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2 Brief description

The main scientific activities of our group are in the field of X- and gamma-
ray Astrophysics and Astroparticle physics. The results from the data analy-
sis of Swift UVOT /XRT, NuStar, Chandra and Fermi LAT telescopes are used
to investigate the particle acceleration and emission processes in the different
classes of active galactic nuclei. The analysis of available data allows to in-
vestigate the emission processes and relativistic outflows in the most extreme
regimes (keV-TeV).

Below we present several abstracts from the papers published in 2019.

e Origin of the multiwavelength emission of PKS 0502+049

The origin of the multiwavelength emission from PKS 0502+049 neighboring
the first cosmic neutrino source TXS 0506+056 is studied using the data ob-
served by Fermi-LAT and Swift UVOT/XRT. This source was in a flaring state
in the considered bands before and after the neutrino observations in 2014-
2015, characterized by hard emission spectra in the X-ray and <y-ray bands,
~ 1.5 — 1.8 and < 2.0, respectively. During the neutrino observations, the -
ray spectrum shows a deviation from a simple power-law shape, indicating
a spectral cutoff at E; = 8.50 £ 2.06 GeV. The spectral energy distributions
of PKS 0502+049 are modeled within a one-zone leptonic scenario assuming
that high energy <y-ray emission is produced either by inverse Compton scat-
tering of synchrotron or dusty torus photons by the electron population that
produce the radio-to-optical emission. Alternatively, the observed y-rays are
modeled considering inelastic interaction of protons, when the jet interacts
with a dense gaseous target. During the neutrino observations, the y-ray data
are best described when the proton energy distribution is ~ E; 261 and if the
protons are effectively accelerated up to 10 PeV, the expected neutrino rate is
~ 1.1 events within 110 days. In principle, if the y-ray emission with a hard
photon index observed during the flaring periods extends up to ~ TeV, the ex-
pected rate can be somewhat higher, but such conditions are hardly possible.
Within the hadronic interpretation, the <y-ray data can be reproduced only




2 Brief description

when the accretion rate of PKS 0502+049 is in the supper-Eddington regime,
as opposed to the leptonic scenario. From the point of view of the necessary
energetics as well as considering that the required parameters are physically
reasonable, when the neutrinos were observed, the broadband emission from
PKS 0502+049 is most likely of a leptonic origin.

e Investigation of the Gamma-ray Spectrum of CTA 102 During the Ex-
ceptional Flaring State in 2016-2017

The flat spectrum radio quasar CTA 102 entered an extended period of activ-
ity from 2016 to 2017 during which several strong y-ray flares were observed.
Using Fermi large area telescope data a detailed investigation of y-ray spectra
of CTA 102 during the flaring period is performed. In several periods the -
ray spectrum is not consistent with a simple power-law, having a hard photon
index with an index of ~ (1.8 — 2.0) that shows a spectral cutoff around an
observed photon energy of ~ (9 — 16) GeV. The internal y-ray absorption via
photon-photon pair production on the broad-line-region-reflected photons
cannot account for the observed cut-off/break even if the emitting region is
very close to the central source. This cut-off /break is likely due to a similar in-
trinsic break in the energy distribution of emitting particles. The origin of the
spectral break is investigated through the multiwavelength modeling of the
spectral energy distribution, considering a different location for the emitting
region. The observed X-ray and <-ray data is modeled as inverse Compton
scattering of synchrotron and/or external photons on the electron popula-
tion that produce the radio-to-optical emission which allowed to constrain
the power-law index and cut-off energy in the electron energy distribution.
The obtained results are discussed in the context of a diffusive acceleration of
electrons in the CTA 102 jet.

e Open Universe for Blazars: a new generation of astronomical products
based on 14 years of Swift-XRT data

Open Universe for blazars is a set of high-transparency multi-frequency data
products for blazar science, and the tools designed to generate them. Blazars
are drawing growing interest following the consolidation of their position as
the most abundant type of source in the extragalactic very-high energy --
ray sky, and because of their status as prime candidate sources in the nascent
field of multi-messenger astrophysics. As such, blazar astrophysics is becom-
ing increasingly data driven, depending on the integration and combined




analysis of large quantities of data from the entire span of observational as-
trophysics techniques. The project was therefore chosen as one of the pilot
activities within the United Nations Open Universe Initiative. We aim to de-
liver innovative data science tools for multi-messenger astrophysics. In this
work we developed a data analysis pipeline called Swift-DeepSky, based on
the Swift XRTDAS software and the XIMAGE package, encapsulated into a
Docker container. Swift-DeepSky, downloads and reads low-level data, gen-
erates higher-level products, detects X-ray sources and estimates several in-
tensity and spectral parameters for each detection, thus facilitating the gen-
eration of complete and up-to-date science-ready catalogues from an entire
space-mission dataset. The Docker version of the pipeline — whose concept
can be reproduced with other missions — and its derived products is publicly
available from the Open Universe Website at openuniverse.asi.it We present
the results of a detailed X-ray image analysis based on Swift-DeepSky, that
was run on all Swift XRT observations including a known blazar, carried out
during the first 14 years of operations of the Neil Gehrels Swift Observatory.
Short exposures executed within one week of each other have been added
to increase sensitivity, which ranges between ~ 1 x 1072 and ~ 1 x 10~ 14
erg cm 2 57! (0.3-10.0 keV). After cleaning for problematic fields, the result-
ing database includes over 27,000 images integrated in different X-ray bands,
and a catalogue, called 10USXB, that provides intensity and spectral infor-
mation for 33,396 X-ray sources, 8,896 of which are single or multiple detec-
tions of 2,308 distinct blazars. All the results can be accessed on-line in a
variety of ways: e.g., from the Open Universe portal at openuniverse.asi.it,
through Virtual Observatory services, via the VOU-Blazar tool and the SSDC
SED builder. One of the most innovative aspects of this work is that the re-
sults can be safely reproduced and extended by anyone.







3 Publications-2019

e V. Acciari,.....S. Gasparyan...N. Sahakyan, .... D. Zaric, “Testing emis-
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4 The Origin of the
Multiwavelength Emission of
PKS 05024049

4.1 Introduction

The recent observations of Very High Energy (> 100 GeV; VHE) astrophysi-
cal neutrinos by IceCube [81} 1] has opened a new window on studying the
nonthermal hadronic processes in the Universe. The neutrino events are dis-
tributed isotropically on the sky, suggesting they are of an extragalactic ori-
gin. Different source candidates and scenarios have been proposed to explain
the origin of the observed neutrinos (e.g., see [93} 113} 150] and [13] for a re-
view) but none of them has so far been statistically supported by the obser-
vational data.

The blazar sub class of active galactic nuclei is often considered as the most
likely sources of VHE neutrinos. Such a consideration is natural considering
the blazars are among the most luminous and energetic sources in the Uni-
verse. Blazars have two jets ejected in opposite directions, one of which is
pointing towards the Earth and they are usually sub-grouped into flat spec-
trum radio quasars (FSRQs) and BL Lac objects, depending on the emission
line properties [147]. The small inclination angle and the relativistic motion in
the blazars jets substantially increase their apparent luminosity, so that their
emission can be detected across the entire electromagnetic spectrum, from ra-
dio to High Energy (> 100 MeV; HE) or VHE <y-ray bands. The non-thermal
Spectral Energy Distribution (SED) of blazars has two broad non-thermal
peaks - one at the IR/optical/UV or X-ray and the other at HE -ray bands.
The first peak is due to synchrotron emission of energetic electrons, while the
second one can be explained by several different mechanisms. For example,
in the so called Leptonic scenarios, the HE emission can be explained by in-
verse Compton scattering of synchrotron or external photons [68, 69, [138].
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Generally, these leptonic scenarios are successfully applied to explain the ob-
served properties in different bands, but sometimes fail to reproduce some
observed features such as very fast variability almost in all observed bands
(e.g., Mrk 501 [15] or PKS 2155-304 [11] etc.).

As an alternative, the HE emission can be explained by the interaction of en-
ergetic protons when they are effectively accelerated in the blazar jets. The
HE component can be due to proton interaction either with a gaseous target
(via proton-proton (pp) collisions; [50, 26| 28]) or with a photon field (proton-
v (py) when their energy exceeds the threshold of A resonance [103} (104,102,
111, [112]]) or due to proton synchrotron emission [111} 112]. The photomeson
reaction (p7y) is more extensively used to explain the emission from blazars
[37], as it is more likely to have a dense radiation target within the jet than a
nuclear one (unless it is of an external origin).

Both types of blazars, FSRQs and BL Lacs, are usually considered as effective
neutrino emitters. For example, [87] showed that one of the highest neutrino
events detected so far (~ 2 PeV) possibly correlates with the bright flare of
FSRQ PKS B1414-418. On the other hand, different models (e.g., [144] [143])
also predict neutrino emission from BL Lac objects: [120] showed spatial cor-
relation between the extreme BL Lacs (emitting HE -rays above 50 GeV)
and the arrival direction of the observed neutrino events, once more confirm-
ing the blazar-neutrino association.

Though blazar have been so far considered as the main sources of VHE neu-
trinos, no significant association between them and neutrino events has been
found yet. The most promising candidate so far is the blazar TXS 0506+056
(with the coordinates of RA= 77.36 and Dec=+5.69) which can be associated
with the neutrino event IceCube-170922A, detected on 22 September 2017
[83]. TXS 0506+056 is a bright blazar in the MeV /GeV band at the redshift of
z=0.3365 1 0.001 [122]. The multiwavelength observation campaign started
after the neutrino alert showed that the source was in an active sate almost
in all electromagnetic bands, most interestingly, flaring in the HE and VHE
y-ray bands [83]. Moreover, IceCube has reported an independently ob-
served 3.50 excess of neutrinos from the direction of TXS 0506+056 between
September 2014 and March 2015 [82], strengthening the association between
the neutrino events and TXS 0506+056. Further, dissection in space, time, and
energy of the region around the IceCube-170922A showed that in the y-ray
band the emission from the nearby flaring blazar PKS 0502+049 dominates at
low energies, but TXS 0506+056 dominates the sky above energies of a few
GeV [119]. Also, during the period of the neutrino excess in 2014-2015, the
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4.2 Observations and Data Reduction

y-ray emission from TXS 0506+056 hardened with an excess of hard y-ray
radiation at the highest energies observable by Fermi Large Area Telescope
(Fermi ) [119]. All these make TXS 0506+056 the most probable source of
the observed VHE neutrinos and many different scenarios have been already
proposed to explain the observed neutrinos [17, 64 46,91, 114, 100, 149, 131].
In this paper, considering the interest toward the region of the sky with TXS
0506+056, the origin of the multiwavelength emission from the neighbour-
ing bright source PKS 0502+049 (at z = 0.954 [56]) is investigated using the
data from Swift UVOT/XRT and Fermi observations. This study is moti-
vated by the fact that PKS 0502+049 is only ~ 1.2° far from TXS 0506+056
and in principle if the neutrinos are produced in the jet of PKS 0502+049 they
can have some contribution into the IceCube observed events. The aims are:
i) investigation of PKS 0502+049 emission properties when VHE neutrinos
were observed, using the multiwavelength light curves, ii) testing of vari-
ous emission scenarios modeling SEDs obtained in different periods and iii)
estimation of the PKS 0502+049 neutrino emission rate assuming that the ob-
served HE emission is due to interaction of protons. Such a study will be an
independent test if, in the case when hadronic processes are responsible for
the HE emission from PKS 0502+049, the produced neutrinos can have any
contribution into the events observed by IceCube.

The paper is structured as follows. The Fermi and Swift UVOT/XRT data
analyses are described in Sect. while the spectral analyses are presented
in Sec. In Sect. 4.4/ the modeling of broadband SEDs within leptonic and
hadronic scenarios is presented. The results are discussed and summarized
in Sect. [4.5].

4.2 Observations and Data Reduction

4.2.1 Fermi LAT

For the current study the Fermi [21] data accumulated during more than
9 years, from 4th August 2008 to 1st January 2018, are used. The 100 MeV -
300 GeV events from a 16.9° x 16.9° square region of interest (ROI) around the
y-ray position of PKS 0502+049 (RA,dec)= (76.343, 4.998) were downloaded
and analyzed using Fermi Science Tools v10rOp5 with PSR2_SOURCE_V6 in-
strument response function. The events are binned with gtbin tool into 0.1° x
0.1° pixels and 34 logarithmically equal energy intervals. The standard cuts
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Figure 4.1 Top Panel: The y-ray light curve of PKS 0502+049 above 214.0
MeV from August 4, 2008 to January 1st, 2018, with a constant uncertainty of
15%. Bottom Panels: (a) the y-ray light curve and photon index (b), (c) X-ray
and (d) optical/UV light curves are shown. The periods P1, P2 and P3 are
market with light gray, light red and light yellow colors, respectively, and the
period when a 3.5¢ excess of neutrinos between September 2014 and March
2015 was observed (P0) is in light blue. The blue dot-dashed line shows the

period of detection of a HE neutrino event on September 22, 2017.
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(e.g., on the maximum zenith angle (90°) to filter y-rays from the Earth’s
limb) are applied with gtselect and gtmktime tools. The model file describ-
ing ROI was created using Fermi 8-year point source list |', including the
sources within ROI+5° from the target and Galactic gll_iem_v06 and isotropic
iso_.P8R2_SOURCE_V6_v06 background models with the normalizations be-
ing free parameters. The normalization and spectral indices of the sources
within ROI are left as free parameters while for the sources outside the ROI
they are fixed to their values obtained during eight years of Fermi observa-
tions. Then, a binned maximum likelihood analyses is performed with the
gtlike tool. Initially, the spectrum of PKS 0502+049 was modeled using a
log-parabolic model [106] (as in the Fermi catalogs) but for the light curve
calculations (for shorter periods) a power-law model was used.

The light curve generated by adaptive binning method has been used to in-
vestigate the flux variation in time. This novel method allows to identify
not only different active states of the source but also find rapid changes in
the y-ray band. The considered period was divided into short (not equal)
intervals assuming constant 15% uncertainty in each bin. The light curve cal-
culated above Ey = 214 MeV optimum energy (for calculation of Ej see [101])
is shown in Fig. 4.1| (upper panel). The source quiescent state sometimes was
followed by rapid and bright flaring periods. The most bright and prolonged
y-ray active period was observed from ~MJD 56900 to MJD 57150, when
the highest flux of Fxp14 pey = (2.31 4-0.42) x 10~ ®photon cm=2 s~! was ob-
served on MJD 56909.5 for 4.81 hours. The photon index variation in time is
presented in Fig. #.1|b) which shows that the flux increase was accompanied
by photon index hardening, the hardest one being 1.82 £ 0.14 significantly
different than the photon index averaged over nine years (2.33 £ 0.02). This
photon index is unusual for FSRQs which typically have a soft photon index
in the MeV /GeV band but for several FSRQs occasionally such hard photon
index was observed during rapid flares [133} 118, [66]].

Then, the light curves during the flares are further analyzed. The flare rise
and decay profiles could be constrained only for the bright period around
MJD 57100 (see the light curve with one day bins in Fig. [4.2). The flare time
profiles are analyzed using the double exponential form function given in [4]
and the fit results are shown in Fig. with blue line. The rise and decay
times of the flare are t, = 2.00 £ 0.35 days and t; = 2.62 £ 0.39 days, respec-
tively, with the flare peak at t, = to +t, t;/ (t, +t4)In(ts/t,) = MJD 57103.43.

https:/ /fermi.gsfc.nasa.gov /ssc/data/access/lat/fl8y /
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Figure 4.2 The light curve sub-interval with one-day bins for the flaring pe-
riod. The blue line shows the flare fit with a double exponential function.

The constant level present in the flare is (5.80 +0.39) x 10~ photon cm=2s~1
with the peak flux of (4.20 +0.23) x 10~%photon cm =251,

4.2.2 Swift XRT/UVOT observations

The Neil Gehrels Swift observatory (Swift) [67] observed PKS 0502+049 thirty-
five times during the considered period. All the Swift observations were an-
alyzed using the latest version of Swift data reduction software. The data
were reprocessed with the standard filtering and screening criteria with the
source- and background- extraction regions being defined correspondingly
as a 20-pixel (47”) radius circular region and an annulus with inner and outer
radii being 51 (120”) and 85 pixels (200”), respectively, both centered at the
source position. For all observations, the count rate was below 0.5 count/s,
implying no evidence of pile-up. Because of the small number of counts, the
Cash statistic [42] on the unbinned data was used. The spectra were fitted
with an absorbed power-law model in the 0.3-10 keV energy band with a
neutral hydrogen column density fixed to its Galactic value 8.76 x 10%0cm 2
using XSPEC v12.9.1a [20].

The Swift XRT light curve is shown in Fig. c) and the corresponding pa-
rameters are given in Table Although the number of available observa-
tions is not sufficient for detailed temporal analyses, the X-ray flux increase
during the bright -ray periods can be noticed. The highest X-ray flux of
(8.91 £0.42) x 10712 ergcm=2 5! was observed on MJD 56912.78. No sig-
nificant spectral evolution was observed in the X-ray band, the photon index
most of the time being very hard ~ (1.2 — 1.6) and the softest one being
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I'x ~1.874+0.39.

The Swift UVOT data have also been analyzed. The source counts were ex-
tracted from a circular region of a five-arcsec radius centred on the source,
while the background counts from a surrounding annulus (source-free re-
gion) with the inner and outer radii being 27" and 35”, respectively. Counts
were converted to fluxes using uvotsource tool and zero-points from [38]].
The magnitudes were corrected for extinction, using the reddening coefficient
E(B-V) from [136] and the ratios of the extinction to reddening A, /E(B — A)
for each filter from [61], then converting to fluxes following [38]. The aver-
aged flux in Swift UVOT bands is given in Table 4.1|and shown in Fig. 4.1/d).
During the y-ray bright periods also the optical /UV flux has increased.

4.3 Spectral Analyses

The spectra obtained in the following periods are used for investigation of
the origin of the multiwavelength emission from PKS 0502+049:

From MJD 56949.0 to 57059.0 (PO) corresponding to the neutrino ob-
servation window [82]. Swift observations around this period, Obsid:
33408003, 33408004, 33408005 and 33408006 were analyzed by merging
them in order to increase the exposure and statistics as they have similar
X-ray fluxes and photon indices.

From MJD 56908.60 to M]JD 56909.80 (P1) during the largest y-ray flar-
ing period with available quasi-simultaneous Swift observation (Obsid:
33408001).

From MJD 56909.80 to MJD 56922.23 (P2) when the highest X-ray flux
was observed (Obsid: 33408002) with a moderate brightening in the -
ray band.

From MJD 57099.53 to MJD 57108.42 (P3), corresponding to another
bright y-ray flaring state coinciding with the Swift observation of Ob-
sid: 33408009.

These periods are marked with light gray, light red, light blue and light yel-
low colors in Fig. a). The y-ray spectra were obtained applying an un-
binned likelihood analyses method using a power-law model spectrum with
the normalization and index considered as free parameters. After obtaining
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Table 4.1 Summary of Swift XRT and UVOT observations of PKS 0502+049

Sequence No. Log(Flux) r C-stat./dof 1% B u W1 M2 W2

00038377001 —12.08+£0.06 145+0.16 0.77(89) 099+0.11 0.83+0.08 0.96+0.06 097+£0.05 1.09+£0.06 0.87=0.04
00038377002 —11.66 £0.05 1.45+0.15 0.88(109) —— —— 1.43+0.04 —— —— ——

00038377003 —11.26£0.03 1.444+0.09 0.80(192) 6.24+0.35 4944023 4474016 3.734+0.14| 4.384+0.20 3.214+0.12
00038377004 —11.25+0.04 1.45+0.10 0.95(196) 8.15+0.30 7.68+0.28 6.70+0.25 5.694+0.21| 5.52+0.20 4.514+0.17
00038377005 —11.39+0.04 1.54+0.11 1.08(144) 3.59+£0.30 3.064+0.20 2.69+0.15 2.51+0.14| 239+0.11 1.9740.11
00038377006 —11.28+0.04 1.38+0.11 0.93(181) 4.164+0.31 4.03+0.22 3.52+0.16 2994+0.17| 2.84+0.10 2.30+0.11
00033408001 —11.21+0.03 1.53+0.07 1.02(257) 6.544+0.36 6.16+0.23 5.63+0.21 4.36+0.16| 4.55+0.13 3.61£0.13
00033408002 —11.05+0.02 1.544+0.06 1.33(343) 12.12+0.33 11.52+0.32 10.33+0.29 8.00+0.22| 8.05+0.22 7.01+0.19
00033408003 —11.28+0.03 1.46+0.07 1.24(264) 2.83+0.26 2.9540.22 2.824+0.18 267+0.15| 2.694+0.07 2.3740.11
00033408004 —11.28+0.03 1.60+£0.07 0.97(262) 246+0.16 2.124+0.10 2.35+0.09 2.14+0.08| 2.39+0.11 1.95+0.07
00033408005 —11.34+0.03 1.48+0.10 1.00(193) 2.184+0.20 2.08+0.17 1.99+0.13 2.07+0.11| 2.18+0.10 2.06£0.09
00033408006 —11.32+0.04 1.65+0.13 0.87(114) 4.524+0.42 4.54+0.29 4.99+0.18 4524+0.17| 451+029 3.55+0.20
00033408007 —11.25+0.03 1.654+0.08 1.16(227) 440+0.24 4.42+0.16 4.5940.17 390+0.14| 4.68+0.22 3.61+0.13
00033408008 —11.22+0.05 1.224+0.14 1.02(115) 3.10+0.29 3.4840.22 2904+0.19 248+0.16| 2.744+0.18 2.3940.13
00033408009 —11.09+0.02 1.85+0.07 1.36(244) 30.724+0.85 36.08+0.66 33.9+0.94 26.75+0.49] 24.76 +0.68 22.18+0.41
00033408010 —11.23+0.03 1.57+0.08 1.05216) 12.69+0.47 12.40+0.34 11.43+0.32 9.02+0.25| 9.68+0.27 7.624+0.21
00033408011 —11.37£0.06 1.57+£0.19  1.25(64) —— —— 6.95+0.32 5.69+031| 6.70£0.37 5.324+0.25
00033408012 —11.26+0.04 1.56+0.11 1.54(151) —— —— 8.67+0.24 6.60+024| 6.63+0.24 5.62+0.16
00033408013 —11.2840.06 1.524+0.16 0.75(87) —— —— 2794021 275+020| 2.67+022 241+0.13
00033408014 —11.484+0.10 1.8740.39 1.10(26) —— —— 2.394+0.18 2.07+0.15| 2304+0.19 2.004+0.13
00033408015 —11.31+0.06 1.60+0.17  1.13(78) —— —— 255+0.19 2.014+0.17| 2244021 1.91+0.12
00033408016 —11.17+£0.06 1.21+0.14  0.96(97) —— —— 2.67+0.20 2.27+0.17| 2.824+0.23 2.16+0.14
00033408017 —11.34+0.07 1.60+0.21  0.73(54) —— —— 298+0.22 220+0.22| 2574+0.24 25740.21
00033408018 —11.414+0.06 1.85+0.20 1.19(60) —— —— 2.04+0.17 218+0.18| 248+0.21 1.56+0.12
00033408019 —11.4540.07 1.514+0.21 0.94(58) —— —— 2.044+0.17 1994017 212+020 1.624+0.12
00033408020 —11.26+0.07 1.17+0.20 1.31(69) —— —— 2.20+0.18 1584+0.16| 2.06+0.19 1.81+0.13
00033408021 —11.41+0.07 1.41+£0.19  0.98(63) —— —— 2.284+0.17 1.96+0.16| 2244019 1.61+0.10
00033408022 —11.22+0.05 1.48+0.15  1.21(98) —— —— 2.3740.20 1.90+0.16| 2.08+0.19 1.86+0.12
00033662001 —11.29+0.04 1.40+0.11 1.11(156) 4.65+£0.34 5.07+£0.23 4994023 3.90+0.18|4.26+0.12 3.554+0.16
00033662002 —11.43+0.04 1.66+0.13 1.10(126) 2.83+042 2.1340.22 2.0840.15 340+0.09 3.184+0.26 2.1240.16
00033662003 —11.47+0.04 1.69+0.13 1.14(138) 4.78+£0.35 4.71+0.26 4434020 4.12+0.19 4.19+0.23 3.8940.11
00033662004 —11.42+0.04 1.51+£0.11 1.33(145) 5914038 6.33+0.23 5.89+0.22 5.004+0.14 522+048 4.234+0.16




4.3 Spectral Analyses

the best-fit values we fix them for the SED calculations.

The results are shown in Fig. and the corresponding parameters in Ta-
ble The y-ray spectrum contemporaneous with the IceCube observa-
tional window (~ 110 days; gray) follows the same tendency as that aver-
aged over nine years (light gray) while the y-ray spectra in the active peri-
ods (blue, red and magenta) are significantly different. There is an evident
curvature in the 7y-ray spectra obtained during PO (see also [99]) so an alter-
native fit with power law with an exponential cut- off model in the form of
AN /dE ~ E;"‘ X Exp(—E,/Ecut) and a log-parabolic function in the form

of dN/dE ~ (E./Ey,)”(@tPlos(Ev/Ewr)) wwere applied to check if the curva-
ture in the spectrum is statistically significant. The models are compared
using a log likelihood ratio test: the significance is the square root of twice
the difference in the log likelihoods. The first model with « = 2.07 + 0.04
and E.; = 8.50 £ 2.06 GeV is preferred over the power-law model with
a significance of 7.360. Also, the second model with &« = 2.23 +0.02 and
B = 0.11 £ 0.01 is preferred with a significance of 6.82¢. The curvature in
the blazar emission spectra can be due to different reasons. For example, log-
parabolic spectra can be formed when the leptons in the jet undergo stochas-
tic acceleration; power law with an exponential cut-off spectrum is expected
when the energy distribution of the emitting electrons has a sharp energy
upper cut-off because of the efficiency of the acceleration mechanisms. These
results show that the y-ray emission from PKS 0502+049 and consequently
the spectra of particles responsible for the emission were characterized by a
cut-off at tens of GeV when the neutrino events were detected by IceCube.
Interestingly, during the flares before (P1 and P2) and after (P3) this period
the y-ray spectra extend up to tens of GeV with a significantly harder pho-
ton index, for example I' = 1.88 & 0.06 during P1 and I' ~ 2.0 during P2 and
P3, implying that VHE photons are dominating. This substantial harden-
ing might be caused by injection of new (fresh) particles and/or a change
in the location of the emission region where the acceleration is more effi-
cient or the cooling is rather slow allowing the particles to reach higher en-
ergies. For generating X-ray spectra, again Cash statistic on Swift unbinned
data was applied. Then, in order to increase the significance of individual
points in the SEDs calculations, a denser rebinning was applied, restrict-
ing the energy range to > 0.5 keV. The results of the fit are given in Table
(similar parameters for the merged observations are: I'y = 1.56 & 0.04,
Fx(0.3 —10keV) = (4.85+0.15) x 10~!2 erg cm s~ 1) and the correspond-

25
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Table 4.2 Parameters of y-ray spectral analysis
Period Flux Photon Index ¢
9 years 1.19 £0.04 233+0.02 1053
MJD 56949.00-57059.00  4.17 = 0.16 2.23 +0.02 65.9
MJD 56908.60-56909.80 32.88 3.37  1.88 +0.06 28.9
MJD 56909.80-56922.23 17.42+0.85  2.08 +0.03 56.8
MJD 57099.53-57108.42 20.82+1.16  2.01 +0.04 48.0

ing spectra are shown in Fig. During the bright y-ray periods both the
optical/UV and X-ray fluxes increased: the observed shape of UVOT data
suggest that it corresponds to the HE tail of the synchrotron component while
the hard X-ray spectra are due to the second emission component (in the case
of leptonic interpretation).

4.4 Modeling of Broadband spectra

As it has been already noted, there are two conceptually different mecha-
nisms which can be responsible for the HE component in blazar emission
spectra. The theoretical models are generally divided into leptonic and hadronic
ones depending on whether the electrons or protons are responsible for the
emission. Here, the multiwavelength emission of PKS 0502+049 is discussed
within both leptonic and hadronic emission scenarios.

4.4.1 Hadronic y-rays and neutrinos

In the hadronic or lepto-hadronic blazar jets emission scenarios, the relativis-
tic jet material is composed of protons (p) and electrons (e) that start to emit
when accelerated to ultra-high energies. The low-energy component is domi-
nated by direct synchrotron emission of electrons while the HE component is
completely or partially formed due to the radiative output of energetic pro-
tons. The blazar jets are ideal laboratories where the protons are sometimes
accelerated to above 10'® eV [104] and their energy is converted into elec-
tromagnetic power either due to interaction with gaseous [28, 24, 19, 27, 52]
or photon targets [103] 104} 102, 111}, 112] and/or via synchrotron emission
[111, 112]. These channels might, in fact, operate simultaneously in a com-
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4.4 Modeling of Broadband spectra

peting way and contribute to the total energy loss of protons.

One of the scenarios most widely applied to explain the HE emission com-
ponent assumes that the protons interact with the photon field of an internal
(e.g., synchrotron photons) or external (e.g., disc photon reflected from Broad
Line Region (BLR) or from dusty torus) origin. Then, y-rays , neutrinos and
electron-positron pairs (e~,e™) are produced from the decay of neutral and
charged pions. The y-rays and e™,e™ pairs will interact and initiate an elec-
tromagnetic cascade that will reduce the energy of the electromagnetic com-
ponent down to energies at which the source becomes transparent to the ¢y
pair production. In this case, the spectra of the produced neutrinos can be
well constrained when the data above 100 GeV are present which are missing
for PKS 0502+049. Roughly, assuming that in the py interactions comparable
energy is released into the electromagnetic component (from X- to y-rays )
and neutrinos, ¢, ~ 4 ¢, (e.g., [74}[73]), some constraints on the expected neu-
trino flux can be imposed. For the X- to y-ray emission spectrum in the form
of dN.,/dE, = No(E,/100eV) 17 Exp(—E, / Ecut) (the power-law spectrum
gives poor modeling), the energy flux carried by the electromagnetic compo-
nent is ¢, ~ 9.81 x 10~ erg cm =2 s~! estimated by fitting the observed data.
In this case, the differential spectrum of the accompanying neutrinos can be
estimated from dN, /dE, = (2—-T,)/ (Eg;r” — E]%Erv)(paY E, ™" which predicts
a flux of >~ 6.55 x 10716 TeV =1 cm=2s~1 at 100 TeV assuming a spectral in-
dex of 2.1 £0.2, adopting E, ,,;y = 1 TeV and E, j;ax = 10 PeV. Even if this
is a very strict upper limit (the exact estimations require simulations of the
proton acceleration and emission processes as well as detailed tracking of
cascade propagation) it is already lower than the IceCube measured flux.
The next scenario for neutrino emission from blazar jets assumes that a dense
and compact target (e.g., cloud(s) from BLR [50, 26} [18] or a star/star enve-
lope [28) 24| [19] 27, 52]) crosses the jet and the accelerated protons penetrat-
ing into it interact with the target protons. Depending on the number of jet-
crossing targets, the emission can appear as steady (e.g., several clouds can
interact with the jet simultaneously) or flare-like. Proton-proton (pp) inter-
actions produce neutral (71°) and charged pions (77+) which then decay into
y-rays (1" — 77) and neutrinos (7" — p + v, — " + v, + v, + 7). Un-
like the case of p7y interaction scenario, a radiation in the MeV /GeV bands is
also produced, so the y-ray data can be used to constrain the proton content
in the jet. One of the key points in the jet-target interaction scenario is the
acceleration of protons to energies necessary for production of the observed
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vy-rays and neutrinos; depending on the distance from the base of the jet,
where the penetration occurs, the protons can be either accelerated in the jet
or in the target when a strong shock is formed, and their energy can go well
beyond 10 PeV (a simple relation between the proton acceleration region size
R and cooling time scale yields Eqy =~ 3.0 x 10 (/0.1) (B/1G) (R/10%3cm)
eV [131]).

The jet-target interaction scenario requires several parameters for accurate
estimation of the duration, rate and efficiency of interactions. Especially, the
parameters describing the target are needed for calculating the related radia-
tive outputs and estimation of the required total energy of protons. In this
case, we do not specify the origin of the dense target and only consider its
density indirectly constrained by the observations. Namely, the estimated
variability of t, ~ 2 days can be used to define the density of the target
(ng), i-e., comparing it with the characteristic cooling time of pp interactions,
tpp ~ (Koppnp) ™' ~ 10" /ny, so ny = 5.78 x 10° cm™> which is not signif-
icantly different from the usually estimated values. As this target density is
high, the protons loose a significant fraction of their energy at pp collisions:
the interaction is in a radiatively efficient regime, tpp < ty, SO most of the -
rays are emitted around ¢, rather than when the target is already accelerated
to high velocities.

The y-ray spectra of PKS 0502+049 observed in different periods are mod-
eled by expressing the energy distribution of energetic protons as N,(E,) ~

E,"" exp (—Ep/Ep,), where the cut-off energy E, is initially considered as
a free parameter and then fixed to an arbitrary value of E;, = 10 PeV; this
is selected to ensure the produced neutrinos will have energy above 100 TeV,
but, in principle, a cutoff at much higher energies cannot be excluded. In or-
der to constrain the model parameters more efficiently (the normalization of
proton content and their power-law spectral index), i.e., to find the param-
eters which statistically better explain the observed data, the Markov Chain
Monte Carlo (MCMC) method is employed. This allows to derive the best-
fit and uncertainty distributions of the spectral model parameters through
MCMC sampling of their likelihood distributions [151]. The neutrino spectra
above 100 GeV are calculated following [92] while at lower energies a delta
function approximation is used (for exact formula see [134]).

In the inset of Fig. the data observed during PO, P1 and P2 are mod-
eled as y-rays from the decay of neutral pions (7"). During the neutrino
observation in 2014-2015, when the power-law index and cut-off in the pro-
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ton spectrum are considered as free parameters, the data are best described
when ap = 2.60 +0.06 and E, = 3.36 £ 2.95 TeV. The power-law index
is mostly defined by the observed <-ray photon index, whereas the cut-off
with a large statistical uncertainty is constrained by the last point in the 7-
ray spectrum. When the cutoff is fixed to much larger values, E, . = 10 PeV
(solid gray line), the data can be reproduced when a, = 2.61 4 0.06 which
predicts also an emission beyond the observed y-ray data. Due to the steep
spectrum of emitting protons, the y-ray emission is dominated by the decay
of ¥ with a negligible contribution from secondary particles produced by the
decay of charged pions. On the other hand, such a steep spectrum also dis-
favors the possibility of producing a detectable flux of VHE neutrinos. The
hardest power-law index when the observed data can be still explained is
ap, = 2.2 (gray dot-dashed line); however, this will heavily overpredict the
v-ray data above ~ 2 GeV. Within the applied scenario, the y-ray spectra
observed during the bright P1 and P2 periods can be also modeled (blue and
solid lines) when harder indices of a, = 2.14 £0.10 and «, = 2.23 +0.07
are considered, respectively. Again, the cut-off energy cannot be constrained
by the data and, in principle, strong emission of y-rays and neutrinos up to
VHE:s can be expected.

In this interpretation the total energy of protons (above 1 GeV) in the jet
as well as their luminosity can be estimated. Defining the luminosity as
L,y = Wpp/tpp where Wy, = [ E,N,(E,)dE, is the total proton energy in-
tegrated from Ej, iy t0 Epmax and tp, = 2 days is the cooling time of pro-
tons, the y-ray data averaged over the IceCube observational window can
be modeled when Ly, ~ 1.60 x 10%° erg s—1. This luminosity can be as large
as Ly, ~ 2.60 x 10° erg s~! when the 7-ray active periods are considered.
These estimations show that if the y-rays from PKS 0502+049 are indeed
produced in pp interactions then its jet should be very powerful and efficient
in order to transfer a large amount of energy to protons.

Constraining the energy distribution of protons and their luminosity, the dif-
ferential spectrum of the accompanying neutrinos can be calculated straight-
forwardly. Then, the number of neutrinos detected in a certain exposure of
texp can be estimated from Ny ~ fexp 1l Aeff(Ev)de /dE,dE,, using the effec-
tive area A,¢f(Ey) from [2]. The neutrino rate (> 200 GeV) expected within
~ 110 days can be as large as ~ 1.1 events when the energy distribution of
protons follows E pZ 61 with a cutoff at 10 PeV. In principle a higher rate (> 20)
is possible when « ,, = 2.2 is considered but in this case the y-ray data above
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1 — 2 GeV cannot be explained. This is similar to the case applied in [80]
where again the y-ray emission from PKS 0502+049 was interpreted within
a jet-target interaction scenario but using a harder proton index. As in this
case, the y-ray data are not well explained when «, < 2.0 which is natural
considering the observed steep spectrum in the y-ray band; when pp inter-
action is considered, the produced y-rays will have nearly the same spectra
as those of parent protons, x, ~ &, —0.1. In principle, a hard power-law
index of the protons is possible when normalizing it with the sub-GeV +-
ray data, but then a sharp cutoff will be required to describe the observed
break at E., = 8.50 £2.06 GeV. Even at the most unrealistic case when
E., = 10* x E,, the neutrino spectrum, ~ E,* exp(—+/Ey/Eyc) where
Ey. ~ E.,/40 [88], will drop above ~ 2.1 TeV predicting almost no VHE
neutrinos. Also, the expected number of neutrinos is somewhat uncertain
when the -ray active periods are considered, as it strongly depends on the
energy cut-off which is unknown. For example, when the cut-off at 10 PeV is
considered, the neutrino rate is 14.7 and 22.1 during P1 and P2, respectively,
while in the case of ~ 10 TeV it is as low as ~ 0.75. This makes any possible
claim for neutrino detection during the active periods significantly uncertain.

4.4.2 Leptonic HE v-rays

In the view of the problems in the hadronic scenarios applied (e.g., the re-
quired energetics), the observed broadband emission from PKS 0502+049 is
discussed also within a leptonic scenario. The multiwavelength spectra for
different periods are shown in Fig. where the archival radio-optical data
from ASI science data center and the y-ray spectra averaged over nine years
are shown in light-gray. The spectra in the period when VHE neutrinos were
observed (P0) is shown in gray. During the y-ray active periods the flux in-
creases in all other bands as well, and both components are shifted to higher
energies. Here, in the leptonic interpretations, the broadband emission from
PKS 0502+049 is modeled within the one-zone synchrotron/synchrotron self
Compton [105} 35, 68] plus external inverse Compton [139, 69, 33] scenarios.

In the framework of one-zone leptonic scenarios, the low energy emission (ra-
dio through optical) is described by the synchrotron emission of leptons in the
magnetic field (B), while the HE component (from X-ray to HE y-ray ) is due
to the inverse Compton scattering of internal photons, e.g., synchrotron pho-
tons (synchrotron self-Compton [SSC]) or external photons (EIC), e.g., emit-
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ted from the IR dusty torus. Within this scenario, it is assumed a spherical
region (blob) with a comoving radius R; is moving with a bulk Lorentz factor
I', toward the observer and is filled with an isotropic population of electrons
and a randomly oriented uniform magnetic field B. The energy spectrum of
the injected electrons in the jet frame can be expressed as (e.g., [84])

-
NU(E) = Ny (Ei/mec®) " Exp[—E./Ely] (4.4.1)
for E/ . < E, < Ej,, where E/ . and E;,,, are the minimum and maxi-

mum electron energies, respectively. The emitted radiation will be Doppler-
boosted by § which equals to the bulk Lorentz factor for the small jet viewing
angles. For the Doppler factor, a typical value of 20 [71] will be adopted
which is usually used for the modeling of emission from FSRQs. The radius
of the emission region can be constrained by the variability time scales: the
radius can not be larger than R, < ¢ x t x §/(1 +z) ~ 5.31 x 10' (§/20) cm.
Usually, the Compton dominance (domination of the second emission peak)
observed from FSRQs can be explained by inverse Compton scattering of the
external photon fields. If the jet dissipation occurs within the BLR whit a ra-
dius of 7.6 x 107 cm for PKS 0502+049 (measured using Rgyg ~ AL, (5100A)%7
relation [117]) the dominant external photon fields are disc photons reflected
by the BLR clouds. On the other hand, the recent observations in the VHE -
ray band indicate that the emission region can be also well beyond the BLR
where the dominant photon field is IR radiation of the dust tours [7, 14, 16].
These regions appear more favorable for the VHE <y-ray emission (e.g., [66]).
In the current study the torus photons are taken into account assuming the
emission from the torus has a blackbody spectrum with a temperature of
T = 10° K and fills a volume that for simplicity is approximated as a spher-
ical shell with a radius of Rjg = 3.54 x 10'8(Ly;s./10%)%° c¢m [116]. The
corresponding radiation energy density, as measured in the comoving frame
would be usorus = 1Lgisc6%/4TR% . c =~ 5.1 x 1072 (§/20)? erg cm=3 where
= 0.6 [70]. During the fitting, the model free parameters (magnetic field
and parameters describing the nonthermal electron distribution) and their
uncertainties are estimated applying the MCMC method using naima pack-
age [151].
The modeling of SEDs observed during, PO, P1 and P2 are shown in Fig.
and the corresponding parameters are given in Table In all mod-
eling, the radio data are not considered as they are not simultaneous and
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4 The Origin of the Multiwavelength Emission of PKS 0502+049

Table 4.3 Parameters of y-ray spectral analysis

PO P1 P2
o 1.824+0.02 161+£0.05  1.90+0.07
E' . [MeV] 12974717 1471+£859  65.68 +£23.70
E/[GeV]  7.76+039 2514020  1.99+0.14
El.[TeV] 063+£029 058+035  0.68+0.28
B[mG] 3127 +0.61 102.924+8.03 235.9348.17
Lilergs™!] 413 x10* 448x10¥  2.35x 10%

Lllergs™1] 1.87x10% 752x10% 426 x 10%

the emission in this band can be produced from the low-energy electrons in
more extended regions. Initially, the HE component observed during PO is
modeled considering only SSC mechanisms (gray dot-dashed line) as due
to compactness of the emitting region the density of synchrotron photons
might be dominating. The observed data are relatively well explained when
E;m-n = 1297 £7.17MeV, « = 1.82+0.02 and E] = 7.76 £ 0.39 GeV. However,
as the HE component exceeds that at lower energies, this modeling requires
a strongly particle-dominated jet U,/Up ~ 4.5 x 10% for B = 31.27 £ 0.61
mG. The required extreme parameters can be softened when the contribution
from external photons is considered. For example, the solid gray line rep-
resents the modeling of the data considering inverse Compton scattering of
both synchrotron and torus photons. This requires a softer power-law index
for the electrons « = 2.42 £ 0.28 and as the energy of torus photons exceeds
the averaged energy of synchrotron ones, this modeling requires lower min-
imum and cutoff energies of E, ., = 5914 0.61 MeV and E, = 2.91 +0.21
GeV, respectively. In this case, the synchrotron emission of the low energy
electrons will exceed the observed radio flux a few times but as the radio
data are not contemporaneous, this cannot be a strong argument to disfavor
such modeling. Unlike the previous case, the system is close to equiparti-
tion U,/Up ~ 19.6. Similarly, the spectra observed in bright P1 and P2 are
modeled considering the SSC and EIC mechanisms. For both periods, the
optical /UV and X-ray data can be explained by synchrotron/SSC emission
while the y-ray data are due to the inverse Compton scattering of external
photons from dusty torus. During P1 the power-law index of emitting elec-
trons was & = 1.61 & 0.05 defined by the hard y-ray photon index, while
it was @ = 1.90 & 0.07 during P2 when a nearly flat spectrum in the y-ray

32
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band was observed. The cut-off energy of E.,, = 1.99 —2.51 GeV is mea-
sured from the optical/UV data which is not significantly different for the
two periods. The magnetic field in P2 (B = 235.93 £ 8.17 mQ) is slightly
larger than that in P1 (B = 102.92 & 8.03 mG) in agreement with the observed
increase in the optical/UV bands. The total luminosity of the jet defined as
Ljet = Lp+ L, where Lg = ﬂCR%FZUB and L, = ncR%FzLIe [43] is in the range
of Ljet ~ (4.50 — 7.56) x 10% erg s~ 1. During P1 the jet is particle-dominated
with U, /Up = 167.9 while for P2 U,/ Uz = 18.1.

4.5 Discussion and Conclusions

Blazar jets have always been assumed as the most promising sources of VHE
neutrino emission. The recent association between the IceCube-170922A neu-
trino event with the ¢-ray bright BL Lac object TXS 0506+056 has opened
new perspectives for investigation of the blazar jets physics. For the first
time, the emission processes in relativistic jets can be studied using both
r-rays and neutrinos. Though there are various arguments favoring TXS
0506+056 as the main source for the observed VHE neutrinos, additional care
must be taken when considering the presence of the nearby powerful -ray
emitter- PKS 0502+049. In this paper the origin of the multiwavelength emis-
sion from FSRQ PKS 0502+049 is investigated aiming to verify whether or
not the possible neutrino emission from PKS 0502+049 accompanying the ob-
served 7y-ray flux can have contribution to the IceCube observed events. For
this purpose, the y-ray data from Fermi and optical/UV/X-ray data from
Swift UVOT /XRT observations of PKS 0502+049 in 2008-2018 have been an-
alyzed. In the 7y-ray band the source showed several bright periods. The
maximum flux of (4.10 £ 0.75) x 10~ ®photon cm=2 s~ ! integrated above 100
MeV was observed on MJD 56909.5 within 4.81 hours. During the highest
flux, the apparent isotropic y-ray luminosity is L, ~ 4.72 x 10% erg s~ (us-
ing a distance of d;, ~ 6269.5Mpc) which corresponds to Ley,y = L,/26% ~
5.90 x 10% ergs~! (when 6 = 20) total power emitted in the y-ray band in
the proper frame of the jet. The y-ray photon index varies as well, being
very soft during the low states while significantly hardening in the bright pe-
riods, the hardest one being I' = 1.82 & 0.14. In the X-ray band, the flux is
of the order of a few times 10~!2 erg cm~2 s~! but with a hard photon index
~ 1.2 — 1.6, unusual for FSRQs. The X-ray flux variation cannot be tested,
as there are only few observations; however, an evidence of flux increasing
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MJD 56908.6-56909.8
MJD 56909.8-56922.2
MJD 57099.5-57108.4
MJD 56949.0-57059.0
Averaged/Archival

COO¢e

VF(v) (erg cm™2 s71)

1074 1071 102 10°
E [eV]

Figure 4.3 The SEDs of PKS 0502+049 during the IceCube observational win-
dow (PO; gray) and active states P1 (blue), P2 (red) and P3 (magenta). The
averaged y-ray spectrum during the considered 9 years and the archival
low energy data from ASI science data center are shown in light gray. Gray,
blue and red solid lines show the models when inverse Compton scattering
of synchrotron (SSC) and torus (EIC) photons are considered, while the gray
dot-dashed line is the fitting only with the SSC component. The model fit
parameters are given in Table The inset shows the y-ray spectra from pp
interactions where the solid lines are the modeling when the cut-off energy
in the proton spectrum is fixed to 10 PeV and the gray dot-dashed line is the
case when the hard spectrum of protons is considered. The axes are the same
as in the main plot. All models have been corrected for 7y absorption by the
extragalactic background light using the model of [54].
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around the y-ray flares can be seen. Similar tendency is present also in the
optical/UV data obtained by Swift UVOT.

The 7y-ray spectra when VHE neutrinos were observed as well as during the
y-ray active periods were obtained. The curved <-ray emission spectrum
during MJD 56949-57059 is better explained by a power-law model (~ E~2)
with a cutoff at E.;; = 8.50 & 2.06 GeV. This implies the presence of a cut-off
in the energy distribution of the parent population of particles responsible
for the emission, so the HE processes were not dominant/efficient in the jet
of PKS 0502+049 when the neutrinos were observed by IceCube. In this pe-
riod, the emission from TXS 0506+056 was not dominating in the lower «y-ray
band but there is an indication of a hard emission component in the higher-
energy y-rays [119], showing that most likely there was an efficient contri-
bution from the VHE particles. When the active periods before and after the
neutrinos observation window are considered, the y-ray emission from PKS
0502+049 appears with a very hard y-ray photon index of < 2.0. This shows
even if there are certain periods when the jet of PKS 0502+049 was in a favor-
able state for HE and VHE -ray emissions, it seems not to be the case when
neutrinos were observed.

Nearly symmetric flare time profiles with the shortest flux e-folding time be-
ing t, = 2.00 4+ 0.35 days are obtained for the flare around MJD 57100. The rise
and decay of the flare can be explained by acceleration and cooling of elec-
trons. For example, the cooling of electrons of E, = 1 GeV within t; = 2.62 +
0.39 day requires a magnetic field of B ~ 0.30 G (6/20)~Y/?(t4,./2.62d)~'/2 (E. /1GeV)~1/2
(teooling =0 Xtz =67 m? ¢3/orB? E,) which is typical for blazars.

The multiwavelength emission from PKS 0502+049 is interpreted within lep-
tonic and hadronic scenarios. In the hadronic interpretations, the absence of
VHE <-ray data prevents exact estimations of expected neutrino rates when
p7y scenario is considered and only quantitative limits can be imposed. In the
most optimistic case, the neutrino flux predicted at 100 TeV falls below the
IceCube estimated one, implying the neutrinos accompanying the observed
electromagnetic emission (from X- to y-ray bands) can not be the source of
the observed neutrinos. Next, if the observed y-rays are due to pp interac-
tions in the dense target crossing the jet, then the energy of protons is mostly
released in the GeV band allowing a straightforward measurement of the pro-
ton spectra based on the observed y-ray data. The -ray data obtained
during the IceCube observational window can be well explained when the
energy distribution of protons is E,; 261 Then, if the proton cutoff energy is at
~ 10 PeV, the maximum possible neutrino detection rate will be ~ 1.1 events.
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A higher neutrino detection rate is possible when a harder power-law index
of protons a;, = 2.2 is considered; however, it strongly over-predicts the HE
y-ray data above 1 — 2 GeV. Alternatively, a significant neutrino emission is
expected during the -ray flaring periods when a, = 2.1 — 2.2 and only if
Ep.c > 100 TeV; for example, in order to have a detection rate of > 4.0 events,
itis required that the hard 7y-ray spectra extend at least up to ~ E. /40 = 2.5
TeV - these extreme conditions are hardly possible.

In the leptonic interpretations, the broadband spectra of PKS 0502+049 are
modeled within the one-zone leptonic scenario assuming the emission is pro-
duced in the compact region (R < 5.31 x 10 (§/20) cm constrained by the
observed variability). When the synchrotron/SSC radiation model is con-
sidered, the observed data can be explained only when the electron energy
density strongly dominates over that of the magnetic field. Instead, the data
can be better explained when the inverse Compton scattering of external pho-
tons is taken into account; assuming the emitting region is outside the BLR,
SSC radiation from the electron population producing the radio-to-optical
emission can describe the observed X-ray data while the emission in the -
ray band with a large Compton dominance can be explained by the IC scat-
tering of dusty torus photons. This interpretation does not require extreme
parameters unlike it does in the case of pp interaction scenario, for exam-
ple, the multiwavelength SED obtained during the IceCube observations can
be explained when the electron power-law index is a = 2.42 & 0.28 above

E . =1297+7.17MeV and E, = 2.91 £ 0.21 GeV and the emitting region is
not far from equipartition U,/Up ~ 19.6. Similar parameters required in the
modeling of flaring states are « = 1.6 — 1.9 and E; ~ 2.5 GeV and the mag-
netic field of B = (102.9 — 235.9) mG with an energy density not significantly
different from that of the electrons U, /Up = (18 — 168). The estimated emit-
ting electron parameters are supported by the currently known acceleration
theories and the other parameters are physically reasonable.

In the leptonic and hadronic modeling the required energetics of the system is
significantly different. For example, the estimated luminosity in the leptonic
scenario varies within Lj; ~ (4.5 —18.7) x 10® ergs~! comfortably below
the Eddington luminosity of PKS 0502+049 (Lggy =~ 9.15 x 10 erg s—! for the
black hole mass of 7.53 x 108 M, [117]), while in the hadronic interpretation,
the accretion should be at super-Eddington rates as the required luminosity
exceeds the Eddington limit by 2 — 3 orders of magnitude. Although super-
Eddington accretion rate is not rare for blazars, it imposes strong difficulties
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on the hadronic interpretation.

In this paper, we attempt to investigate the origin of multi-wavelength emis-
sion from PKS 0502+049 during the observation of VHE neutrinos in 2014-
2015 and of -ray flaring periods as well as investigate whether the neu-
trino emission from PKS 0502+049 can have any contribution to the events
observed by IceCube. The spectra observed in all periods can be well repro-
duced by the leptonic models with physically reasonable parameters unlike
the hadronic models which require a substantially higher jet luminosity. Even
in these extreme conditions, based on the y-ray data the expected neutrino
rate can be only ~ 1.1 events. In this view, considering the required energet-
ics and predicted spectral shapes, the nearby blazar TXS 0506+056 is a more
preferred source of VHE neutrinos. The presented discussion and modeling
show that the broadband emission from PKS 0502+049 is most likely of a lep-
tonic origin, leaving TXS 0506+056 as the first extragalactic source of VHE
neutrinos.

37






5 Investigation of the Gamma-ray
Spectrum of CTA 102 During

the Exceptional Flaring State in
2016-2017

5.1 Introduction

Jets are observed in many classes of astrophysical objects, ranging from ac-
tive galactic nuclei (AGNs) to galactic binary systems [e.g., 51| 25]. The jets
mostly likely being powered by accretion processes are among the most pow-
erful emitters of radiation in the Universe. Undoubtedly, AGNs are one of the
most representative classes of astrophysical objects where the jets can be stud-
ied in all scales. The jets in these objects are manifestation of energy release
from super-massive black holes (with masses up to 10°M) and they can ex-
tended to several hundreds of kiloparsecs and in some cases to a few mega-
parsecs into the space often remaining highly collimated. Now the emission
from these jets can be observed not only form their innermost regions, where
it is stronger, but also from extended components. For example, the emission
up to the X-ray band from the extended knots or hot spots of relativistic jets
are observed [e.g.,[76, 140, [89]], the origin of the emission being explained ei-
ther by synchrotron emission [77] or by the inverse Compton (IC) scattering
of either synchrotron photons [75] or cosmic microwave background (CMB)
photons [145] 45, 155]. However, in some cases, the IC/CMB model has been
ruled out [see 108,109} 107, 40]. Several alternative emission models for the
knots involve the radiation of protons [e.g.,131},97,[12]. Even though the obser-
vations of knots, hot-spots and lobes caries significant information on the jet
energetics and dynamics but to understand the central source and the forma-
tion and propagation of the jets, it is necessary to carry out extensive studies
of their initial sub-parsec-scale region.
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Exceptional Flaring State in 2016-2017

Observation of blazars is the best way to explore the physics of jets. Blazars
are a subclass of AGNs with a dominant nonthermal emission from a jet
that is closely aligned with the observer’s line of the sight [147]. Such a
geometry leads to the relativistic Doppler amplification of the emission and
the radiation appears brighter for the observer. Because of this the blazars
are observed even at very high redshifts [e.g., 8]. Blazars are the most lu-
minous and energetic objects in the known universe and are the dominant
sources in the extragalactic y-ray sky. In the High Energy (HE; > 100 MeV)
v-ray band, among the 5000 sources detected to date more than 3100 are
blazars [146]. One of the most distinct features of blazars is rapid variabil-
ity across the whole electromagnetic spectrum with the most dramatic and
short time scale changes being observed in the y-ray band [e.g., minute scales,
10,163, 162}, 115} 141}, 127|135} [79]]. This strongly constrains the emitting region
size (by the light travel considerations), suggesting the radiation comes from
a compact region of the jet. Traditionally the blazars are classified based on
their emission lines: flat-spectrum radio quasars (FSRQs) exhibit broad emis-
sion lines, while BL Lacs show weak or no emission lines in their optical
spectra. A different classification is based on the synchrotron peak frequency
(vp): when vy, is in the infrared, optical, or ultraviolet/X-ray bands low syn-
chrotron peak (LSP), inter- mediate synchrotron peak (ISP), and high syn-
chrotron peak (HSP) sources are classified respectively [121,3]. Typically FS-
RQs are LSP /ISP blazars, whereas, BL Lacs are mostly HSP ones.

The broadband spectral energy distribution (SED) of blazars exhibits a dou-
ble peaked structure, one between the infrared and X-ray bands (low energy
component) and the other above the X-ray band (HE component). It is well
established that the low energy component is from the synchrotron emission
of electrons in the magnetic field of the jet but the nature of HE component
is less well understood. The HE component is most likely due to the IC up
scattering of the low energy photons produced either inside (synchrotron self
Compton (5SC), [68, 35| 105]) or outside of the jet (external inverse Compton
(EIC)) [34, 169, [138]). The nature of the external photon field depends on the
location of the emitting region and can be either the photons directly emit-
ted from the disk or those reflected from the broad line region (BLR) or in-
frared photons emitted from the dusty torus or photons from dusty torus
clouds irradiated by a spine-sheath jet when the emission region is further
(> pc) from the central objects [39]. SSC scenario was successfully applied
to model the broadband SED of BL Lacs, while the SEDs of FSRQs are better
explained by EIC models. Other possible processes used to model the SEDs
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of blazars invoke the acceleration and emission of jet accelerated protons.
These models recently were more frequently applied to model multiwave-
length and multimessneger observations of TXS 0506+056 - the first cosmic
neutrino source [17, 65| 147, 91, 114), [100, 149, 131] as well as its neighboring
blazar PKS 0502+049 [132].

CTA 102is one of the bright blazars observed by Fermi Large Area Telescope
(Fermi LAT) in the HE <y-ray band. Even with its large distance, z = 1.037,
CTA 102sometimes shows strong y-ray outburst with a flux exceeding 10~° photns cm™~
For example, on 16 December 2016 (during the prolonged y-ray activity)
within 4.31 minutes the -ray flux above 100 MeV was as high as (3.55 +
0.55) x 107> photns cm~2 s~ 1, corresponding to an isotropic -ray luminosity
of L, = 3.25 x 10°° erg s~1, which is among the highest luminosities so far
observed in the y-ray band [66]. In addition, [137] showed that the y-ray flux
variation time can be as short as ~ 5 minutes. The analysis of multiwave-
length light curves showed correlated variations in all the observed energy
bands indicating co-spatial origin of the emissions [90, 66]. The broadband
emission of CTA 102is better modeled when the photons external to the jet
(infrared photons from the torus) are considered [66]. As an alternative in-
terpretation, the ablation of a gas cloud penetrating the relativistic jet of CTA
102was discussed to be the source of the observed emission [152,153].

The previous studies indicated a deviation of the y-ray spectra of CTA 102from
a power-law model at HEs [90, 66]. Such breaks have already been observed
in the 7y-ray spectra of several blazars which can be of different origin, vary-
ing from source to source. In principle, if the emitting region is within the
BLR sharp breaks in the the y-ray spectra are expected to be due to strong at-
tenuation of the HE and very high energy (> 100 GeV; VHE) photons through
their interaction with the optical photons. The optical depth for the interac-
tion of several tens of GeV photons can be very large, preventing their es-
cape from the region. So, if the break is due to the absorption, it will put a
constraint on the location of the -ray emitting region which is crucial when
modeling of the observed data. Of course, a possible break in the GeV spectra
does not necessarily imply absorption due to BLR photons; such break can be
also due to the underlying (radiating) electrons with energy distributions de-
viating from a power-law spectrum. Since the -ray emission is caused by
the IC up-scattering of low energy photons, the shape of the y-ray spectra is
directly related to the energy distribution of accelerated electrons. Thus, the
modeling of the 7-ray spectra with a break can allow to probe the highest
tail of the energy distribution of underlying electrons which is formed in the

25-1
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interplay between the acceleration and cooling of the particles. So, this is a
powerful tool for diagnosing the physics of particles in the jets. A curvature
(break), if statistically significant, contains wealth of information on the pos-
sible location of the emitting region and/or on the acceleration and cooling
of the particles. In this regard CTA 102is an ideal target considering the pre-
vious indication of deviation of its y-ray spectrum from a power-law model
and availability of a large amount of simultaneous multiwavelength data.
This paper is organized as follows. The y-ray data analysis is presented in
Section[5.2] The origin of the observed breaks is investigated in Section[5.3} In
Section the origin of multiwavelength emission is discussed for a differ-
ent location of the emission region. The formation of the energy distribution
of radiating electrons taking into account their acceleration and cooling is in-
vestigated in Section The results are presented and discussed in Section
5.6l while the conclusion is summarized in Section

5.2 Fermi LAT observations

The Fermi LAT data accumulated from 01 January 2016 to 01 April 2018,
when the large-amplitude flaring activities of CTA 102 occurred, are ana-
lyzed. LAT on board the Fermi satellite is a pair-conversion telescope sen-
sitive to HE 7-rays in the 20 MeV - 300 GeV energy range [22]. Collecting
the data since 2008, it is scanning the entire sky every ~3 hours, thereby
providing most detailed view of nonthermal HE processes occurring in the
astrophysical sources. The PASS8 version of the data in the energy range
between 100 MeV - 300 GeV were analyzed using Fermi LAT Science Tool
version 1.0.10 with the instrument response function PSR2_SOURCE_V6. The
entire data set is filtered with gtselect and gtmktime tools and only the events
with a high probability of being photons evclass=128, evtype=3 have been
considered. The zenith angle cutoff > 90° is chosen to exclude atmospheric
vy-rays from the Earth limb that can be a significant source of background.
The data downloaded from a region defined as a circle of a 12° radius cen-
tered at the y-ray position of CTA 102(RA, Dec) = (338.152, 11.731) are binned
within a 16.9° x 16.9° square region with gtbin tool with a stereographic pro-
jection into 0.1° x 0.1° pixels. The model file describing the region of inter-
est is generated using the Fermi fourth source catalog [146] (4FGL) where
the sources within 12° + 5° from the position of CTA 102 are included. The
model file contains also the standard Galactic gll- iem _ v07 and isotropic
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Figure 5.1 Upper Panel: The y-ray light curve of CTA 102with 1-day time bins
from 01 January 2016 to 01 April 2018. Lower panels: The y-ray spectra in the
energy range from 100 MeV to 300 GeV for the periods which showed signifi-
cant deviation from the simple power-law model. The power-law with expo-
nential cut-off spectral model (dashed red line) with the fit uncertainties (red
solid lines) are shown together with the spectral points and is compared with
other adopted models (broken power-law in blue and log parabola in black).
The spectral points are obtained by separately running gtlike for smaller en-
ergy intervals.
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Table 5.1 The parameters of fitting with PLEC model in the periods showing
deviation from the power-law model.

Period r Ecut FlOO \/2(AL)
MJD) (GeV) (10~® phcm =2 s71)
57738-57743 1.89 £0.02 12.86 £1.77 8.37 £ 0.12 10.41
57748-57753 1.84+0.01 13.24+1.79 14.69 4+ 0.22 10.66
57753-57758 1.98+0.02 9.18 4 1.54 8.39 4 0.14 8.30
57758-57763 1.88 +£0.02 16.12+2.98 12.89 +0.24 7.65

iso_.PSR3_SOURCE_V2_v1 diffuse components. The normalization of back-
ground models as well as the fluxes and spectral indices of the sources within
12° are left as free parameters during the analysis. Initially, the binned like-
lihood analyses is applied to the full time data set adopting a log-parabola
spectrum for CTA 102, however, for the light curve calculations a power-
law model was used. The photon indices of all background sources were
tixed to the obtained best guess values in order to reduce the uncertainties
in the flux estimations in short periods. The y-ray light curve is calculated
with the unbinned likelihood analysis method implemented in the gtlike tool
with the appropriate quality cuts as applied in the data selection. The 7-
ray light curve with one-day binning is shown in Fig. An interesting
evolution of the -ray flux can be noticed: the source is in its flaring state
alternatingly, with the highest flux being observed on 57750 MJD which cor-
responds to (2.12 4 0.07) x 10~ °photon cm~2 s~! while the hardest photon in-
dexis 1.80 4 0.06 observed on MJD 57424. This source is variable in timescales
less than a day, however, for shorter periods the observed spectra will extend
only up to moderate energies, preventing detailed spectral analyses. Since
here the curvature in the -ray spectra of CTA 102is intended to study, the
periods > 1 day are considered to gather sufficient statistics. For a detailed
study of the y-ray light curve of CTA 102in short and long time scales as well
as in the multiwavelength context see [66].

The spectra of CTA 102in 0.1-300 GeV band are investigated by detailed spec-
tral analyses. In order to identify the periods where the spectrum signifi-
cantly deviates from a simple power-law model, the data with different time
binning (from 1 to 6 days) were analyzed. Yet, the time-averaged y-ray spec-
trum of CTA 102is characterized by a soft photon index with a smooth break
at higher energies. So, there were further considered only the periods when
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a harder photon index was observed (e.g., I' <2.1). This allows to select from
the flaring states only the periods exhibiting substantially different proper-
ties as compared with those observed in the quiescent state. Then, for each
period, plots of Counts/bin versus Energy and residuals between the model
and the data are generated, comparing the assumed power low spectrum
with the observed data. Among the selected periods, when the power-law
model reasonably well explains the observed data have been excluded, so
there remain only the periods where a hint of a possible deviation from a
power-law model is present. Then, in order to check for a statistically signifi-
cant curvature in the spectrum, an alternative fit with the following functions
were considered:

a power law with an exponential cut-off (PLEC) in the form of

AN(E)/dE = No(E/Eg) " exp(—E/E.), (5.2.1)
a log-parabola (LP), defined as
dN(E)/dE = No(E/Ey) =% PInE/Eo), (5.2.2)
and a broken power law (BPL), defined as

(E/Ey)1, ifE < Ey

5.2.3
(E/Ey)'2, ifE > E, (-2.3)

dAN(E)/dE = {

Different models are compared using a log likelihood ratio test, when the
significance is estimated as twice the difference in the log-likelihoods. The
spectral parameters of CTA 102are considered as free parameters during the
analyses while the photon indices of all sources within the ROI are fixed to
the values obtained during the whole analysis. The best matches between the
spectral models and events are obtained using an unbinned analysis method.
Then, the spectrum of CTA 102for each period was calculated by separately
running gtlike tool for equal logarithmically-spaced energy bins.

The spectral models given in Eq. are used to model the spectrum
of CTA 102in each single period, and the significance of the curvature was
estimated by comparing each model with the power-law. Although, almost
in all the considered time intervals (from one to six days) a statistically sig-
nificant curvature in the y-ray spectra was observed, the most significant it
is in five-day bins. The CTA 102spectra deviating from a simple power-law
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Figure 5.2 Left panel: Internal BLR absorption as a function of distance for
different 7-ray energies. The red dot-dashed line shows the Ry, radius.
Right panel: The reconstructed power-law model compared with the data
considering external (EBL) and internal absorptions. The latter is computed
assuming the emission region is at ~ 50 r¢ (doted blue line) and at ~ 1000 r¢
(dot-dashed blue line) distances from the central source.

model with a significance exceeding 50 are shown in the lower panel of Fig.
and the corresponding parameters are given in Table The data fitted
with PLEC (red), BPL (blue) and LP (black) models are shown. As the fitting
provides only log-likelihood values the models cannot be directly compared,
so the goodness of the fit (x?), which compares the data points with the mod-
els, is computed. This shows that the PLEC model is preferable for all the
periods; other models yield a noticeably worse fit. These periods are char-
acterized by a relatively hard photon index (I' = 1.84 — 1.98) and a cut-off
around tens of GeV which does not change significantly in different periods
(Ecut = 9.40 — 16.12 GeV). The variation of E.,;; with the flux is shown in the
inset of the lower panel in Fig. In the considered period the flux and cut-
off are not varying significantly. Similar conclusion can be drawn when BPL
model is considered (although it fails to explain the data observed at higher
energies): the break energy varies around E;,, ~ 1.0 GeV.

5.3 Absorption of y-rays
The curvature of the y-ray spectrum of CTA 102, reported in the previous sec-

tion, can be of different origin. In principle, it can be due to absorption, when
the GeV <-rays interact with the low energy photons (through -y collision)
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or can be related with similar steepening in the spectrum of the emitting par-
ticle distribution due to the interplay of acceleration and cooling processes.
Understanding the exact nature of this steepening can help to investigate the
processes taking place in the jet of CTA 1020r can help to localize the y-ray
emitting region.

The 7y-rays can be absorbed either inside the source interacting with the pho-
tons reprocessed from BLR or during their propagation interacting with ex-
tragalactic background light (EBL) photons. Considering, the distance of of
CTA 102(z=1.037), the absorption due to interaction with EBL photons is sig-
nificant for energies > (200 — 300) GeV as shown in in the right panel of
Fig. (dot-dashed blue line) where the extrapolation of only the power-
law component (~ E —184) observed in MJD 57748-57753 is corrected for EBL
absorption using the model from [54]. Such absorption cannot explain the
observed steeping of the spectrum at lower energies. In addition, if the emit-
ting region is inside the BLR, the photons can be also effectively absorbed
when interacting with the optical photons. Following the treatment of [60],
the optical depth is calculated by modeling the BLR as infinitesimally thin
spherical shells or thin rings. The luminosity and radius of the shells or rings
are estimated using the composite quasar spectrum from the SDSS [148] in
terms of Lyg luminosity (which is Lz = (8.93 & 6.00) x 108 erg s—! for CTA

102[110]). The absorption is dominated by Lya photons at the radii 1.61 x 10'”
cm (see [60], for further details) although the absorption by other lines is not
negligible. The absorption by the photons directly from the accretion disk is
not considered as it is significant at > TeV <-ray energies [55, 129, 60]. The
attenuation (e~ 7(F+R)) strongly depends on the distance from the central ob-
ject and energy of photons. For example, the plot of attenuation versus the
distance is shown in Fig. (left panel) for different distances of emitting
region and for photons with energies 10, 60, 300 and 1000 GeV. The region is
optically thin for 10 GeV photons (blue line in Fig. which escape it un-
absorbed. Instead, the higher-energy photons will be heavily absorbed when
the emitting region is inside the BLR (dashed, dot-dashed and dotted blue
lines in Fig. |5.2|left panel). The absorption decreases at larger distances mak-
ing a small contribution at > 10Rp,. Note that similar result was obtained
for a different geometry of BLR [153]].

The effect of attenuation due to the interaction with BLR photons in the ex-
trapolated power-law spectrum for different distances of the emitting region
is shown in Fig. |5.2|(right panel) where a factor of (1 + z) is taken into account
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Figure 5.3 The SED of CTA 102for the period from MJD 57748 to MJD 57753.
Th archival data are shown in light gray. The models are shown assuming
the emitting region is inside the BLR (left panel) and outside the BLR (right
panel). Different models are noted in the plot legend and the model parame-
ters are given in the text.

for the energy as the absorption is in the galaxy frame. When the compact
emitting region is at a distance of R = 50 * 7, (Where r¢ = 1.26 X 10'cm is the
gravitational radius for the CTA 102black hole mass of M = 8.51 x 10¥M,
[154]), the emitted flux will sharply decrease at energies > 10 GeV and can-
not explain the observed data (dotted line in Fig. [5.2| right panel). When the
region is close to the distance of BLR, R = 1000 x ¢, the flux drops slowly but
still can not describe the observed spectra (dot-dashed blue line in Fig.
right panel): the model overproduces the flux observed around 10 GeV. For
turther distances, the absorption becomes less significant and the observed
steepening cannot be interpreted by BLR absorption. On the other hand, the
observed variability time-scales put an additional constraint on the distance
of the emitting region. For example, in [126] using a 6-hour binned light curve
of Fermi LAT data, the flux doubling time around MJD 57752 is 5.05 £ 0.85
hours [flare 3 in [126] which implies that the size of the emitting region is
constrained by Ry < 6 x ¢ X tyer /(1 +2z) >~ 2.68 X 10 x & cm where ¢ is
the Doppler factor which is equal to bulk Lorentz factor for small viewing
angle (6 ~ I'). Using VLBA data a bulk Lorentz factor of > 17.5 and a jet
half opening angle of 6; < 1°.8 were estimated for CTA 102[98]. So, if the
entire jet width is responsible for the emission, the emitting region along the
jet should be at the distance of ~ R, /6; >~ 1.49 x 10'7 ¢m which is close to the
upper edge of BLR. As discussed above, at these distances the absorption is
relatively weak and cannot account for the observed steepening.
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5.4 Origin of multiwavelength emission

Even at very close distances from the central source, the absorption due to the
interaction with BLR photons cannot explain the observed steepening in the
CTA 102spectra. These breaks are most likely related with an intrinsic break
in the spectrum of the radiating particles (electrons). Considering the avail-
able large amount of multiwavelength data from the observations of CTA
102, their modeling is crucial for estimating the underlying particle energy
distribution which in its turn allows to study the particle acceleration and
cooling processes.

The multiwavelngth SED of CTA 102is shown in Fig. where the Swift
UVOT/XRT data are from [66] for the period 3 (M]JD 57752.52). For the NuS-
tar data, the same analysis described in [66] was repeated but only the counts
up to 45 keV, where the X-ray spectra of CTA 102are above the background,
were extracted. The <-ray data are accumulated for the period from MJD
57748 to MJD 57753. The data in the mm/sub-mm band are from the ALMA
catalog from the observations of bright compact radio sources in different
bands between May 2011 and July 2018 [36]. From the many observations of
CTA 102, only the data from the observations carried out on December 17, 18
and 29, 2016 and on January 8, 2017, which are nearly simultaneous with the
studied flare, were considered. For comparison, the time averaged data from
CTA 1020bservations are shown in light gray, which highlights the changes
observed in different energy bands.

A deviation from the power-law model has been observed in the spectra of
several blazars [e.g., 5, 6] [78] 96, 128 123, [124] [53]. The internal or external
attenuation cannot be responsible for the observed steepening as demon-
strated in Section[5.3] This is in agreement with the study of the spectra of 106
broad-line blazars detected in the MeV /GeV bands showing no evidence of
expected BLR absorption [49]. So, the steepening might be most likely caused
either by a similar feature present in the spectra of the emitting electrons or by
the transition of IC scattering from Thomson to Klein-Nishina regimes. The
IC scattering occurs in the Klein-Nishina regime when E}, > (m, ¢*)*/4/ 3¢}
So, when the IC scattering of synchrotron photons (peaking in infrared to op-
tical bands) or IR photons from dusty torus is considered, the IC scattering
to MeV/GeV energies typically occurs in the Thomson regime. In contrast,
when BLR photons are considered, the IC scattering to the same energies is
in the Klein-Nishina regime. The break energy in the 7y-ray spectrum natu-
rally formed by the Klein-Nishina effects on the Compton scattering depends
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on the target photon energy and is independent of § [69,9]. By considering
different values for the target photon field, the cut-off at energies observed
for CTA 102can be reproduced by the Klein-Nishina effect. However, con-
sidering the limited information available on the BLR photons, this would
be based only on inferred assumptions rather than on a real physical picture.
Instead, if the break is caused by the particles and when the parameters de-
scribing the energy distribution of the particles are constrained, the physics
of jets can be explored. To keep generality, during the modeling different dis-
tances for the emission region is assumed (inside and outside BLR) and all
the relevant photon fields as well as the Klein-Nishina effects on the IC scat-
tering are taken into account.

A one-zone leptonic emission scenario was used assuming that the emit-
ting electrons are confined in a compact spherical region with a radius of
~ 2.68 x 10'* x § cm and magnetic field intensity of B. Due to relativistic mo-
tion of the jet, the radiation will be Doppler boosted by 6 = I' > 17.5 [98] and
will appear brighter for the observer. For the underlying particles a PLEC
distribution within E/ . and E;,,. is assumed:

N(E.) = (E¢/mec®)*exp(—E./E.) [eV 1] (54.1)

considering the the total energy of electrons, U, = |, ]f,;""’x E/N.(E,)dE,, as a

free parameter during the fitting. The free model parameters are estimated
using Markov Chain Monte Carlo (MCMC) method which enables to derive
the confidence intervals for each parameter (the application of the method
and the used code are described in [133] and [66]).

5.4.1 Emitting region inside the BLR

When the emitting region is inside the BLR, the dominant photon fields which
are IC up-scattering to X-ray-7y-ray bands are synchrotron photons and disc-
emitted photons reflected from the BLR. The IC scattering of only synchrotron
photons with ~ 1 eV peak energy on the electron population with an energy
distribution with a cut at E¢;y < 1.6 x (B/1G)™ V2 x (6/17.5)"1/2 GeV (con-
strained from E p.qx < 1eV) will extend only up to (1.8 —2) GeV which is
insufficient to explain the observed data (see blue line in Fig. left panel).
Considering 10% of the disc emission is reflected from BLR with a radius
of Rprr = 107 (L;/10%)%% = 6.3 x 1017 cm (where Ly, = 10 X Lpig =~
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4.0 x 10% ergs—! [125]), the external photon field density in the jet frame
will be Ugir = Lgir 52/47TR%LRC = 0.026 x 6% erg cm~3. This will over-
exceed the synchrotron photon density when high Doppler boosting is as-
sumed, e.g., 6 = 30 which is more typical for powerful blazars. In this
case, when « = 1.81 £0.09, E/,, = 0.37 +0.04 above E/ , = 76.10 & 2.10
MeV and the magnetic field in the emitting region is B = 8.24 £ 0.18 G,
the EIC peaks around GeV energies, explaining the <-ray data, while the
X-rays are due to SSC radiation (red line in Fig. left panel). Because of
the high magnetic field necessary to explain the UV and X-ray data by syn-
chrotron/SSC processes, the electron distribution should have a lower cut-off
energy (E/,; = 0.37 GeV) which does not allow satisfactory modeling of the
observed data at HEs. In this case the jet is magnetic field dominated with
U./Up = 0.06. In principle the magnetic field can be reduced by increasing
the total energy of the emitting electrons, in which case the IC will overpro-
duce the y-ray data below ~ 1 GeV.

The required magnetic field can be decreased in an alternative model where
the X-ray to 7y-ray emission is due to IC up-scattering of only BLR photons
(black line in Fig. left panel). Then, when § = 17.5, the estimated mag-
netic field is lower, B = 3.68 + 0.04 G, and E/,; = 2.02 £ 0.04 GeV with a =
2.18 £ 0.003 allowing to model the observed data. The low-energy tail of the
HE component can reproduce the X-ray data only at lower E/ . = 1.140.01
MeV (normally it is expected that y,,;,, = Eyin/ me.c? should be close to unity
[44]). However, the synchrotron emission of such low-energy electrons will
overproduce the observed radio flux, but one should note that synchrotron-
self absorption is not taken into account, which is significant below 4 x 102
eV [66].

5.4.2 Emitting region outside the BLR

When the emitting region is beyond the BLR (e.g., at > 0.2 pc), the IR pho-
tons from the dusty torus (Rjg = 10'8 (L;/10%)% = 6.32 x 10'® cm [69])
with Ujg = LIR/47TR%RC 02 = 1.59 x 1073 x 42 erg cm™3 density will domi-
nate over that of BLR-reflected photons which will decrease as ~ Uprr/ (1 +
(R/Rprr)%) beyond Rp;g. In Fig. right panel, the SED modeling when
both the synchrotron and torus photons are considered is shown with red
solid line (for § = 30). Again, as in the previous case, a high magnetic field
B = 2.39 4+ 0.04 G is required (although slightly lower as the energy den-
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sity of torus photons compared with BLR photons is lower), and the X-ray
data can be explained by SSC mechanism. As the average energy of IR pho-
tons with ~ 103 K temperature is lower than that of BLR photons (~ 104
K), their IC up-scattering (~ 69?(k; T)) can explain the observed v-ray data
when E/,; = 1.51 +£0.17 GeV; the synchrotron emission of these electrons will

slightly overproduce the soft X-ray data (red solid line in the right panel of
Fig. 5.3).

A ftit, assuming the X-ray and <y-ray data are due to IC up scattering of only
torus photons, is shown in the right panel of Fig. (black solid line). As
the magnetic field is low, B = 1.13 £ 0.01 G, the SSC component falls be-
low the observed X-ray data. The power-law index of underlying electrons,
a = 2.18 4= 0.004, is defined by joint X-ray and -y-ray data (see next section).
The minimum and cut-off energies of underlying electrons are estimated to
be E/ . = 3.48+0.04 MeV and E.,,, = 3.60 + 0.09 GeV, respectively.

Further, it is assumed that the radio-optical-X-ray and <-ray emissions are
produced in different regions (blobs). This permits to estimate the properties
of emitting electrons based only on the y-ray data, without considering the
effect of the magnetic field. Such consideration is motivate by the follow-
ing: i) the previous studies of this source showed that the regions outside
the torus are more favorable for the -ray emission [66] and ii) the two-zone
models were successful in explaining the bright flares of FSRQs [142]. In
this case, the power-law index of the emitting electrons is & = 2.36 £ 0.07,
much softer than in the previous cases which results in a larger cut-off en-
ergy E.,, = 5.32 £ 0.75 GeV. Since the X-ray data are considered as an upper
limit, a larger E/ . = 18.52 + 8.43 MeV is obtained (red dot-dashed line in the
right panel of Fig. [5.3). The jet should be very strongly particle dominated,
U./Up >> 1 and the synchrotron emission of these electrons in the second
region will not make a significant contribution to the low energy band. Such
a modeling gives independent information on the particle content and dis-
tribution, as the luminosity of IC scattering depends only on N, as distinct
from the synchrotron or SSC components when the luminosity depends on
the product of B? and N,. Therefore, this provides straightforward informa-
tion on the jet-accelerated particles.

The results obtained above do not significantly differ from those obtained
in the previous studies of CTA 102within one-zone leptonic scenarios [e.g.,
126, 166]. However, it is impossible to compare the obtained parameters di-
rectly because different values of emitting region size, Doppler boosting, etc.
were used in the mentioned studies. The change in the initial set of the model
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Figure 5.4 The energy distribution of the electrons for the models presented
in Fig. [5.3| obtained by MCMC modeling of the observed data.

parameters impacts the estimation of other free parameters of the model.
Also, the SED considered and modeled here differs from the previously mod-
eled ones and for different periods the model parameters might vary.

5.5 Particle Acceleration and Energy losses

One of the effective ways to study the physics of the jets is through the mod-
eling of their multiwavelength emission spectra. The applied models can
reproduce/explain the data observed in a short time period which is not
enough for understanding the global processes occurring in jets given the
extremely variable character of their emission. However, any model trying
to reproduce the transfer of the radiative output along the jet propagation
should be able to explain single snapshots of the SEDs. The SED discussed
here is important as the curvature in the y-ray spectrum is most likely related
with the similar feature in the emitting electron distribution, giving a chance
to explore the particle acceleration and cooling mechanisms.

The electron energy distributions given by Eq. that can explain the ob-
served broadband emission of CTA 102are shown in Fig. The free model
parameters (U, B, « and E[) were extracted straightforwardly from the ob-
served data using the MCMC method. In order to investigate the conditions
for the formation of the electron energy distribution a detailed simulation of
both acceleration of particles and treatment of temporal evolution of electrons
taking into account relevant energy losses (e.g, solving the kinetic equation)
are required [e.g.,48]. Anyway, this is beyond the scope of this paper. Based
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on the estimated parameters, here an attempt is made to put only quantita-
tive constraints on the physical processes at work in the jet of CTA 102.

It is widely discussed that one of the most efficient mechanisms for energiz-
ing the particles in the relativistic jets of blazars is the first-order Fermi accel-
eration (diffuse shock acceleration [DSA]) [95, 59, 141]. A distinctive feature
of this acceleration process (both for relativistic and non-relativistic shocks) is
that the resulting particle energy distribution takes a power-law form (E, %)
[57]. Under dominant radiative cooling and/or a decreasing chance for HE
particles to cross the shock front a large number of times, the HE tail of the
electron energy distribution steepens forming a power-law with an exponen-
tial cut-off distribution. So, the investigation of « and E/ parameters can shed
a light on the physics of the jet.

5.5.1 High energy cut-off in the electron spectrum

The HE tail of electron distribution is defined by the cooling of emitting parti-
cles which in its turn strongly depends on the location of the emitting region.
For example, when the emitting region is within the BLR having a higher
density, the particle cooling is more efficient and they do not reach higher en-
ergies as compared to the case when the emitting region is outside the BLR
(see Fig. 5.4). The cutoff electron energy is constrained by two conditions: i)
the particles are not accelerated beyond the energies when the cooling and
acceleration times are equal, and ii) the particles will not continue to acceler-
ate beyond the energies permitted by the physical size of the emitting zone:
E. is determined as the smaller of these limiting values.

When the acceleration and cooling times are of the same order, the macro-
scopic parameters of the jet plasma start to play a crucial role and basically
they are defining the formed spectrum of emitting electrons. In the collision-
less shock the non-thermal particles are gaining energy by scattering between
turbulence in the upstream and downstream of the plasma. The correspond-
ing time for diffuse shock acceleration would be [57, [130]

agiff—1 / 2
N p MeCY, (C
tace ~ 1o (Pl) ¢B <u> (56.5.1)

where p is the particle momentum, a;fs is the diffusion index, 7 ~ p*?/f -1
characterizes the diffusion (7 = 1 corresponds to Bohm limit), u ~ c is the
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shock speed and v, = E./m,c?

electron cooling time defined as

. Balancing this acceleration time with the

~ 3mec(1+42z)

t = 55.2
cool 4‘7T u;ot 'Yé ( )

where u;, = up + ussc + ujr/prr and introducing cooling parameter €y,
defined as ratio of the luminosity of low energy component to the total lumi-
nosity, Liyy/ (Liow + L), [23] showed that the cutoff energy of the accelerated

electrons scales with the magnetic field as v, ~ , /2&5(agif¢) /3 (6 x 10"/ (179 B))l/(lJradiff)

where E;(agiff) ~ 3/2 (9€syn/4)2/(1+adiff) (assuming u ~ c). Through this

equation a;¢r and 77 are connected as 179 ~ 1.35 x 10%°¢,,,, B! ;Wiffﬂ) SO
q diff 1 U Yy 04

when the magnetic field in the jet and the cutoff energy are known (e.g., from
the multiwavelength data modeling) these parameters can be constrained.
For CTA 102, when the emitting region is outside the BLR and the mul-
tiwavelength emission is described by synchrotron/SSC+EIC process then
B = 239+0.04 G and E. = 1.5140.17 GeV (. =~ 3. x 10%). For a fixed
magnetic field and cutoff energy, 7o scales inversely with a;;¢¢, e.g., for Bohm
type diffusion (ayirf = 1) an unrealistically large 779 ~ 107 is needed (consid-
ering €syy = 0.14). More relaxed parameters are obtained when a;rr > 2:
o =~ 3 x 10* for agiff = 2 and 179 ~ 10 for ayirr = 3.0. Similarly, when
the data are modeled by EIC of BLR photons, when ay;rf = 2.0 then 7 is
8 x 10° and 7 is 2.1 when agiff = 3. These parameters indicate diffusion
away from the Bohm limit with a stronger dependence of the mean free path
on the momentum (~ p?). Larger value of 7o implies that turbulence levels
are gradually decreasing going farther from the shock. Similar values were
obtained in the modeling of multiwavelength emission from BL Lacerte and
AO 0235+164 when the DSA of particles was treated with detailed Monte
Carlo simulations [23], and 779 = 10° was used to reproduce the broadband
SED of Mrk 421 [85].

When the dynamic time scales of the system are shorter than the acceler-
ation times, the cutoff determined from t;,,, = fc, corresponds to v =
3 mec (1 +z) /40T Uy tay,. If the observed -rays are produced in a sepa-
rate region under the dominant IC cooling of torus photons, the cutoff will
be 7. = 3 tmec? (14 z)R3z /o1 iR 6*Lyise tayn- For the variability time of the
order of 5.05 + 0.85 hours, the cut-off should be at E, = 3.62 GeV which is
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similar to the value estimated during the fit. This shows that the curvature in
the electron spectrum might also come from a limitation from the acceleration
zone.

5.5.2 Power-law index of emitting electrons

The power-law index of the emitting electrons is simulation-dependent and
is strictly defined by the plasma parameters. Alternatively, it can be obtained
through the modeling of the observed photon spectra, in some cases analyt-
ically as well. When the HE component is interpreted by IC up-scattering
of the external photon field, the particle photon index is defined by a =
2l /x—ray — 1 [e.g.,[72]. In the case of CTA 102both X-ray and 7y-ray data are
defining the photon index («., /xrs,) which can be obtained by fitting with a

power-law function (~ (E/100 V) T7/X-r). As for the BLR and torus pho-
tons IC scattering near the minimum energy of electrons (7, close to unity)
is around ~ (0.5 —0.7) keV and above ~ 1 GeV the y-ray spectrum steepens,
only the data observed between ~ 0.7 keV and ~ 1 GeV are considered. The
fitresultsin T, x_, = 1.60 & 0.01, so « should be around 2.2 which matches
well with the estimated value of 2.18. In the case of SSC+EIC scenario, the
power-law index is mostly but not entirely defined by fitting the SSC com-
ponent to X-ray data with a slope of 1.32. The SSC component can explain
the X-ray data when assuming a hard ~ 1.6 index for electron distribution
but the EIC of these electrons will be steeper in the MeV /GeV band which is
in disagreement with the observed data. The modeling resulted in a slightly
different but still a hard spectrum for the electrons « = (1.7 — 1.8).

From the standpoint of shock acceleration theories the electron indexes dis-
cussed above can be easily formed under reasonable physical conditions. The
DSA of particles establishes a power-law distribution of electrons with an
index depending only on the shock velocity compression ratio (¢ = (r +
2)/(r — 1)) [30, B2, 86]. In the case of non-relativistic shocks with a large
sonic Mach number r = 4, so that the well known E~2 spectrum will be
formed. When relativistic shocks are considered the picture is changed be-
cause the assumptions made in deriving the spatial diffusion equation are no
longer valid and the index is defined by the shock speed and also depends
on the nature of particle scattering. For a test particle in the parallel relativis-
tic shocks the particles will be distributed by a universal power-law index of
—2.23 [94) 58} 29]. However, power-law indexes varying from very hard (—1)
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to very steep are possible, depending on the nature and magnitude of turbu-
lence, shock speed and shock field obliquity [141]. One of the best ways for
studying the DSA of particles is through Monte Carlo simulations (although
some analytical approaches were applied as well) making a detailed treat-
ment of the shock speed, particle scattering, etc., which is beyond the scope
of the current paper. The obtained power-law indexes from 1.8 to 2.18 are
well within the values discussed for shock acceleration theories to date.

5.6 Results and Discussion

The distinct blazar variability in almost all wavebands makes them ideal tar-
gets for exploring the particle acceleration and emission processes. Due to
the processes causing the flares, the spectra of the sources sometimes exhibit
dramatic changes in both amplitude and spectrum. So, the multiwavelength
observations in these periods and their modeling can significantly help to in-
fer/understand the physical processes at work in relativistic jets.

The CTA 102blazar is one of the brightest y-ray emitters in the extragalactic
sky. The source is frequently in a flaring state with the most dramatic variabil-
ity being demonstrated in the y-ray band. The source showed a prolonged
activity in 2016-2017 when the observed daily highest flux was (2.12 £0.07) x
10> photon cm~2 s~1 corresponding to ~ 2.02 x 10* erg s~! luminosity. The
y-ray flux in the proper frame of the jet is L, = 3.3 x 10% ergs~! implying
that an energy much higher than 2.8 x 10! erg (> t; day X Ly) should be re-
leased in the form of magnetic field and particles in order to explain the y-ray
emission.

The time-averaged 7-ray spectrum of CTA 102is best described by a log-
parabola model with & = 2.26 and p = 0.1 while in short time scales a
substantial harder emission, I' < 2.0, with a spectrum curving at HEs is ob-
served. Such periods were identified in the light curves with bins from 1 to
6 days. Among many periods with a hint of curvature, at least in four of
them the 7-ray data are statistically significantly better (> 7¢) described by
a power-law with an exponential cut-off. All these periods were during MJD
57738-57763 when the source was in a high -y-ray flaring state. During these
periods the cut-off energy (9.0-16.0 GeV) was relatively stable implying that it
could be due to a generic feature of the process at work in the jet of CTA 102.
This cut-off is somewhat different than that observed in the time-averaged
spectrum of CTA 102and is clearly related with its flaring activity. External
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absorption can be ruled out as it is significant only for the energies above 100-
200 GeV for the distance of CTA 102. Internal absorption cannot account for
the observed curvature as well: when the emitting region is very deep inside
BLR (e.g., ~ 50r,) the spectrum steepens quickly, in disagreement with the
observed data, while for larger distances (e.g., ~ 10007,) the slow drop of the
flux overproduces the data observed around 10 GeV. On the other hand, the
observed variability time as well as the estimated bulk Lorentz factor and the
jet half opening angle put a constraint on the location of the y-ray emitting
region: it should be around the upper edge or outside the BLR region. The
curvature observed in the y-ray band is most likely due to a break/cut-off in
the spectrum of radiating particles.

The broadband SED of CTA 102was modeled considering the jet dissipation
occurs close (within BLR) or far from (outside BLR) the central source. The
synchrotron, BLR reflected and torus photons were considered to explain the
HE component in the SED of CTA 102. The free model parameters were es-
timated using the MCMC method. The observed X-ray data corresponding
to the low-energy tail of the IC component limits the emitting electron max-
imum energy and the SSC component can reach only 1 — 2 GeV, not allow-
ing to model the observed data. When the jet plasma moves with a bulk
Lorentz factor of I' = § = 30, the density of BLR and torus photons is com-
parable with or dominating over the magnetic field energy density and their
IC scattering can make a significant contribution in the -ray band. Since
their average energy in the jet frame exceeds that of synchrotron photons
(peaking around 1 eV), the EIC component will extend beyond SSC and can
explain the data above GeV. The combined SSC+EIC model can explain the
observed data when the emitting electrons are distributed with a hard power-
law index of ~ (1.7 — 1.8). On the contrary, if the jet of CTA 102is strongly
particle dominated (U,/Up ~ (10?> — 7 x 103)) (depressing the SSC compo-
nent) the IC up-scattering of only BLR or torus photons can explain the X-ray
and v-ray data if the electron distribution with ~ 2.2 index extends up to
E. = 2.024+0.04 GeV and E. = 3.60 & 0.09 GeV, respectively. The total jet
energy (Lj; = Lp + L. where Lg = ncR%FZLIB and L, = ncRZZ?FZUe) varies
within (0.04 — 2.3) x 10* ergs~! being of the same order or less than the
Eddington accretion power for the black hole mass in CTA 102. When the -
rays are produced in a separate region, the power-law index of the electrons
(2.36 £ 0.07) and the cut-off energy (5.32 £ 0.75 GeV) are well constrained by
the y-ray data, independent of the magnetic field.
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5.7 Conclusions

The estimated parameters of the electrons provided important information
on the particle acceleration in the jet of CTA 102. The power-law index of
electrons directly estimated from the X-ray or 7-ray data varies from 1.6 to
2.3- values well achievable by DSA of particles. These values cannot be di-
rectly used to put a constraint on the properties of the shock due to the com-
plex character of the acceleration process; it can be done only under several
assumptions on the unknown parameters. However, the power-law index
of electron distribution capable of explaining the data is physically realistic
and it can be formed in standard relativistic shocks. On the other hand, the
constraint on the cutoff of the electron distribution provides a crucial infor-
mation on the diffusion of particles: from the balance of acceleration and
cooling times the diffusion index should be a4;rf > 2.0 with 7 > 10* imply-
ing that in the acceleration zone of the CTA 102jet the particle diffusion must
be well removed from the Bohm limit (7 = 1 and ag;¢f = 1). These param-
eters show that the physical environment in the jet of CTA 102should have
a lower-level turbulence at large distances from the shocks, which results in
longer diffusive mean free paths for larger momenta. These conditions are
not physically unrealistic and can be formed under certain circumstances.
For further discussion see [23] and references therein.

5.7 Conclusions

The origin of the curvature in the y-ray spectra of CTA 102is investigated.
During bright y-ray flaring of CTA 102its emission spectrum hardened, steep-
ening above ~ 10 GeV and the data are better (> 7 ¢) described by a power-
law with exponential cut-off model. The estimated cut-off energy remains
relatively unchanged (taking into account the uncertainties).

The modeling of the SED of CTA 102allowed to constrain the free model pa-
rameters with their uncertainties, which in its turn provided information on
the particle acceleration. The electron spectrum can be easily formed by dif-
fusive shock acceleration but it is required that the diffusion occurs well be-
yond the Bohm limit. The prolonged y-ray flaring activity of the source in
2016-2017 could be in principle due to such changes in the jet of CTA 102.
Here a single snapshot of the SED of CTA 102is modeled, providing a valu-
able information on particle acceleration and cooling processes. Observation,
identification and modeling of different flaring periods characterized by a
curvature in the y-ray spectrum can eventually help to draw a clear picture
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of the global processes taking place in the blazar jets.
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