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2 Brief description

The works done and currently being developed within our group lie in the
field of particle astrophysics including high energy gamma and neutrino as-
trophysics. The detection of these particles gives the opportunity to under-
stand the physical processes that occur in astrophysical sources: they are not
affected by interaction with extragalactic and galactic electromagnetic fields
before they reach the Earth, and therefore point directly to the source of emis-
sion.

Below we present several abstracts from the papers published in 2015.

e Giant lobes of Centaurus A as seen in radio and -y-ray images obtained
with the Fermi-LAT and Planck satellites

The y-ray data of Fermi-LAT on the giant lobes of Centaurus A are analysed
together with the high frequency radio data obtained with the Planck satel-
lite. The large y-ray photon statistics, accumulated during seven years of ob-
servations, and the recently updated Fermi collaboration software tools allow
substantial extension of the detected 7y-ray emission towards higher energy,
up to 30 GeV, and lower energy, down to 60 MeV. Moreover, the new 7y-ray
data allow us to explore the spatial features of y-ray emission of the lobes.
For the north lobe, we confirm, with higher statistical significance, our earlier
tinding on the extension of -ray emission beyond the radio image. More-
over, the new analysis reveals significant spatial variation of y-ray spectra
from both lobes. On the other hand, the Planck observations at microwave
frequencies contain important information on spectra of synchrotron emis-
sion in the cutoff region, and thus allow model-independent derivation of
the strength of the magnetic field and the distribution of relativistic electrons
based on the combined <y-ray and radio data. The interpretation of multi-
wavelength spectral energy distributions (SEDs) of the lobes within a pure
leptonic model requires strong enhancement of the magnetic field at the edge
of the south lobe. Alternatively, a more complex, leptonic-hadronic model of
the y-ray emission, postulating a non-negligible contribution of the 71° -decay
component at highest energies, can explain the y-ray data with a rather ho-
mogeneous distribution of the magnetic field over the giant lobes.

e Indication of a local fog of subankle ultrahigh energy cosmic rays
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During their propagation through intergalactic space, ultrahigh energy cos-
mic rays (UHECRs) interact with the background radiation fields. These in-
teractions give rise to energetic electron/positron pairs and photons which in
turn feed electromagnetic cascades, contributing to the isotropic gamma-ray
background (IGRB). The gamma-ray flux level generated in this way highly
depends upon the UHECR propagation distance, as well as the evolution of
their sources with redshift. Recently, the Fermi collaboration reported that the
majority of the total extragalactic gamma-ray flux originates from extragalac-
tic point sources. This posits a stringent upper limit on the IGRB generated
via UHECR propagation, and subsequently constrains their abundance in the
distant Universe. Focusing on the contribution of UHECR at energies below
the ankle within a narrow energy band ((1 — 4) x 10'® eV), we calculate the
diffuse gamma-ray flux generated through UHECR propagation, normaliz-
ing the total cosmic ray energy budget in this band to that measured. We find
that in order to not over-produce the new IGRB limit, a local “fog” of UHECR
produced by nearby sources may exist, with a possible non-negligible con-
tribution from our Galaxy. Following the assumption that a given fraction
of the observed IGRB at 820 GeV originates from UHECR, we obtain a con-
straint on the maximum distance for the majority of their sources. With other
unresolved source populations still contaminating the new IGRB limit, and
UHECR above the ankle invariably contributing also to this background, the
results presented here are rather conservative.

e Radial distribution of the diffuse y-ray emissivity in the Galactic disk

The Fermi-LAT data accumulated over 7 years of y-ray observations, together
with the high resolution gas (CO & HI) and the dust opacity maps, are used
to study the emissivity of -rays induced by interactions of cosmic rays (CRs)
with the interstellar medium. Based on the dust opacity templates, the y-ray
emissivity was measured for 36 segments of the Galactic plane. Furthermore,
the y-ray emissivity was evaluated in six Galactocentric rings. Both the ab-
solute emissivity and the energy spectra of y-rays derived in the interval 0.2-
100 GeV show significant variations along the galactic plane. The density of
CRs, derived under the assumption that y-rays are predominately produced
in CR interactions with the interstellar gas, is characterised by a strong radial
dependence. In the inner Galaxy the CR density substantially exceeds the
density in the outer parts of the Galaxy: by a factor of a few at 10 GeV, and
by more than an order of magnitude at 1 TeV. Remarkably, the energy distri-
bution of CRs appears to be substantially harder than the energy spectrum
obtained from direct measurements of local CRs. At the same time, the flux
and the energy spectrum of multi-GeV protons derived from <-ray data in
the outskirts of the Galaxy is quite close to the measurements of local CRs.




e Transition of propagation of relativistic particles from the ballistic to the
diffusion regime

A stationary distribution function that describes the entire processes of prop-
agation of relativistic particles, including the transition between the ballistic
and diffusion regimes, is obtained. The spacial component of the constructed
function satisfies to the first two moments of the Boltzmann equation. The
angular part of the distribution provides accurate values for the angular mo-
ments derived from the Boltzmann equation, and gives a correct expression
in the limit of small-angle approximation. Using the derived function, we
studied the gamma-ray images produced through the pp interaction of rela-
tivistic particles with gas clouds in the proximity of the accelerator. In gen-
eral, the morphology and the energy spectra of gamma-rays significantly de-
viate from the “standard” results corresponding to the propagation of rela-
tivistic particles strictly in the diffusion regime.

e Galactic sources of high energy neutrinos: Expectation from gamma-
ray data

The recent results from ground based <y-ray detectors (HESS, MAGIC, VERI-
TAS) provide a population of TeV galactic y-ray sources which are potential
sources of High Energy (HE) neutrinos. Since the <-rays and v -s are pro-
duced from decays of neutral and charged pions, the flux of TeV 7-rays can
be used to estimate the upper limit of v flux and vice versa; the detectabil-
ity of v flux implies a minimum flux of the accompanying y-rays (assuming
the internal and the external absorption of -rays is negligible). Using this
minimum flux, it is possible to find the sources which can be detected with
cubic-kilometer telescopes. I will discuss the possibility to detect HE neutri-
nos from powerful galactic accelerators, such as Supernova Remnants (SNRs)
and Pulsar Wind Nebulae (PWNe) and show that likely only RX J1713.7-3946
, RX J0852.0-4622 and Vela X can be detected by current generation of in-
struments (IceCube and Km3Net). It will be shown also, that galactic binary
systems could be promising sources of HE v -s. In particular, v -s and <y-rays
from Cygnus X-3 will be discussed during recent gamma-ray activity, show-
ing that in the future such kind of activities could produce detectable flux of
HE v -s.

e Gamma-ray Emission from Non-Blazar AGNs

The gamma-ray detection by Fermi-LAT from non blazar active galactic nu-
clei shows that these are different and potentially very interesting classes
of gamma-ray emitters. This provides an alternative approach for studying
high energy emission processes compared to blazars where the emission is
strongly Doppler boosted. Up to now there are 32 non-blazar AGNs detected
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in the gamma-ray band which are included in the third catalog of AGNs de-
tected by Fermi LAT. I will present a detailed investigation of the gamma-ray
emission from non-blazar AGNs based on seven years of Fermi LAT data.The
accumulation of a larger data set allows detailed temporal analysis in short
and long time scales as well as to study the spectrum with better statistics at
energies above several GeV. Also the possible origin of observed gamma-rays
will be discussed considering both compact and extended regions.

e High Energy Gamma-Rays From PKS 1441+25

In January/April 2015 Fermi-LAT detected strong gamma-ray flares from
FSRQ PKS 1441+25 (z=0.939). During the flare in January the daily y-ray
flux reached up to (1.72 4-0.19) x 10~® photon cm~2 s~ ! with the flux double
time of ~ 1.4 days. This flare is accompanied by similar flux increase, also in
the X-ray band as observed by Swift XRT. The available X-ray and <y-ray data
allows to constrain the underlying electron distribution parameters through
Markov Chain Monte Carlo method. The emission in the low state can be
interpreted by synchrotron self-Compton emission from the electron popula-
tion producing the radio-to-X-ray emission in the jet while in the high state
the emission is mostly produced from inverse-Compton up scattering of the
external photons from dusty torus.

e Gamma-Ray Variability of NGC 1275

We present the study of high energy y-ray emission from NGC 1275 radio
galaxy using seven years of public available Fermi-LAT data. The recent up-
grade to new Pass 8 event-level analysis (with larger acceptance, a better an-
gular and energy resolution and etc.) allows more detailed temporal and
spectral analysis. The light cure with 7-day bins reveals several flaring activi-
ties, especially during the last two years of observation, when the weekly flux
exceeds the averaged flux nearly 5 times. The flaring activities are investi-
gated by the detected spectrum and temporal analysis. The spectral analysis
indicates that in the flaring periods the power-law with exponential cut-off
modeling is favored over the simple power-law models. The temporal anal-
ysis indicates a day scale variability of flux.

e The Gamma-Ray Emission from Broad-Line Radio Galaxy 3C 120

The results of the analysis of Fermi-LAT data from seven years of observa-
tions of the broad line radio galaxy 3C 120 are presented. Compared with the
previous studies, now the new PASS 8 data allows to investigate the tempo-
ral variability in long and short time scales. The temporal analysis indicates
significant variability in short time scales. The spectral analysis is performed
for the energies above 100 MeV and high energy <-rays are detected up to

10



10 GeV. The 7- ray spectrum can be described as synchrotron self-Compton
emission from the electron population producing radio-to-X- ray emission in
the jet. The required electron energy density exceeds the one of magnetic
tield, only by a factor of 2.6 meaning no significant deviation from.
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4 Galactic sources of high energy
neutrinos: Expectation from
gamma-ray data

4.1 Introduction

The neutrinos are unique messengers which carry astrophysical/cosmological
information[1]. Since they can escape from much denser environments (high
photon field and/or matter) than <-rays , it provides a possibility to exam-
ine the sources which are impossible by -ray detectors. The detection of
HE v -s will help to understand the origin of cosmic rays since they are pro-
duced in hadronic interactions, thus bring direct information on the hadronic
component accelerated in the sources. Many galactic and extragalactcic as-
trophysical object classes are able to accelerate particles above TeV energies
which are confirmed by the recent observations with ground based y-ray de-
tectors (HEGRA, HESS, MAGIC, VERITAS and etc). While the acceleration
of leptons (electrons) is limited by relatively short cooling times, the accel-
eration of hadrons goes beyond TeV /PeV energies. The interaction of these
hadrons (with photon fields or matter) produces HE neutrinos (> TeV). Re-
cently, the IceCube detector has detected PeV neutrinos [2], which are proba-
bly produced in extragalactic objects (e.g. active galactic nuclei, the source of
gamma-ray burst and etc). However, the galactic sources (especially super-
nova remnants) have been historically considered more favorable sources for
HE neutrino detectors. This is justified considering that the galactic sources
are responsible for acceleration of cosmic rays at energies below the so-called
knee. Perhaps, the chance to detect the first galactic sources will increase with
the arrival of KM3Net detector considering the northern hemisphere is more
suitable to study galactic sources [3].

Current knowledge on the population and intensity of galactic nonthermal
sources (provided by -ray detectors) allows to make quantitative estimation
on the expectations for HE v detectors. Indeed, y-rays and neutrinos are pro-
duced almost in the same rate in pp interaction, thus <y-ray data can be used
as a guide for neutrino searches. In [3], it was shown that the most relevant
energy range for 7-ray observations (which will provide one event in neu-
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trino detector) is around 20 TeV, where the intensity of -ray is at the narrow
range of [, ~ (2—6) x 107> TeV ! cm™2 571 [3]. However, for now only
limited data are available at 20 TeV, which will be highly explored with the
future planned CTA instrument, therefore we try to obtain a limit at some-
what lower energies which are currently better investigated (e.g. ~ 1 TeV).
Let’s suppose accelerated protons interact with low energy protons (pp inter-
action) and produce y-rays . If the source is transparent for produced y-rays,
one can derive a limit on the y-ray flux which accompanying HE v flux can be
detected by current instruments. The sensitivity of nowadays HE v detectors
(e.g. IceCube) at 1 TeV are:

1.7x 1071 TeV-lem™2s7! — after1year

Frens (B = 1TeV) = { 49 x 10712 TeV-lem=2s~! — after5years (@1.1)

On the other hand, the ratio between y-ray and v fluxes produced in pp in-
teraction for broad proton distribution (dN,/dE, ~ E ¢ a = (1.5 +3.5))

corresponds to: % ~ (0.6 — 2.5) (see Fig. 2 in [4]). Taking into account this
ratio and assuming that the HE v flux corresponds to the threshold value pre-
sented in Eq. 4.1.1, it can be calculated the corresponding y-ray luminosity
for a given distance (d). This luminosity corresponds to:

2
1.95 = 8.13) x 103 ( -4 eres~ ! — after1vyear
L,(E, =1TeV) = ( ) <“"”) & Y

2

(5.6 +23.3) x 103 <1 ]flpc> ergs~!  — after5 years

(4.1.2)
A 7-ray source can be also detected by current v detectors, if at the distance
d = 1 kpc it has a y-ray luminosity exceeding the limits presented in the Eq.
4.1.2. Accordingly, measuring the y-ray flux at 1 TeV (and a corresponding
luminosity) by comparing with the values presented in Eq. 4.1.2 we can find
relevant sources for observations with HE v detectors. The limit presented
in Eq. 4.1.2 was obtained assuming the source is transparent for produced
-rays . The absorption of the -rays introduces uncertainties, between y-ray
and v fluxes and the limits presented in Eq. 4.1.2 are not applied anymore. In
particular, such conditions are satisfied for galactic binary systems which we
discuss separately.

4.2 The sample

In principle above mentioned limits can be applied for both galactic and ex-
tragalactic sources. Poor understanding of physics of extragalactic sources
(e.g. AGN and GRBs) and intrinsic and/or intergalactic absorption hard-
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4.2 The sample

ens the prediction for extragalactic objects. Instead, the situation is more
clear with the galactic sources: comparatively better information on physical
processes responsible for y-ray and v emissions. The recent observations in
GeV/TeV band clearly demonstrated that several classes of galactic sources,
such as supernova remnants, pulsar wind nebulae and microquasars (binary
systems), are effective particle accelerators above TeV energies. However, in
some cases both leptonic and hadronic scenarios can successfully reproduce
the observed HE y-ray data. Without going into details, here we assume that
the observed <y-rays have a hadronic origin and we discuss the perspectives
of detecting HE neutrinos from these sources.

All the results from observations in HE energy band (including all instru-
ments) are listed in TeVCat. Currently it contains around 150 sources which
include both galactic and extragalactic objects. We consider only sources be-
longing to SNRs and PWNe classes, which are powerful nonthermal emitters
up to very high energies.

Supernova Remnants: SNRs were considered as the main sources of galactic
cosmic rays after the arguments by Baade and Zwicky in 1934 [5]. A modest
efficiency of ~ 10 % in converting the kinetic energy of supernova shocks
into particle acceleration and the rate of SNRs in our Galaxy can explain
the observed flux of cosmic rays. There was no observation proof of proton
acceleration in SNRs shock until recently, since both leptonic and hadronic
modelings give a satisfactory description of the y-ray data. However, re-
cently AGILE and Fermi-LAT measured pion bumps in SNRs IC 443 and W
44 [6, 7, 8] which show indirect evidence of the acceleration of hadronic par-
ticles in SNRs. If so, it is natural to consider SNRs as potential targets for HE
v observations.

Currently, there are 10 SNRs interacting with molecular clouds and 13 shell
type SNRs which are listed in TeVCat. Unfortunately, for some sources there
are missing measurements of flux at 1 TeV (e.g. photon index) and only 20
SNRs are included in the sample. We assume, that the y-rays have pure
hadronic origin and we compare the luminosity at 1 TeV with limits obtained
in Eq. 4.1.2. Fig. 4.1 (on the left) illustrates the luminosity of shell type
SNRs (circle) and SNRs interacting with molecular clouds (square) compared
with the 7y-ray luminosity. The filled area corresponds to different initial pro-
ton distributions changing from very soft « = 3.5-long dashed to very hard
« = 1.5-dashed (solid line represents the power-law index & = 2). As one can
see, most of sources have y-ray flux nearly two order of magnitude below
than required threshold. It appears only for two powerful SNRs, the mea-
sured -y-ray luminosity is in the order of presented limit. These are SNRs RX
J1713.7-3946 and RX J0852.0-4622 which have been extensively discussed as
potential targets for HE v detectors. Different estimations show that in prin-
ciple several events in a year exposure can be detected if the produced y-rays
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Figure 4.1: Gamma-ray luminosity of SNRs (on the left) and PWNe (on the
right) compared with the minimal y-ray luminosity required to produce de-
tectable HE v flux. The filled area corresponds to different power-law indicis
of initial protons (« = (1.5 + 3.5)).

have hadronic origin (however, up to now the leptonic origin can not be dis-
tavored). The location of these two SNRs is not covered by IceCube, but they
are perfect targets for future planned KM3Net instrument.

The red solid line in Fig. 4.1 corresponds to necessary <y-ray luminosity in
order to detect HE v -s after 5-years of observations. It is noticeable, that even
in this case the situation is not improved: only above mentioned SNRs will
be detected. The <y-ray observations should find new SNRs otherwise the ex-
pectations from currently known SNRs are not promising.

Pulsar wind nebulae: PWNe are another class of galactic sources which ac-
celerate particles up to VHESs. If one assumes the fraction of accelerated parti-
cles are protons, then from the inelastic interactions between accelerated pro-
tons and the ambient gas HE/VHE <-rays and v -s are produced. Of course,
the presence of bayronic component in pulsar winds (coexisting) with the lep-
tonic one is still an open question and moreover the pulsar must efficiently
convert rotational energy into proton acceleration. However, considering the
difficulties with the leptonic modeling, the hadronic scenario remains attrac-
tive for y-ray emission from PWNe. This makes PWNe another class of galac-
tic sources producing HE v -s.

The number of PWNe detected in TeV band and presented in TeVCat corre-
sponds to 35 but for 7 sources no data are available. For remaining 28 sources,
we assume that the produced v-rays have pure hadronic origin and compare
with the limits presented in Eq. 4.1.2 (see Fig. 4.1). Similar to the previous
case, the luminosity of almost all sources is significantly below than the re-
quired limit and only two sources, Crab nebulae and Vela X, have flux satisfy-
ing mentioned limit. One of these sources, crab nebulae - a very well studied
object in all wavelengths, emits y-rays up to TeV band which are most likely
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produced from inverse Compton scattering of soft photon fields inside the
nebula. In case if y-rays are produced from protons, from this source also HE
v can be detected. However, so far no evidence for proton contribution seen
from the observations. On the other hand, Vela X PWN, an active pulsar (PSR
B0833-45) associated with nebula, can be easily detectable with the current
instrument (7y-ray flux corresponds to L, ~ 1.7 x 103 erg s~! exceeding the
obtained limits). The origin of unusual TeV <y-rays (photon index I' ~ 1.32)
[9] is under debates but considering the difficulties for modeling within lep-
tonic scenarios, the hadronic origin can not be disfavored. All this arguments
show that Vela region (Vela X PWN and Vela Junior SNR) is a prime candi-
date for galactic v sources to be detected with KM3Net.

It should be noted, that after 5-years of exposure, some of the sources can be
detected with current HE v instruments (red solid line in Fig. 4.1). Compared
with the previous case, this is improved, but still few events in 5-years of ob-
servations do not make these source potentially interesting for v astronomy.
Binary systems: For a long time, binary systems were considered as poten-
tial y-ray emitters, however unavoidable absorption of HE <y-rays (by optical
photons in the systems) makes hard their detection. The improved sensitivity
of current instruments results the detection of GeV/TeV -rays from binary
systems (microquasars) confirmed that their emission extends up to TeV en-
ergies (or even higher energies). If the y-rays are produced from protons, the
flux of HE v -s can significantly exceed the one of y-rays (by a factor of e*
where T is the optical depth) considering that they escape from the region
without absorption unlike the 7y-rays . Due to the unknown parameter T no
acceptable limit can be drown in this case. However, below it is demonstrated
that using the observed y-ray flux from Cygnus X-3 (well known galactic mi-
croquasar) and under reasonable assumptions for absorption it can be de-
tected by neutrino detectors.

It has been shown, that -ray flaring activity from microquasar Cygnus X-3
can be well explained within hadronic scenario [10]: protons accelerated via
jet interact with the wind particles from companion Wolf-Rayet star. Nor-
malizing the proton spectrum using AGILE data (unabsorbed) and taking
into account the absorption above GeV energies (in order not to overcome
MAGIC upper limits) the expected HE v flux is only by a factor of about
3 lower than the 1-year IceCube sensitivity at ~10 TeV. Considering a pro-
longed ”soft X-ray state” (which is characterized by <-ray emission), the v
flux from this source might be close to being detectable by cubic-kilometer v
telescopes such as IceCube. Moreover, the estimations for HE v -s from an-
other galactic binary system, LS 5039, show that the flux of HE v -s can be
as large as 1.6 x 1071 ecm~2s~! (for energy greater than 1 TeV) [11], above
the sensitivity threshold of experiments in the Mediterranean Sea (KM3Net).
This shows that probably binary systems are a class of galactic objects, from
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which the first galactic HE v -s will be detected.

4.3 Conclusion and Discussion

The cubic kilometer scale HE v detectors with the existing HE -y-ray detec-
tors provide an opportunity to study nonthermal processes in both galactic
and extragalactic objects in great detail. While the recent detection of PeV v
by IceCube demonstrate the beginning of extragalactic v astronomy, the first
galactic sources of HE v still have to be detected. There are several classes
of galactic sources, which i) can accelerate the particles (hadrons) up to hun-
dreds of TeV energies and ii) are established to be TeV emitters. Clearly, the
tirst galactic source which will be detected, belongs to one of these well es-
tablished classes of TeV emitters.

The flux of TeV <-ray allows to estimate the expected flux of HE v , if the
-rays have a hadronic origin and produced <-rays do not suffer from ab-
sorption in the sources. Indeed, the minimal detectable flux of HE v implies
the minimal flux of accompanying y-rays . Such estimation shows, that from
already detected SNRs and PWNe, only two SNRs, RX J1713.7-3946 and RX
J0852.0-4622, one PWN- Vela X, have significantly high HE v flux, which can
be detected with current v detectors. Even longer exposure time (5-years)
will not significantly increase the number of potentially detectable sources.
However, if the y-rays from above mentioned sources have a hadronic ori-
gin they will provide several events in kilometer-cube scale size detector in a
year exposure.

On the other hand, the unexpected high flux of HE v -s can be detected from
galactic binary systems (recently established strong TeV emitters). The effec-
tive absorption of TeV <y-rays , means that the flux of HE v can exceed the
y-ray one by several orders of magnitude (depending on the optical depth
T). The estimation of HE v flux from several binary systems (e.g., Cygnus
X-3, LS 5039) shows that it is either in the same order or exceeds the sensi-
tivity of the current instruments. Moreover, considering that the TeV y-rays
can be totally absorbed in the system (high density of soft photons), the v ob-
servations might discover new binary systems which are not “seen” by y-ray
instruments. Therefore, these are the best targets for HE v detectors.
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5 Gamma-ray Emission from
Non-Blazar AGNs

5.1 Introduction

The recent results from the observations in MeV/GeV band constitute that
the largest population of extragalactic y-ray sources are Active Galactic Nu-
cleus (AGNs) with a jet pointed at a small angle to the line of sight. The ra-
diation from these sources (called blazars) is strongly amplified by Doppler
boosting: the observed flux is related to the rest-frame flux by F(v) ~ 6>F(v')
where v/ is the emitted photon frequency in the rest frame. y-ray emission
from blazars shows strong variability (minutes and day-scales) which means
that the radiation is produced in sup-pc scales and it is a unique possibility to
investigate jet structures in parsec or sub-parsec scales. At the same time, the
emission from extended regions (e.g., knots, lobes [12] and etc) which is not
boosted remains invisible. In principle, these regions which contain valuable
information regarding the jet particle density, jet acceleration power etc, can
be investigated considering AGNs with a larger inclination angle (e.g. Radio
Galaxies (RG)). Thus the observations of these misdirected AGNs provide
different approaches to study high energy processes in AGNS.

After four years of all sky monitoring with Fermi Large Area Telescope (Fermi
LAT), 26 RGs of different types have been reported as GeV <y-ray emitters
[28]. Although, the small number of detected objects makes the population
study difficult, the results of individual objects contain important informa-
tion about the high energy properties of these objects. y-ray emission from
both Fanaroff and Riley type-I (FRI) and type-II RGs have been detected. Fol-
lowing the Fanaroff and Riley classification [14], FRI sources have surface
brightness that is larger toward their cores, while for FRII sources, the bright-
ening increases toward the edges. The jet of low power FRI sources appears to
be relatively inefficient at transporting energy, while the high-power sources,
FRIIs, have fast, efficient jets. Probably the accretion in the FRI sources is rela-
tively inefficient while most FRIIs have an efficient engine and a dusty torus.
Up to now 10 FRIs, 3-FRIIs, 7- Soft-Spectrum Radio Quasars (SSRQs) and 1 -
Compact Steep-Spectrum Quasar (CSS) have been detected in the y-ray band
and are included in the third catalog of AGNs detected by the Fermi LAT [28].
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SSRQs have characteristics more similar to FRII and jet inclination angle be-
tween these of FSRQs and FRIls. Instead, CSS radio sources are small (< 1
kpc) in size but are morphologically similar to kpc-Mpc double-sided radio
galaxies. In addition, to these sources, we include also 3C 120 which recently
has been detected in the y-ray band [15]. The source Fornax A is included
in the sample but the recent analysis indicates that y-ray emission from this
particular source is produced in the extended lobes [16].

Prior to the launch of the Fermi satellite, only the RG and blazar sub-class of
AGNs have been detected in the y-ray band. However, the recent results in-
dicated that also Narrow Line Seyfert 1 (NLSy1) galaxies are potential sources
of y-rays. NLSy1 are AGNs with optical spectral properties similar to those
of Seyfert 1 galaxies, except for having narrow Balmer lines and strong opti-
cal Fe II lines [17]. NLSy1 exhibit strong X-ray variability, steep X-ray spec-
tra, relatively high luminosity, and substantial soft X-ray excess [18]. These
characteristics point to systems with smaller masses of the central black hole
(10% — 108M, ) than blazars and radio galaxies, and higher accretion rates
(close to or above the Eddington limit). Up to now, already 5 NLSyls have
been detected in the y-ray band which have interesting temporal and spectral
properties in the 7y-ray band.

Our sample, in total, contains 28 objects from 3 different sub-classes of AGNSs.
The investigation of the origin of y-ray emission from these objects based on
the 7-year of Fermi LAT data will allow detailed investigation of particle ac-
celeration and emission processes in the RGs.

5.2 Fermi-LAT Data Selection and Analysis

Large Area Telescope, on board the Fermi satellite is a pair-conversion tele-
scope sensitive to y-rays in the energy range between 20 MeV - 300 GeV [31].
Most of the time, it constantly scans the whole sky already more than 8 years
(operating since August 4, 2008) which allows to investigate the y-ray sky
over a long time period.

Here we use publicly available data accumulated during 7 years of Fermi
LAT operation, between 4th August 2008 and 4th August 2015 correspond-
ing to the Mission Elapsed Time (MET) interval of 239557417— 460339204.
The data were analyzed with standard Fermi Science Tools v10rOp5 software
package released on May 18 2015, available from the Fermi Science Support
Center !. The latest reprocessed Pass 8 events with energy between 90 MeV
and 310 GeV and spacecraft data are used with the instrument response func-
tion P8R2_ SOURCE. V6 and enabling energy dispersion correction. How-

http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis /software/
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ever, the likelihood analysis was restricted to 100 MeV - 300 GeV energy in-
terval. Only events with higher probability of being photons (evclass=128
evtype=3) are analyzed. Standard cuts (e.g., the zenith angle larger than 90°)
are applied to reduce Earth limb y-rays (produced from the interaction of
cosmic rays with atmosphere).

The photons were downloaded from 10° around each source position taken
from [32] (except for 3C 207, M87, PKS 1502+036, PKS 2004-447 and 1 H
0323+342, the radius 12° is chosen to have better modeling of the region of
interest (ROI)) and worked with a 14° x 14° square ROIL The photons are
binned with gtbin tool with a stereographic projection into pixels of 0.1° x 0.1°
and into 35 equal logarithmically-spaced energy bins. The model file is cre-
ated using the Fermi LAT third source catalog [32] (3FGL) where all sources
within ROI+5° region were included in the model file. For the Galactic and
diffuse background models glI_ iem _ v05_ revl and iso_source_v05 are used,
currently recommended by LAT team. The normalization of background
models as well as fluxes and spectral indices of the sources within ROI are left
as free parameters in the analysis. In order to find the best matches between
spectral models and events, the binned likelihood analysis is performed with
gtlike and the detection significance is quantitatively estimated using the Test
Statistics (TS), defined as TS = 2(log L - log Ly), where L and L are the likeli-
hoods with an additional source and null hypothesis [33].

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

In the spectral analysis, initially the source spectra were modeled using Power-
Law (PL) spectral shape. In case, the source spectra shows deviation from
simple PL modeling, more complex Power-Law with Exponential cut-off (PLEXP)
or log parabolic (LP) shapes are considered. In order to check for statistically
significant curvature in the spectrum, log likelihood ratio test was performed.
After the likelihood fitting in the energy range between 0.1-300 GeV, the Spec-
tral Energy Distribution (SED) of each source has been obtained by dividing
the total interval into smaller bands and separately running gtlike for these
intervals.

In order to quantify the variability within 7 years, the total observational time
has been divided into shorter time periods. Then, with a gtlike tool, the un-
binned likelihood analysis is performed restricting the (0.1 — 300) GeV en-
ergy range with appropriate quality cuts applied as in the previous case. In
the model file, the photon indices of all sources are fixed to the best guess
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Figure 5.1: SEDs of NGC 1275 and Cen A core for the energy range from 100
MeV to 300 GeV.

values to reduce uncertainties in the flux estimation. Since the variability is
not expected for underlying background diffuse emission, we fixed the best-
tit parameters as to the average values obtained from the 7-year integrated
spectrum for Galactic/extragalactic background components.

The possible variation is investigated in both short and long time scales. For
some sources, pure statistics do not allow to investigate the variability shorter
than a 6-month period while for bright source the light curves with denser
time sampling are investigated. The minimal time interval used in the light
curves generation has been chosen so that the period when the source has
been detected by Fermi LAT corresponds to the large fraction of total bins. To
search if the variability is present a x? test will be performed.

5.3 Results

The results from the current data analysis are summarized in the Table 6.1.
For each source the class, y-ray photon index (I'), flux (F,), distance (d), -
ray luminosity (L,(ergs~!)) and TS are presented. Since reprocessed PASS
8 version of data is used, most of sources have been detected well above 5¢
limit which allowed to investigate the source spectrum above 1 GeV energies
which is crucial for testing the break or turn-over in the spectrum.

The results presented here are consistent with those reported in [28] but
with reduced uncertainties in the flux and photon index due to the collec-
tion of longer data set resulting to the improved photon statistics. Only the
source TXS 0348+013 initially included in the sample of non-blazar AGNs
[28] appeared with detection significance below 5 ¢ limit (TS 14) thus we
did not include it in the Table 6.1. The highest detection significance cor-
responds to ~ 267¢ for NGC 1275 while the 3C 303 has been detected almost
at the threshold limit 5.1¢. The observed lower photon flux corresponds to
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1.49 x 10~? photon cm 2 s~ ! for 3C 303 at the same time the brightest sources
have photon flux in the order of few times 10~7 photoncm 257! (e.g., Cen
A, NGC 1275) .

The y-ray spectrum of most of the sources is well represented with PL model.
However, the spectrum of several sources appears with curvature or with
turn-over and more complex models are required. For example, in the Fig.
1 the SED of NGC 1275 is depicted, which shows curvature in the spectrum
(steepening above 10 GeV) and PLEXP spectrum better explains the observed
data. Similar steepening is observed also in the spectrum of NGC 6251 albeit
the spectrum starts to drop above 1 GeV energies. The source PKS 0625-
31 has relatively hard spectrum I' ~ 1.86 and the emission extends up to
> 100 GeV energies. Even if a steepening above (30 — 40) GeV is noticeable
a PLEXP representation of the data is not statistically significant to reject the
simple PL modeling. However, the recent detection of the source above 250
GeV with H.E.S.S. instrument with the photon index 2.8 &£ 0.5 [22] strength-
ens the assumption about the break in the 7-ray emission spectrum. The
y-ray emission from the core of Cen A RG appears with interesting modifi-
cation. Indeed, in the previous works it has been already illustrated that the
y-ray spectrum appears with unusual break around 4 GeV [23]. Now, with
the new data the spectrum of Cen A can be investigated with better statistics
and a break with high confidence level (5¢) around 3 GeV is found when the
spectrum hardens from 2.7 to 2.3 (Fig. 1 (b)). Interestingly, the extrapolation
of the component with photon index 2.3 to the TeV energies can satisfactorily
reproduce the data in the TeV band from the H.E.S.S observations [24] show-
ing that the emission in these bands is produced from the same component.
This can be additional evidence that different components are forming the
Cen A spectrum in the 100 MeV- 3 TeV energy range.

In principle, the observed y-rays can be produced both in compact and ex-
tended regions. The localization of y-ray emission from both RGs and blazars
is still an open problem. However variability, if present, could provide im-
portant constraints on the emitting region size. An observed flux variation
on timescale ty,r, for example, would limit the (intrinsic) size of the y-ray

production region to R < Z‘% c tyar, Wwhere ¢ is the Doppler factor and z is
the redshift. Therefore the variability will allow to distinguish between the
extended and compact emitting regions.

The previous variability studies did not reveal significant variability of the
RGs in the 7y-ray band and only the emission from NGC 1275 was charac-
terized by temporal and spectral variability [25]. The new data analysis indi-
cates that among FRI/FRII sources, in addition to NGC 1275 also the emission
from 3C 380 and 4C +39.23B appears with temporal variability. The 7y-ray
light curves of NGC 1275 and 3C 380 are depicted in Fig. 2 with 7-day and 2-
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month time intervals. The x? test shows highly variable flux where the prob-
ability that the flux is constant is below 10~3. In addition, similar test applied
to the light curve of 4C +39.23B with 6-month bins shows x?/dof ~ 2.2 with
the probability p(x?) = 0.01 which is consistent with variability. It should
be mentioned that x? analysis of the monthly light curve of M87 and PKS
0625-35 indicates possible variability, however, because of limited statistics
no definite conclusion can be drawn. From non variable sources Cen B and
NGC 6251, which have high detection significance (18¢ and 32¢ respectively)
are particularly important since the extended lobes of these sources have been
already considered as possible sites where y-rays are produced. Now, the ab-
sence of statistically significant variability indirectly supports the assumption
that y-rays are produced in the extended regions. The pure statistics did not
allow the investigation of the variability for the rest of considered sources in
a time period with a year (or sometimes 6-months) binning which does not
allow to make definite conclusions regarding the variability.

The high photon statistics from the observations of NLSy1 sources allowed
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Figure 5.2: The y-ray light curves of NGC 1275 (upper) and 3C 380(lower).

detailed investigation of the «y-ray flux variability. The -ray emission from
SBS 0846+513, 1H 0323+342, PMN ]J0948+0022 is strongly variably in sub-
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month time scales showing several bright flaring periods. For example, the
light curve of SBS 0846+513 with 15-day binning indicates the flux increased
nearly 9 times from its averaged level and also the photon index modified
from 2.24 to 2.0 during June - July 2011. Interestingly, during the next signif-
icant y-ray flux brightening (August 2012), the flux increased only by its in-
tensity but the photon index remained almost the same (2.24). This indicates
that perhaps the physical origin of these flares is different. The other two
NLSy1 sources (PKS 1502+036 and PKS 2004-447) show variability in month
time scales with no significant flaring periods. The detailed investigation of
the variability of NLSy1 sources will be investigated in the future works.

5.4 Discussions

We have studied the y-ray emission from non-blazar AGNs included in the
third catalog of AGNs detected by the Fermi LAT using the 7-year of Fermi
LAT accumulated data. The sample consists from 12 FR I, 3 FRII, 6 SSRQ, 1
CSS and 5 NLSy1 and we have found the following main results.

i) The number of detected FR I and FRII are nearly the same considering
SSRQ and CSS are FRII sources. Each class is characterized by different pho-
ton indexes which ranges from I' = 1.8 to I' = 2.8. The sources with harder
photon indexes are PKS 0625-35 and TXS 0331+3915 (I' ~ 1.8, both are FRI)
while the FR II sources appear with softer photon index (I' > 2.3). This dif-
ference in photon indexes is connected with different radiative cooling suf-
fered by the relativistic electrons in jets propagating in different ambients,
e.g. due to the strong radiative cooling in FR II sources the electrons ap-
pear with smaller energies. Moreover FRI and FRII sources are characterized
by different luminosities: FRIs have lower -ray luminosity (the maximum
observed luminosity is 2.2 x 10* erg s~! for NGC 1275) whereas FRIIs have
luminosity which can reach up to few times 10% erg s 1. In the photon index
luminosity plan the NLSy1 sources have similar characteristics with FRII one
which is connected with the fact that i) the jets of NLSy1 have inclination an-
gle smaller than FRI sources more similar to SSRQs and ii) the jet propagates
in the medium with reach photon fields similar to FRIIs. The powerfull FRII
and NLSy1 sources are detected even at a larger distance with the most dis-
tant source 4C +39.23B at the redshift z = 1.21.

ii) The spectral analysis indicates that PL spectral model gives a good rep-
resentation of the Table 6.1 sources SED. However, deviation from simple
power-law modeling is observed in the individual source spectra. Namely,
PLEXP spectral model can explain the steeping observed in the spectra of
NGC 1275 and NGC 6251 assuming the break at the energies ~ 30 GeV and
7.2 GeV, respectively. The modeling of PKS 0625-35 spectrum with PLEXP
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spectrum statistically is not preferred over simple PL modeling but there is
an indication of steepening of the spectrum. The modeling of Cen A core
spectrum with broken power-law modeling confirmed the break around ~ 3
GeV when the spectrum hardens from 2.7 to 2.8.

iii)The temporal analysis indicates new variable sources among FRI/FRII
sources in addition to the previously reported variability of NGC 1275. The
sources 3C 380, 4C +39.23B and Cen A core (low energy component) show
clear variability in month time scales whereas some indication of variability
is present in the light curves of M87 and PKS 0625-35. The light curve of NGC
1275 is one of the most interesting one which shows a complex structure with
several flaring periods when the flux increases several times from its aver-
age level. The fit of flare structures indicates minimum folding time in the
order of 7 days indicating the emission is produced in the compact emitting
region. Moreover, statistically significant flux brightenings during the short
time periods are observed in the light curve of 3C 120 and 3C 111. For ex-
ample, during the week between 21-27 September 2014 and 20-26 April 2015,
the 7y-ray fluxes of 3C 120 increased nearly 10 times and the photon index
was changed from 2.69 to 2.25. Among, the NLSy1 sources SBS 0846+513, 1H
0323+342, PMN J0948+0022 are characterized by sub-month time scale vari-
ability while the month time scale variability is present in the light curves of
PKS 1502+036 and PKS 2004-447.

30



5.4 Discussions

Table 5.1: Results of the Fermi-LAT Data Analysis

Source Name r E,(>90MeV) dlcm) L,(ergs™!) TS
3C 264 1.994+0.15 2.93+1.24 x 10~ 2.83 x 10%® 3.5x 10*> 785
NGC 1275 2.01+0.14 3.754+0.03x 1077 2.29 x 102 22 x 10* 71118
3C 120 2.694+0.06 411+055x 108 43 x10% 3.35x10%¥ 3324
Cen A Core 2.66+0.02 1.944+0.06 x 1077 1.17 x 10® 1.19 x 10* 6107
NGC 2484 2.114+0.01 2.09+£0.06 x 1072 558 x 1026 7 x 10*  28.03
Cen B 247 4+0.05 7.36+0.87 x 1078 1.69 x 10® 1.23 x 104 341.79
M87 2.02+0.04 1.844+0.18 x 1072 5.68 x 10® 8.18 x 10*' 1033.52
NGC 6251 2.3540.03 2.81+0.15x 1078 326 x 10 2x10%¥ 1001
NGC 1218 2.034+0.08 7.15+158 x 1072 3.73 x 10%® 1.32 x 10¥® 178.8
TXS 0331+3915 1.84+0.17 159+0.1 x 1077 2.68 x 10%° 291 x 10¥* 41.8
PKS 0625-35 1.874+0.04 1.18+0.12x10°% 7.1 x10*® 1.35x 10* 915.7
Fornax A 2.324+0.08 1.124+0.16 x 1078 5.74 x 10® 2.55 x 104 181.5
3C 111 2.704+0.05 4.87+£0.32 x 1078 6.32 x 10%®6 82 x 10¥ 254.75
3C 303 202+0.19 149+08x 1077 1.84 x10¥ 7.16 x 108  26.0
Pictor A 2534+0.12 1.384+0.37 x 1078 4.57 x 102 1.48 x 10 118.66
3C 207 263+0.08 158+0.23x 8 869 x10% 5.69 x 10¥ 120.8
3C 221 2414+0.09 9.65+1.75 x 10~ - - 120
3C 275.1 2474+0.12 1.1+024x10°% 723 x10% 3.12x10%¥ 106
3C 380 243+0.03 4354+022x1078 9x10¥ 2.04 x 10%* 1328
PKS 1203+04 269+0.17 845+25x 1077 819 x 10¥ 2.55 x 10%* 31.08
4C +39.23B 246+0.06 2.134+0.23 x 1078 1.58 x 102 3.12 x 10% 413
3C 286 2.714+0.14 1.084+0.25x 1078 1.11 x 102 5.61 x 10 63
SBS 0846+513 224 +0.02 463+0.18 x 1078 7.62 x 10 2.15 x 10* 3129
1H 0323+342 2.834+0.03 893+0.33x 108 7.95x 102 2.28 x 10** 1405
PMN J0948+0022 2.627 +0.02 1.61 +0.17 x 1077 7.62 x 10 4.27 x 10* 6346
PKS 15024036  2.631 +0.04 5.27 +£0.28 x 1078 5.31 x 10¥ 6.88 x 10¥* 933
PKS 2004-447 2.629 +0.06 2.91+0.26 x 1078 3.13 x 10 1.32 x 10¥ 351
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6 High Energy Gamma-Rays From
PKS 1441425

6.1 Introduction

Blazars are an extreme class of Active Galactic Nuclei (AGNs) which have jets
that are forming small angle with respect to the line of sight [27]. Blazars are
known to emit electromagnetic waves in almost all frequencies that are cur-
rently being observed, extending from radio to y-ray bands. Since the blazar
jet has small inclination angle, the emitted radiation will appear brighter to-
wards the observer due to the relativistic beaming. Typically, the matter in
the blazars’ jet moves with velocities close to the speed of light (large bulk
factor) thus the beaming factor can become very large (6 ~ (10 — 20)) which
implies the emitted luminosity is significantly amplified (by ~ 5% times). The
main feature of the non-thermal blazar emission is a distinct variability at all
frequencies with different variability time scales ranging from years down to
a few minutes. The shortest variability time scales are usually observed for
the highest energy band, for example minute scale variability of PKS 2155-
304 [26] which implies the emission is produced in a very compact region.
Therefore, the observation of blazars is a unique chance to investigate the jet
structure in sub-parsec scales.

Commonly, the blazars are divided into BL Lacertae (BL-Lac) objects and
Flat-Spectrum Radio Quasars (FSRQs) where BL-Lacs show no sign of emis-
sion lines, whereas the FSRQs are more distant, more luminous, and have
stronger emission lines [27]. In the unified models of AGNs, it is believed
that radio galaxies (AGNs with larger inclination angle) are the parent pop-
ulation of blazars, namely the FSRQs are associated with FRII radio sources,
while the BL-Lac objects with low luminous FRI sources. Considering the
environments where the jet propagates in BL-Lacs and FSRQs are different,
the cooling of relativistic electrons will be different, thus those classes will be
characterized by different photon indexes. Indeed, the FSRQs, which have
very reach and effective nuclear region (thus the electrons effectively loss en-
ergy) are found to be soft, while BL Lacs represent on average a population of
harder-spectrum sources [28]. Therefore, the particle acceleration and emis-
sion processes in those sources are different and the investigation of radiation
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mechanisms provides different views of High Energy (HE; > 100 MeV) pro-
cesses.

HE observations of blazars are especially important, considering the photons
with these energies are produced from particles accelerated up to hundreds
of TeV energies which allow us to investigate the particle accelerations in the
most extreme regimes. Also, the Extragalactic Background Light (EBL) inten-
sity can be estimated using the absorption of Very High Energy (VHE; > 100
GeV) photons by the interaction with EBL photons.

In the VHE <-ray band the majority of detected blazars is BL-Lac objects, in
particular those with the synchrotron bump peaking in the UV /X-ray band.
Particularly, it is interesting the detection of VHE photons from blazars be-
longing to the FSRQs class, since the broad line region structure of those ob-
jects, which is rich in optical-UV photons, makes these environments strongly
opaque to y-rays and the detection of those objects in the VHE <y-ray band is
rather surprising.

Recently, HE and VHE <-rays are detected from the distant blazar PKS 1441+25
(z=0.939) with VERITAS [29] and MAGIC [30] instruments. This illustrates
that some of the radiated photons escape pair production interaction with
both EBL photons and the radiation near the black hole, and suggested that
the emission region is located beyond the BLR region. The y-ray light curve
of PKS 1441+25 shows several prominent flaring activities which are accom-
panied by flux increase also in the X-ray band. In the current work, the un-
derlying particle distribution of the flare, observed in January 2015, is inves-
tigated using the data from Fermi-LAT and Swift XRT.

6.2 Fermi-LAT Data Analayisis

Large Area Telescope, on board the Fermi satellite (Fermi-LAT) is a pair-
conversion telescope sensitive to y-rays in the energy range 20 MeV - 300
GeV. It constantly scans the whole sky every 3 hours already more than 8
years which allows to investigate y-ray sky over a long time period. More
details about Fermi-LAT instrument can be found in [31].

In the present paper we use publicly available data accumulated during 6-
28 January simultaneous with Swift XRT observations (which corresponds to
the Mission Elapsed Time (MET) interval of 442195203— 444096003). The data
were analyzed with standard Fermi Science Tools v10rOp5 software package
released on May 18 2015, available from the Fermi Science Support Center
1. The latest reprocessed Pass 8 events spacecraft data are used with the in-
strument response function PSR2_ SOURCE_ V6 . We downloaded photons

http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis /software/

34



6.2 Fermi-LAT Data Analayisis

95

-10.0 |- o
L — +

-10.5 - B

-11.0

|

|

+

i
4

‘Zb T 25 T 3b T 35 T ‘45 T ‘45 T Sb

Log(EV)
Figure 6.1: The y-ray Spectral Energy Distribution (SED) of PKS 1441+25 av-
eraged over Fermi-LAT observations in January 2015 (blue data). SED ob-

tained during the flaring period between 21-28 January is depicted with red
colors.

in the energy range 100 MeV-100 GeV from a region of interest defined as a
circle of 20 deg radius centered at the position of PKS 1441+25 (RA, Dec) =
(220.996, 25.039). During the analysis only events with higher probability of
being photons (evclass=128 evtype=3) are analyzed. A cut on zenith angle
90° was applied to reduce contamination from Earth-limb <y-rays, produced
by cosmic rays interacting with the upper atmosphere. The model file de-
scribing the region of interest contains point sources from Fermi-LAT third
source catalog [32] within 25 deg from the target, as well as Galactic gll_ iem
- v05_ revl and isotropic iso_source_v05 diffuse components. All point-source
spectra were modeled with the same spectral model used in the catalog, al-
lowing the photon index and normalization of the sources within 20 deg to
be free in the analysis. Also, the normalization of diffuse-background com-
ponents were not fixed.

6.2.1 Spectral Analysis

In order to find the best matches between spectral models and events, an un-
binned likelihood analysis is performed with gtlike. Initially the spectrum of
PKS 1441+25 is modeled assuming a power-law, considering the normaliza-
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Figure 6.2: Light curve of 0.1 < E, < 100 GeV <-rays from PKS 1441+25
during January 2015. The bin intervals correspond to 1- days. The flare fit
with the Eq. 6.2.4 is highlighted in the small plot.

tion and power-law index as free parameters. The best fit spectrum obtained
with gtlike corresponds to:

AN ” E —1.9940.04

yielding an integral flux of
F,(> 100 MeV) = (5.89 4 0.3) x 10”7 photon cm 257, (6.2.2)

with only statistical errors taken into account. The source detection signifi-
cance quantified by Test Statistics (TS), defined as TS = 2(log L - log L) [33],
where L and L are the likelihoods with an additional source and null hypoth-
esis, corresponds to TS = 2174 above 100 MeV, which is equal to ~ 46.6 o de-
tection significance. Figure 6.1 shows the spectrum of PKS 1441+25 obtained
by separately running gtlike for 5 energy bands equal in a log scale.
The lightcurve of PKS 1441+25 was constructed by applying the above analy-
sis method to a day-time bins. Then, with gtlike tool the unbinned likelihood
analysis is performed restricting (0.1 — 100) GeV energy range with appropri-
ate quality cuts applied as in the previous case. In the model file, the photon
indices of all other sources are fixed to the best guess values to reduce un-
certainties in the flux estimation and the photon index of PKS 1441+25 and
normalization of all sources within 20 deg are considered as free parameters.
The -ray lightcurve of the PKS 1441425 obtained with the one-day bin-
ning is presented in Fig. 6.2. A major flaring period is clearly visible. Bright
flaring peak is evident around 25 January with the daily averaged flux of
(1.72 £ 0.19) x 107® photon cm~2s~!. During the flaring period the photon
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index corresponds to I' = 1.95, thus it was not changed significantly. The flux
increase is observed around 21 January and it lasts up to 28 January.

In order to investigate the flaring period, the y-ray data accumulated in the
period between 21-28 January 2015 are analyzed. The best fit parameters de-
scribing the spectrum obtained from the unbinned analysis with gtlike are:

AN ” E —1.968+0.04
V) = (559+038) x10° 1 (= . (623
( dE >P ( ) (1406.7 MeV) (62.3)

which corresponds to F, (> 100 MeV) = (1.05+0.06) x 10~ photon cm 251
flux and the predicted photon counts from PKS 1441+25 are Npreq = 517.2.
The Fig. 6.1 shows Fermi-LAT spectrum of PKS 1441+25 obtained by sepa-
rately running gtlike for 6 bins (red) where a deviation from power-law mod-
eling above ~ 3 GeV is noticeable. An alternative fit of power-law with ex-
ponential cutoff function in the form dN/dE ~ E,* X Exp(—E/Ecu) is
performed, which results to « = 1.81 and E.yt = 12 5.2 GeV. In order to
compare the power-law and the power-law with exponential cutoff models,
a log likelihood ratio test between the models is applied. The TS is twice the
difference in these log likelihoods, which gives 8 for this case. Note that the
probability distribution of the TS can be approximated by a x? distribution
with 1 dof, corresponding to the difference of dof between two functions.
The results give P(x?) = 0.0046 which again indicates a deviation from a
simple power-law function.

To derive the timescales of the flare, the light curve is fitted with a two-sided
exponential function in the form of

F(t) = Fet Fox Expl— (150))

= FE.+Fx Exp[— (M)k]

0d

(6.2.4)

where ty is the time of the maximum intensity of the flare (Fy), F. represents
the constant level present in the flare, oy and oy are the rise (t < tp) and decay
(t > tp) time constants, respectively, and k is a measure of the flare sharpness.
The time of maximum flare has been fixed during the fitting procedure and
the other parameters are considered as free parameters. The fit results in
Fy = (14 +2.2) x 1077 photonem s, 0y = 3.154+ 0.7, 04 = 1.95 4+ 0.4 and
k = 1.19 £ 0.3. Using this technique, it is also possible to estimate the shortest
time variability which is defined by T = ¢ x (In2)1/%) and corresponds to
Tq = 1.4 d. This illustrates that there is a doubling of flux in 1.4 d-scales
which will allow to constrain the emitting region size.
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6.3 Discusssion and Interpretation

Usually, the SED of a blazar consists of two broad non-thermal radiation com-
ponents in different energy domains. The first component, ranging from ra-
dio to optical or X-ray energies, is usually attributed to synchrotron radiation
of relativistic electrons interacting with ambient magnetic fields. The origin
of the HE spectral component, covering the X-ray to y-ray regime, is still un-
der debate. It can be modeled by the inverse Compton radiation coming from
low-energy photon fields that interact with the relativistic electrons [34]. This
process can be described either by a Synchrotron-Self Compton (SSC) model,
where the electrons scatter their self-generated synchrotron photons [35], or
by so-called external Compton models (EC), where the seed photons are gen-
erated in the accretion disk [36], the broad-line region [37], or the dusty torus
[38] of the central black hole. The exact localization of 7y-ray emission region
is still an open problem and it is unclear which external photon field domi-
nates.

The simultaneous multiwavelength data from the observations of PKS 1441+25
are depicted in the Fig. 6.3. In the low state, the archival data are from ASI
Science Data Center collected in different periods. The X-ray data in the high
period are from [29] and ‘y-ray data are from two different epoch times: blue
points simultaneous with Swift XRT (January) observations and red points in
the flaring period between 21-28 January (January-flare).

In order to model the emission in the low and high states SSC and EC models
are considered. In the synchrotron/SSC modeling, it is assumed the emission
comes from a spherical region with the radius R, moving with Lorentz factor
I = (1 — B)~'/2. The size of the emitting region can be constrained from 1.4
d variability of HE y-ray flux which implies the emission is produced from a
region with a size smaller than < 1/(1+z)tcé ~ 1.87 x 10'® (6/10) cm.
The emission is boosted by § = 1/[I'(1 — Bcos(6))] where 6 is the angle
between the bulk velocity and the line of sight. For the Doppler beaming
0 = 10 and 6 = 18 are considered for low and high states respectively. The
observations of PKS 1441+25 in April 2015 with MAGIC and VERITAS in-
struments show that the emission is produced in a region beyond the broad
line region. Thus, the photons from dusty torus are the main field for external
photons. For the torus, we assume luminosity Liorus = 0.6 Lgisx [39] where
Lgisk =~ 2 x 10% ergs™! is inferred from the luminosity of broad line region
[40] and temperature T ~ 103 K.

The underlying electron distribution is assumed to have power-law with

exponential cutoff (‘2—?) bLEe = Noy *Exp <— (%)) or broken power-law

form (%)BPL = Np 7y if v < 4, and (%)BPL = Noyp2 "y 2 if ¢ > .

The parameters giving the best description of the data are obtained with a

1
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Figure 6.3: Multiwavelength emission of PKS 1441+25 considering SSC and
EC models. The blue line corresponds to the modeling in the flaring period
while the dashed line for the period simultaneous with Swift XRT observa-
tions. The EBL absorption is included in the model calculations.

publicly available naima package [41], which can derive the best-fit and un-
certainty distributions of spectral model parameters through Markov Chain
Monte Carlo (MCMC) sampling of their likelihood distributions. The prior
likelihood, our prior knowledge of the probability distribution of a given
model parameter and data likelihood functions, are passed onto the emcee
sampler function for an affine-invariant MCMC run. In addition, there are
multiple simultaneous walkers, which improve the efficiency of the sampling
and reduce the number of computationally-expensive likelihood calls. In the
modeling, the synchrotron, and IC radiative models included in the naima
package are used. The electron synchrotron emission is computed for a ran-
dom magnetic field, according to the approximation provided in [42]. This
approximation provides better than 0.2 % accuracy over the entire range of
energy. The full Klein-Nishina cross section is used in the calculation of the IC
scattering using the kelner from [43], and both synchrotron and torus photon
fields are considered. We run the sampling with 64 simultaneous walkers,
for 100 steps of burn-in, and 100 steps of run. In the parameter sampling, the
following expected ranges are considered: 1.5 < (a,aq,47) < 10and 1GeV <
E.py <1TeV,0.511MeV < Epin < 1TeV and 0.511 MeV < Epax < 1TeV.
The results are depicted in the Fig. 6.3, while the corresponding parameters
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Table 6.1: Parameters for the models presented in Fig. 6.2.4.

Parameters Low January January-Flare
No® 910 42 502.2 + 227 944.3 + 360

a1 2275+0.01  2.50£0.08 2.511+0.06

) - 3.48 £ 0.03 3.385£0.06
Emin(MeV) 3.288+222  6.36 £0.67 741+0.6

Ecpr(GeV) 7.42 +0.42 2.03+0.17 2224+0.19
Emax(GeV) 162.6 =40 9218 £12.4 715+ 8.4
B(G) 0.124 £0.007 0321 £0.016  0.235£0.01

are presented in Table 6.1. In the low state power-law with exponential cutoff
electron distribution gives a better representation of the data while the broken
power-law spectral model is preferred for the modeling in the high state. The
maximum electron energy Enmay is estimated using the X-ray data for the high
periods but in the low state the X-ray data are missing, thus it is defined by
the y-ray data. The estimations show that in the flaring period it is in the
order of Eyax = (70 — 90) GeV. The power-law slop is characterized with
the index order of ~ 2.5 before the break which steepens to ~ 3.5 at the
break energies ~ 2 GeV. The obtained magnetic field strength (~ 0.3 G) is in
the limit for the similar parameters estimated for the blazars. The modeling
allows to estimate the particle and magnetic field energy content in the jet.
The equipartition condition is significantly violated in the low state U, /Up ~
3880 while there is no large deviation in the flaring periods (U./Up ~ 16 for
January and U,/ Up ~ 50 for January flare).

In the future works, also the flaring event observed in April of 2015 will be
investigated applying a similar technique. The comparison of the underlying
electron distribution properties in two different flaring periods with the low
state will allow to understand the origin of the observed flares.
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