray emission properties of up to now in the y-ray band detected 27 non-
blazar AGNs, including eleven FRI and ten FRII radiogalaxies/SSRQs and five NLSyls were
investigated using available most recent 7-years data. Such studies are intended to
determine the general properties in non-blazar AGNs, moreover the comparison with
blazars features allow us to understand the main difference between blazar and non-blazar
AGNs in the y-ray band. Also, emissions features of two well known objects NGC 1275 (the
most bright radiogalaxy in the MeV/GeV band) and PKS 0625-35 (one of the radiogalaxies
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also detected in VHE y-ray band so far) were studied. Especially, HE emission features in
recently detected NLSy1 sources were discussed in detail.

The main results by chapters are:

In chapter 1 the types of the AGNs discussed in the thesis with their properties, Swift
UVOT/XRT and Fermi-LAT observed data analyses methods and steps as well as the main

radiation mechanisms are described.

In chapter 2 the spectral and temporal properties of y-ray emission from non-blazar AGNs
using the recent Fermi-LAT observational data were investigated. It was shown that non-
blazar AGNs have a y-ray photon index in the range of 1.84 — 2.86 described with power-

law model and a flux varying from a few times 107°photoncm™2s™! to

1077 photoncm™2 s™t. Over long time periods, power-law provided an adequate
description of the y-ray spectra of almost all sources. Significant curvature was observed in
the y-ray spectra of NGC 1275, NGC 6251, SBS 0846+513 and PMN J0948+0022. In these
cases alternative log-parabola or power-law with exponential cut-off models gave better
descriptions of their spectra. The y-ray spectra of PKS 0625-25 and 3C 380 showed a
possible deviation from a simple power-law shape, indicating a spectral cutoff around the
observed photon energy of E.,, =131.2+88.04 GeV and E., =5557+50.74 GeV,
respectively. Our analysis confirmed the previous finding of an unusual spectral turnover in
the y-ray spectrum of Cen A: the photon index changes from I' = 2.75 + 0.02 to 2.31 + 0.1
at 2.35+ 0.08 GeV. In the I' — L, plane, the luminosities of non-blazar AGNs are spread
from 1.12 x 10** erg s™* to 7.85 x 10*® erg s~1, where FRI radiogalaxies have the lowest
luminosities (but typically appear with a harder photon index) and SSRQs/NLSyls sources
show the highest luminosities (with softer photon indexes). We confirm the previously
reported short-timescale flux variability of NGC 1275 and 3C 120. The y-ray emission from
NLSyls, TH 0323+342, SBS 0846+513 and PMN J0948+0022, is variable, showing flares in
short scales sometimes accompanied by a moderate hardening of their spectra (e.g., on
MJD 56146.8 the y-ray photon index of SBS 0846+513 was I' = 1.73 + 0.14). In the case
of 3C 111, Cen A core, 3C 207, 3C 275.1, 3C 380, 4C+39.23B, PKS 1502+036 and PKS

2004-447 long-timescale flux variability in the y-ray band was detected.
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In chapter 3 a detailed analysis of the y-ray light curve of NGC 1275 using the Fermi-LAT
data accumulated in 2008-2017 was performed. Major y-ray flares were observed in
October 2015 and December 2016/January 2017, when the source reached a daily peak flux

of (2.21+0.26) X 107® photoncm™2s™! and the maximum flux of (3.48 + 0.87) x

2 o1

107¢ photon cm™% s~! was detected within 3 hours, which corresponds to an apparent
isotropic y-ray luminosity of =~ 3.84 x 10*5erg s~1. The most rapid flare had e-folding time
as short as 1.21+ 0.22 hours, which has never been previously observed from any
radiogalaxy in y-ray band. Also y-ray spectral changes were observed during these flares: in
the flux versus photon index plane the spectral evolution follows correspondingly a counter
clockwise and a clockwise loop inferred from the light curve generated by an adaptive
binning method. On December 30, 2016 and January 01, 2017 the X-ray photon index
softened (Iy = 1.75 — 1.77) and the flux increased nearly ~ 3 times as compared with the
quiet state. The observed hour-scale variability suggests a very compact emission region
(R, <5.22 x 10 (6/4) cm) implying that the observed emission is most likely produced in
the sub parsec-scale of jet, if the entire jet width is responsible for the emission. During the
active periods the y-ray photon index hardened, shifting the peak of the HE spectral
component to >GeV, making it difficult to explain the observed X-ray and y-ray data in the

standard one-zone synchrotron self-Compton model.

In chapter 4 the y-ray emission from the radiogalaxy PKS 0625-35 was investigated using
the Fermi LAT data accumulated during 2008-2017. y-ray radiation up to 100 GeV has
been detected with a detection significance of about 32.30. A power-law spectrum with a
photon index of 1.88 + 0.04 and an integrated flux of
Fot00 mey = (1.02 £ 0.10) 1078 photon cm™2 s~ 1, above 100 MeV well describes the data
averaged over 9 years of observations. There is a hint of deviation from a simple power-law
shape around tens of GeV energies; however, the low statistics does not allow to reject
power-law model. The spectral energy distributions during high and low X-ray states are
modeled using one-zone leptonic models that include the synchrotron, synchrotron self

Compton processes; the model parameters were estimated using the Markov Chain Monte
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Carlo method. The modeling shows that the particles (electrons) of PKS 0625-35 jet are

accelerated to energies higher than 50 TeV.

In chapter 5 the multiwavelength emission properties of 1H 0323+342, SBS 0846+513 and
PMN ]J0948+0022 NLSy1 galaxies were discussed, using the y-ray data from the last 8.8
years Fermi-LAT observations as well as available Swift(UVOT/XRT) data. The temporal
analyses showed that y-ray radiation is produced in a compact region (smaller than several
10'¢) and one-zone synchrotron/synchrotron self-Compton model can satisfactorily

reproduce their observed broadband spectra.
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