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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 2018.

• Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

The observation of IceCube-170922A event from the direction of TXS 0506+056
when it was in its enhanced γ-ray emission state offers a unique opportu-
nity to investigate the lepto-hadronic processes in blazar jets. Here, the ob-
served broadband emission of TXS 0506+056 is explained by boosted syn-
chrotron/synchrotron self Compton emission from the jet whereas the γ-ray
data observed during the neutrino emission- by inelastic interactions of the
jet-accelerated protons in a dense gaseous target. The proton energy dis-
tribution is ∼ E−2.50

p , calculated straightforwardly from the data obtained
by Fermi-LAT and MAGIC and if such distribution continues up to Ec,p =
10 PeV, the expected neutrino rate is as high as ∼ 0.46 events during the
long active phase of the source or ∼ 0.15 if the activity lasts 60 days. In
this interpretation, the energy content of the protons above > GeV in blazar
jets can be estimated as well: the required proton injection luminosity is
' 2.0× 1048 erg s−1 exceeding 103 times that of electrons' 1045 erg s−1 which
are in equipartition with the magnetic field. As the required parameters are
physically realistic, this can be an acceptable model for explanation of the
neutrino and γ-ray emission from TXS 0506+056.

• On the multi-wavelength Emission from CTA 102
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2 Brief description

We report on broadband observations of CTA 102 (z = 1.037) during the
active states in 2016-2017. In the γ-ray band, Fermi LAT observed several
prominent flares which followed a harder-when-brighter behavior: the hard-
est photon index Γ = 1.61± 0.10 being unusual for FSRQs. The peak γ-ray
flux above 100 MeV (3.55± 0.55) × 10−5 photon cm−2 s−1 observed on MJD
57738.47 within 4.31 minutes, corresponds to an isotropic γ-ray luminosity of
Lγ = 3.25× 1050 erg s−1, comparable with the highest values observed from
blazars so far. The analyses of the Swift UVOT/XRT data show an increase in
the UV/optical and X-ray bands which is contemporaneous with the bright
γ-ray periods. The X-ray spectrum observed by Swift XRT and NuSTAR
during the γ-ray flaring period is characterized by a hard photon index of
∼ 1.30. The shortest e-folding time was 4.08± 1.44 hours, suggesting a very
compact emission region R ≤ δ× 2.16× 1014 cm. We modeled the spectral
energy distribution of CTA 102 in several periods (having different proper-
ties in UV/optical, X-ray and γ-ray bands) assuming a compact blob inside
and outside the BLR. We found that the high-energy data are better described
when the infrared thermal radiation of the dusty torus is considered. In the
flaring periods when the correlation between the γ-ray and UV/optical/X-
ray bands is lacking, the γ-ray emission can be produced from the interaction
of fresh electrons in a different blob, which does not make a dominant contri-
bution at lower energies.

• Dissecting the region around IceCube-170922A: the blazar TXS 0506+056
as the first cosmic neutrino source

We present the dissection in space, time, and energy of the region around the
IceCube-170922A neutrino alert. This study is motivated by: (1) the first asso-
ciation between a neutrino alert and a blazar in a flaring state, TXS 0506+056;
(2) the evidence of a neutrino flaring activity during 2014 – 2015 from the
same direction; (3) the lack of an accompanying simultaneous γ-ray enhance-
ment from the same counterpart; (4) the contrasting flaring activity of a neigh-
bouring bright γ-ray source, the blazar PKS 0502+049, during 2014 – 2015.
Our study makes use of multi-wavelength archival data accessed through
Open Universe tools and includes a new analysis of Fermi-LAT data. We find
that PKS 0502+049 contaminates the γ-ray emission region at low energies
but TXS 0506+056 dominates the sky above a few GeV. TXS 0506+056, which
is a very strong (top percent) radio and γ-ray source, is in a high γ-ray state
during the neutrino alert but in a low though hard γ-ray state in coincidence
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with the neutrino flare. Both states can be reconciled with the energy associ-
ated with the neutrino emission and, in particular during the low/hard state,
there is evidence that TXS 0506+056 has undergone a hadronic flare with very
important implications for blazar modelling. All multi-messenger diagnos-
tics reported here support a single coherent picture in which TXS 0506+056, a
very high energy γ-ray blazar, is the only counterpart of all the neutrino emis-
sions in the region and therefore the most plausible first non-stellar neutrino
and, hence, cosmic ray source.
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3 Publications-2017

• R. Ruffini,M. Karlica, N. Sahakyan, J. Rueda, Y. Wang, G. Mathews, C.
Bianco, M. Muccino, ”A GRB Afterglow Model Consistent with Hyper-
nova Observations”, The Astrophysical Journal, Volume 869, Issue 2,
article id. 101, 9 pp. 2018.

• A. Abeysekara, ... N. Sahakyan, ... D. Zaric, ”Periastron Observations
of TeV Gamma-Ray Emission from a Binary System with a 50-year Pe-
riod”, The Astrophysical Journal Letters, Volume 867, Issue 1, article id.
L19, 8 pp., 2018.
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170922A: the blazar TXS 0506+056 as the first cosmic neutrino source”,
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1, p.192-203, 2018.
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Energy γ -Ray Emission from PKS 0625-35”, Astrophysics, Volume 61,
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• N. Sahakyan, V. Baghmanyan, D. Zargaryan, ”Fermi-LAT observation
of nonblazar AGNs”, Astronomy & Astrophysics, Volume 614, id.A6,
11 pp., 2018.
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3 Publications-2017

• B. Fraga, U. Barres de Almeida, S. Gasparyan, P. Giommi, N. Sahakyan,
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4 Lepto-hadronic γ-ray and
neutrino emission from the jet of
TXS 0506+056

4.1 Introduction

Recently, IceCube detected Very High Energy (VHE; > 100 GeV) neutrinos
from extragalactic sources [3, 33], [4]. This opens new perspectives for in-
vestigation of nonthermal processes in astrophysical objects even though no
sources emitting these neutrinos have been identified so far. As neutrinos are
not absorbed when interacting either with a photon field or the matter, un-
like the γ-rays , they can be detected from distant sources which are ”Terra
Incognita” for γ-ray observations.
Different types of objects are proposed as potential sources for VHE neu-
trino emission among which the most prominent are Active Galactic Nuclei
(AGNs). AGNs, being powered by supermassive black holes, are among the
most luminous and energetic extragalactic objects. When the jet of an AGN is
aligned with an observer’s line of sight, they appear as blazars [142] which,
based on the observed emission lines, are commonly sub-divided into BL Lac-
ertae (BL-Lac) objects and Flat-Spectrum Radio Quasars (FSRQs). Blazars are
characterized by high luminosity (e.g., 1048 − 1049 erg s−1 in the γ-ray band)
and variable nonthermal emission in the radio to the VHE γ-ray bands. As
blazar emission is dominating in the extragalactic γ-ray sky, it is natural to
consider them as the most probable sources of the observed neutrinos. In
fact, Padovani & Resconi [51], Padovani et al. [52], have recently found a
correlation between High Energy (HE) peaked BL Lacs (emitting > 50 GeV)
detected by Fermi Large Area Telescope (Fermi-LAT) and the VHE neutrino
sample detected by IceCube. Also, remarkable is the possible association of
the highest-reconstructed-energy (∼ 2 PeV) neutrino event with the excep-
tionally bright phase of FSRQ PKS B1414-418 [37]. Recently, Aartsen et al. [2]
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4 Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

showed that the maximum contribution of the known blazars to the observed
astrophysical neutrino flux in the energy range between 10 TeV and 2 PeV is
less than 27 %, but in principle significant neutrino emission from a particu-
larly bright blazar can be detected.
There are proposed different mechanisms for VHE neutrino production in
blazar jets (e.g., Mannheim [43], Bednarek [15], Protheroe [56], Yoshida et al.
[66], Tavecchio & Ghisellini [63], [48, 65, 42]). These relativistic jets are ideal
laboratories where the leptons (electrons) and hadrons (protons) can be effec-
tively accelerated, which interacting with the magnetic and/or photon fields
can produce emission across the whole electromagnetic spectrum. Even if the
leptonic emission alone can explain the observed features of some blazars,
the energetic protons co-accelerated with electrons might contribute to the
observed emission. As the protons probably carry a significant fraction of
the total jet power, the exact estimation of their content in the jet is crucial
for understanding the jet launching, collimation and dynamics. In general,
only HE γ-ray observations alone are not sufficient to differentiate between
the contribution of protons and electrons; this can be done only by neutrino
observations.
The lack of a high-confidence association of a neutrino event with a par-
ticular blazar significantly complicates the interpretation of hadronic emis-
sion from blazar jets. The best association to date is that between IceCube-
170922A neutrino event with the γ-ray bright BL Lac object TXS 0506+056
[32]. The Fermi LAT and MAGIC observations reveal that TXS 0506+056 was
in the active state in MeV/GeV and above 100 GeV bands when the neu-
trino event was observed on September 22, 2017; the evolution of its mul-
tiwavelegth emission in time around the neutrino event can be seen here
youtu.be/lFBciGIT0mE [50]. At the redshift of z = 0.336 [53] TXS 0506+056
is among the brightest BL Lacs detected by Fermi LAT. Moreover, IceCube
detected a 3.5σ excess of neutrinos from the direction of TXS 0506+056 in
2014-2015 [34]. Further detailed spatial and temporal analyses of the com-
plex γ-ray region around TXS 0506+056 showed that the emission from the
nearby flaring blazar PKS 0502+049 is dominating at low energies, but TXS
0506+056 is brighter above a few GeV, making it the most probable neutrino
source [50].
The data available from the observations of TXS 0506+056 makes it a unique
object for testing the lepto-hadronic emission scenarios in blazar jets. For ex-
ample, in Ahnen et al. [8] the one-zone lepto-hadronic model based on the
interaction of both accelerated electrons and protons (photo-meson reaction)
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4.2 Broadband emission from jets

with the external photons (from a slow-moving external layer) can success-
fully explain the observed multiwavelength SED and neutrino rate if the pro-
ton energies are in the range from 1014 eV to 1018 eV. In this and other similar
models it is impossible to estimate the relative contribution of low-energy
protons (> 1 GeV) which carry a significant portion of the jet power. An al-
ternative modeling of the multiwavelength emission from TXS 0506+056 is
applied in the current paper; it is assumed that the protons accelerated in
the jet of TXS 0506+056 interact with a dense target crossing the jet and pro-
duce the observed HE and VHE γ-ray emission from the decay of neutral pi-
ons. This is done within widely discussed jet-target interaction models which
were successfully applied for modeling the emission from different AGNs
(e.g., M87 [12, 13], Cen A core [9], Mrk 421 [23], 3C454.3 [41], etc.). The initial
proton distribution is estimated by normalizing the expected γ-ray flux from
proton-proton (pp) interactions to the Fermi LAT and MAGIC data, then the
neutrino spectra are estimated straightforwardly. There is no contradiction
between this and other discussed models involving photo-meson reactions
as, again, the cascade initiated from the interaction of ultrahigh-energy pro-
tons might be still responsible for the emission in the X-ray band. By inter-
preting that the observed HE and VHE γ-ray emission originates from pp
interactions, the main purpose of the current paper is to estimate i) the to-
tal luminosity of protons (> GeV) and compare it with that of electrons and
ii) the expected detection rate of neutrinos produced from pp inelastic colli-
sions.
The paper is structured as follows: the model adopted here is described in
Section 5.2. The modeling of broadband emission from TXS 0506+056 is pre-
sented in Section 5.3. The results are discussed in Section 5.4 and summarized
in Section 5.5.

4.2 Broadband emission from jets

Dominantly, the emission from blazars is of a non-thermal nature, extending
from radio to VHE γ-ray bands, with two broad humps in the spectral en-
ergy distribution (SED), peaking in the IR-X-ray and MeV-TeV bands. This
double-peaked feature can be attributed to radiative losses of non-thermal
electrons. The low-energy component can be well explained by synchrotron
emission of relativistic electrons in the jet and the inverse Compton scattering
of soft target photons on these electrons can be responsible for the HE peak.
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4 Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

The target photon fields depend mostly on the location of the emission region
[140], being of different origin and varying along the jet. For example, for BL
Lacs with very weak (or absent) emission lines, the target photons can be syn-
chrotron photons (synchrotron self Compton (SSC) [103, 115, 85]), whereas
for FSRQs where the jet propagates in an environment reach of photons, the
HE component can originate also from inverse Compton scattering of ex-
ternal photons (e.g., photons reflected from Broad Line Region (BLR) [139]
or from a dusty torus [84, 104]). These models have been successful in ex-
plaining several features observed in the non-thermal spectra of blazars, e.g.,
spectra in different bands, simultaneous or non-simultaneous flux increases
(decreases), etc. However, the observation of minute-scale γ-ray variability
of blazars poses severe difficulties for one-zone leptonic scenarios; the emis-
sion region will be beyond the event horizon of the central black holes only in
case of extremely high bulk Lorentz factors (e.g., see [11, 6]). Therefore, there
have been proposed more complex scenarios: multi-zone models (e.g., spine-
sheath [62], decelerating-jet [26], jets in a jet [30, 31], etc.) and internal-shock
models (e.g., [46, 61, 60, 36, 22]).
The HE component in blazar SEDs can be also explained by applying alter-
native models invoking the radiative output of hadrons accelerated in the
jets of blazars. The protons unavoidably accelerated in jets can interact with
matter (proton-proton [pp]), magnetic or radiation field (proton-γ) and pro-
duce the observed HE emission. In the last two cases, in order to emit ei-
ther through proton-synchrotron emission [5, 47] or photo-pion production
[44], the protons should be accelerated to extremely high energies (Ep ≥
1019eV) and propagate in a highly magnetized plasma (B ≥ 30 G). These
requirements for the protons and/or the medium can be somewhat softened
when a highly collimated proton beam accelerated in the jet penetrates into
a dense and compact target (e. g., cloud(s) from BLR Dar & Laor [23], Beall
& Bednarek [14], Araudo et al. [9]) and produces the observed HE γ-rays
through inelastic pp scattering. In addition, at larger distances from the nu-
cleus rich in star populations, the star-jet interactions too can produce HE
γ-rays [12, 10, 14, 17, 16, 24]. In these cases, the protons should be acceler-
ated only up to moderate ' 100 TeV energies unlike the other models.
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4.2 Broadband emission from jets

4.2.1 The model

The interaction of the blazar jets with clouds or stars abundant in their envi-
ronment does not significantly affect the dynamics of the jet and its propa-
gation to kpc scales, but it provides targets for efficient hadronic interactions.
The strong shock formed at interaction of relativistic flows with dense tar-
gets can accelerate the particles and in some cases their interactions can be
responsible for the steady (e.g., several clouds can interact with the jet si-
multaneously) or flare-like γ-ray emissions. The studies of hydrodynamical
simulations of jet-target interactions and dynamical time scales required for
particle acceleration and emission show that star-target interactions can pro-
duce detectable γ-ray fluxes not only in the nearby (e.g., Cen A [9] and M87
[12]) but also in distant/powerful objects (e.g., 3C 454 [41], Mrk 421 [14, 23]).
For a comprehensive and detailed study of the hydrodynamical simulation
of jet-cloud/star interactions and discussion of jet stability see Bosch-Ramon
et al. [21] and Perucho et al. [54].
The scenarios mentioned above require several parameters for accurate es-
timation of the duration, rate and efficiency of interactions and the related
radiative outputs. The parameters describing the targets (e.g., clouds or stars
envelopes) and the energy distribution of accelerated protons are different
for each source, but even within the typical values (e.g., clouds with∼ 1010−
1012 cm−3 density and∼ 1012− 1013 cm radius) the powerful jet-target interac-
tions can produce observable γ-ray emission. Another important parameter
is the distance (d) from the base of the jet where the interaction occurs. Star-
jet/cloud interaction cannot occur within the jet formation region and also at
large distances from the central source, as the jet energy flux decreases with
the distance as Fj ' Lj/πθ2d2 (θ is the jet opening angle). For very powerful
jets the jet energy flux might be still high enough for an effective interaction
farther from the jet launching point which will also allow the protons to be
accelerated to HEs. On the other hand, for low-power jets, when the pen-
etration occurs in the innermost part of the jet, the protons can be further
accelerated in the target, gaining energies required for HE γ-ray emission
[9, 12]. Even though the jet-target interactions can occur frequently, for some
jets the observed γ-ray emission is likely to be dominated by boosted SSC
emission from jet-accelerated electrons. However, in some cases when the
leptons cool faster not reaching HEs or due to some internal changes in the
jet affecting only the boosted emission, the hadronic component produced in
star-jet interactions can dominate and produce the observed HE and VHE γ-
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4 Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

rays . Such scenario can be applied only when γ-ray and neutrino emissions
are detected, e.g., from TXS 0506+056.
Since our primary goal is to investigate whether the observed HE and VHE
γ-ray and neutrino emission from TXS 0506+056 can be explained by the in-
teraction of moderately accelerated protons and measure their content in the
jet, here, without going much in details (e.g., the nature of target, at which
distance the interaction occurred, etc.), the broadband SED of TXS 0506+056
obtained during the neutrino event detection is modeled. Assuming that the
energetic protons (either accelerated in the jet or in the target) interact in a
target with a typical density of 1010cm−3, the γ-rays are produced through
pp interactions. Most likely, the maximum energy of protons will be defined
by the size of acceleration region rather than by radiative losses, i.e. at a rate
close to the theoretical limit tacc ∼ R/c. Expressing the acceleration time as
E/dE/dt, where dE/dt ' ηeBc [7] is the proton acceleration rate with η ef-
ficiency, implies that Emax ' 3.0 × 1015 (η/0.1) (B/1G) (R/1013cm) eV. So,
even if the proton acceleration occurs in a relatively small (∼ 1013 cm) dense
target, E goes well beyond ∼ 10 PeV, enough to produce the observed VHE
γ-ray photons and neutrino. In the case when the protons are accelerated
in the jet, in the frame of the target their energy will be even higher due to
Doppler boosting. The protons interacting in the target produce γ-rays from
the decay of neutral pions (π0 → γγ), while the neutrinos (νµ, νe) are pro-
duced from the decay of π± (e.g., π+ → µ+ + νµ → e+ + νe + νµ + ν̄µ).
The observed γ-ray luminosity of TXS 0506+056 around 10 GeV (most likely
the peak of HE component) is ' 4 × 1046 erg s−1, then assuming the effi-
ciency of energy transfer from relativistic protons to secondary particles is
∼ 10%, the required proton luminosity should be Lp ' 4× 1047 erg s−1. Next,
assuming the proton acceleration efficiency is roughly 10%, the jet power
would be Ljet ' 4× 1048 erg s−1- a value usually estimated for bright blazars.
Thus, both the maximum energy of protons and the required luminosity are
physically realistic and the observed HE and VHE γ-ray emission from TXS
0506+056 can be due to pp interactions.

4.3 SED modeling

The broadband SEDs of TXS 0506+056 for low (period 1 [P1]) and high (pe-
riod 2 [P2]) VHE γ-ray emitting states (when the neutrino was detected) are
shown in Fig. 4.1 (taken from [8]). As compared with the archival data (light
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4.3 SED modeling

gray), i) the low energy component is relatively constant and ii) the HE com-
ponent slightly increases and the spectrum extends above several hundreds
of GeV. This well fits in the scenario discussed above; the synchrotron emis-
sion of electrons accelerated in the jet is almost unchanged while most likely
a different process is responsible for the HE emission in the active states. It
is natural also to expect that the γ-ray flux produced by the same electrons
remains the same as the time-averaged one.
The emissions from two different jet regions are considered in the SED mod-
eling: i) the observed low-energy and time-averaged HE components are ex-
plained as emission directly from jet-accelerated electrons in a compact re-
gion moving with the bulk Lorentz factor of the jet and ii) during the active
γ-ray emitting state, when the neutrino was observed, the γ-rays are pro-
duced from the inelastic pp interactions in the second emission site. Such
a compact emitting region is usually considered when modeling the multi-
wavelength emission from blazars (e.g., [103, 115, 85]), while the second zone
is expected to form when a target penetrates into the jet (see the sketch in Fig.
1 of [21] where a jet-target interaction is illustrated). Next, the emission from
the e−e+ pairs produced from the decay of charged pions in the target, which
can be significant in the X-ray band, is also taken into account. This modeling
allows to estimate both the electron and proton content in the jet.
The radiative contribution of electrons is computed within the one-zone sce-
nario, assuming the emission region (the ”blob”) is a sphere with a radius of
R moving with a bulk Lorentz factor of Γ, carrying a magnetic field of B and
having a population of relativistic electrons with an energy distribution of

N′e(E′e) ∼ E′αe exp(− E′e
E′cut

) (4.3.1)

between E′min and E′max [35]; E′cut is the cut-off energy. As the contemporane-
ous data from the rising part of the low energy component are missing, the
electron spectral index α can not be measured, so α = 2 expected from accel-
eration theories is used. Also, E′min = 100 MeV is used, so the model does
not overpredict the archival radio data. The luminosity of the synchrotron
emission of these electrons will be amplified by a relativistic Doppler factor
of δ (δ = Γ for small jet viewing angles), for which δ = 25 was used, a char-
acteristic value for bright blazars [105]. The observations of TXS 0506+056 in
the X-ray, HE and VHE γ-ray bands allowed to infer a variability time scale
of td ≤ 105 s (e.g., [39, 8] which implies that the emission is produced in sub-
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4 Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

parsec regions of the jet, so R ' 7.5× 1016 cm will be used.
The energy distribution of protons accelerated in the jet can be also expressed
as

Np(Ep) ∼ E−αp
p exp

(
− Ep

Ec,p

)
(4.3.2)

where Ec,p is first considered as a free parameter then Ec,p = 10 PeV is used as
the γ-ray data there is no sign of any spectral cutoff. γ-rays , neutrinos and
e−e+ pairs will be produced in the interactions of these protons. The charac-
teristic cooling time of pp collisions is tpp ' (KσppnH)

−1 ' 1015/nH which is
inversely proportional to the target particle number density. In case of opti-
mal radiation tpp ' tv (tv = 105 s) the target density is nH = 1010 cm−3. The
size of the emitting target can be estimated as r = (3Mc tv/4 π1015 mp)1/3 '
5.2× 1013 (Mc/1028g)1/3 cm (e.g., from Barkov et al. [12] for the weak tidal
disruption). We note that this number density and size are typically esti-
mated for the clouds in BLR (e.g., [49, 55]) and adopted in star-cloud (e.g.,
Araudo et al. [9]) or star-jet (e.g. Barkov et al. [12]) scenarios. As the tar-
get density is high, the protons lose a significant fraction of their energy at
pp collisions: the interaction is in a radiatively efficient regime, tpp ≤ tv, so
most of the γ-rays are emitted around tv rather than when the target is al-
ready accelerated to high velocities. The γ-ray and neutrino spectra above
100 GeV are calculated using the analytic approximations from Kelner et al.
[40], while the delta function approximation for lower energies is used (for
exact formula see Sahakyan et al. [57]). The secondary e−e+ pairs spectrum
will be similar to that of γ-rays but shifted to lower energies (see Eq. 62 in
Kelner et al. [40]).
During the fitting (synchrotron/SSC emission of jet-accelerated electrons and
pp interactions) the model free parameters are derived by Markov Monte
Carlo Chain sampling of their likelihood distributions [146]. This allows to
obtain the parameters and their uncertainties which best describe the ob-
served spectra statistically. The following expected ranges are considered:
1.5 ≤ αp ≤ 10, 0.511 MeV ≤ E′cut, Ec,p ≤ 10 TeV, and the normalization of
electrons/protons and B are defined as positive parameters.
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Figure 4.1 The broadband SED of TXS 0506+056 for the active (left) and low
VHE γ-ray emitting states. The boosted synchrotron/SSC emission from
the jet are shown in gray whereas the γ-ray spectra from pp interactions
and synchrotron emission from secondary e−e+ pairs are shown with blue
color. The data are corrected for EBL absorption adopting the model from
Domı́nguez et al. [25].

4.4 Results and Discussions

Detailed temporal and spatial analyses of the complex γ-ray region around
the VHE neutrino event IceCube-170922A illustrates that most likely TXS
0506+056 is the source of the observed VHE neutrinos [50]. This is a direct ev-
idence that cosmic rays (protons) are effectively accelerated in the jet of TXS
0506+056. The data available from the multiwavelength observations of TXS
0506+056 around the neutrino event make this source an interesting (unique)
object where the HE and VHE processes can be investigated using γ-rays as
well as neutrinos.
The multiwavelegth SEDs modeled within the combined leptonic/hadronic
scenario are shown in Fig. 4.1. The boosted synchrotron emission from the
jet-accelerated electrons can explain the low-energy component, while the
SSC radiation of the same electrons- the time averaged γ-ray data (solid gray
line in Fig. 4.1). During P2, the X-ray photon index measured by Swift XRT
is relatively steep (ΓX > 2.5), corresponding to the HE tail of synchrotron
emission (gray line in the right panel of Fig. 4.1) allowing to estimate the
cutoff energy at Ec = 8.90± 0.22 GeV. The magnetic field energy density is
UB = 0.88× 10−3erg cm−3 (for B = 0.15± 0.004 G) being of the same order
as that of the electrons, Ue = 1.37 × 10−3erg cm−3, meaning the system is
close to equipartition. During P1, the X-ray flux that most like is produced by
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4 Lepto-hadronic γ-ray and neutrino emission from the jet of TXS 0506+056

a different component, limits the cutoff energy at 6.65± 0.21 GeV and mag-
netic field to B = 0.10 ± 0.002 G, otherwise the model predicted flux will
exceed the observed data. The total jet power in the form of magnetic field
and electron kinetic energy calculated as Ljet = πcR2

bΓ2(UB + Ue) changes in
the range of Ljet = (7.47− 9.89)× 1044 erg s−1.
The γ-rays produced from the decay of π0 is shown with blue solid and
dashed lines in Fig. 4.1. In this case, the the slope of proton distribution,
αp = 2.41± 0.11 and αp = 2.49± 0.07 for P1 and P2 , respectively, is directly
measured from the γ-ray spectra. As the slopes are relatively steep (αp ' 2.5)
most of the proton energy output is at lower energies, so the γ-ray emission
in the GeV band is mostly dominated by the decay of π0 with no or a negli-
gible contribution from e−e+ pairs from π± decay or γγ absorption. When
the cut-off energy in Eq. 4.3.2 is taken as a free parameter, it is constrained
by the last point in the γ-ray data (with large statistical uncertainty) and
corresponds to Ec,p = 0.98+1.68

−0.37 TeV and Ec,p = 4.87± 2.93 TeV, for P1 and
P2 respectively. When Ec,p = 10 PeV is considered (blue dashed line in Fig.
4.1), the data can be reproduced when αp = 2.54± 0.04 and αp = 2.46± 0.09
for P1 and P2, respectively. This modeling predicts emission also beyond the
MAGIC data which can not be tested with the current instruments but cer-
tainly it is in agreement with the 100 MeV-400 GeV data. The cut-off energy
Ec,p = 10 PeV is an arbitrary value to show that when higher proton energies
are considered the data can be reproduced, but cutoff at much higher ener-
gies cannot be excluded.
The modeling of the observed HE and VHE γ-ray data by pp interactions
allows to estimate the total energy of jet protons - perhaps a large fraction of
the total jet power. The data can be reproduced when the total proton energy
is
∫

EpNp(Ep)dEp ' (0.97− 2.03)× 1053 erg corresponding to maximum lu-
minosity of Lp = Wpp/tpp ' 2.0× 1048 erg s−1. In this case we note that for
the cloud size of 5.2× 1013 cm and a number of density of 1010 cm−3, the total
energy of target protons is only a small fraction (∼ 10−5) of that of jet protons.
Wpp strongly depends on n which is unknown and in this case is roughly con-
strained by the observed flux variation. However, even if it will differ from
the used value by two orders of magnitude, the jet luminosity would be still
realistic as it is measured in the rest frame. For example, the other hadronic
models involving photo-meson interactions the required proton luminosity
is much higher (e.g., Lp ' 1049 erg s−1). The proton luminosity exceeds the
power carried by the electrons∼ 103 times, making a significant contribution
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to the jet kinetic luminosity. Interestingly, this is similar to the difference be-
tween electron and proton luminosities usually estimated assuming one pro-
ton per electron. Clearly, both the predicted spectral shapes and the required
total energy are physically reasonable, meaning that the pp interactions can
solely contribute to the observed HE and VHE γ-rays .
If the γ-rays observed from TXS 0506+056 are due to the interaction of pro-
tons in the target crossing the jet, secondary e−e+ pairs will be also produced
whose emission can be significant in the X- or -γ-ray bands. As in the tar-
get the magnetic field most likely exceeds that in the jet, e.g., due to higher
density of particles, these pairs dominantly will loose energy by synchrotron
radiation (a sketch of a jet target interaction scenario can be seen in Fig. 1
of [21]). In this case, the bremsstrahlung energy losses with a cooling time
of tbr ' 1016/(ln(Ee/mec2) + 0.26) s [18] in a completely ionized medium is
significantly longer than that of synchrotron emission (for B ≥ 1 G). The esti-
mation of the magnetic field in the target is a rather difficult task, depending
on the nature of the target, whether it is a cloud or a star envelope. This mag-
netic field is not necessarily constant, e.g., it can decrease due to expansion
of the cloud or increase due to the continuous pumping of jet energy. Possi-
ble emission mechanisms when the cloud penetrates into the jet of M87 are
discussed in [13]. The blue dot-dashed line in Fig. 4.1 shows the synchrotron
emission of secondary e−e+ pairs in∼ 80 G magnetic field. At lower energies,
the boosted synchrotron emission of electrons directly accelerated in the jet
is dominating but due to continuous electron energy losses by synchrotron
and SSC radiations, this emission quickly drops already in the X-ray band.
Being more energetic, the synchrotron emission from fresh e−e+ pairs can
dominate beyond the X-ray band, reaching HEs. The synchrotron emission
of e−e+ pairs i) can relatively well explain the X-ray spectrum observed dur-
ing P1 when B = 80 G (left panel in Fig. 4.1) and ii) for the magnetic field
∼ 800 times stronger than that in the jet, it does not overproduce the data
detected by Swift XRT during P2 (right panel in Fig. 4.1) which are most
likely due to synchrotron emission of jet electrons. It is interesting that the
proton energy required to explain the observed HE and VHE γ-ray data is
also sufficient for transferring enough energy to secondary electrons, so their
synchrotron emission can explain the observed X-ray data for a reasonable
magnetic field. This strengthens the used hadronic model. However, this X-
ray emission in principle might arise also from the synchrotron emission of
the secondary pairs produced in the cascades initiated by ultrahigh-energy
protons [8].
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Having calculated the luminosity of protons and their energy distribution,
the spectra of HE neutrinos can be calculated straightforwardly and a limit on
the expected number of events detectable by IceCube from TXS 0506+056 in
a certain exposure time (texp) can be obtained. The neutrinos produced from
the protons with an energy distribution of Eq. 4.3.2 will have a spectrum of
∼ E−αν

ν exp(−
√

Eν/Eν,c) where αν ' αp − 0.1 and Eν,c ' Ec,p/40 [38]. There-
fore, even when Ec,p = 10 PeV in the spectrum of neutrinos the cutoff is at
Eν,c ' 250 TeV, close to the energy of the observed IceCube-170922A event.
Next, using the effective area (Ae f f (Eν)) most sensitive for the location of
TXS 0506+056 from Aartsen et al. [1], the number of expected events can be
estimated as Nν ' texp

∫
Ae f f (Eν)Φν(Eν)dEν. This effective area reaches its

optimal (maximum) value for neutrino energies above several hundreds of
TeV, so to estimate the expected neutrino rates, a significant impact will have
the interactions of protons with Ep ≥ 1 PeV. The number of expected events
is proportional to the duration of the active emission phase of the source. The
γ-ray light curve of TXS 0506+056 calculated above 2 GeV to avoid any bias
from the nearby PKS 0502+049 is shown in Fig. 5 of [50]. As one can see
the source was in its active phase around the IceCube-170922A event at least
for texp > 200 days. Indeed, the γ-ray observations suggest that the active
period can be ∼ 0.5− 1 year [8, 32, 39]. Here we use texp = 60 days corre-
sponding to the period when VHE γ-rays from TXS 0506+056 were observed
and texp = 0.5 -year corresponding to the most prolonged active/bright state
of the source. When Ec,p = 10 PeV, the expected rates during P1 and P2 are
' 0.04 and ' 0.15 respectively for texp = 60 days, and ' 0.13 and ' 0.46
respectively for texp = 0.5 -year. Yet, assuming the proton acceleration con-
tinues beyond 10 PeV or the source active phase is longer, the expected rate
would be even higher.

4.5 Conclusions

In blazar studies, one of the long-standing and unclear questions is whether
the protons are effectively accelerated in their jets and if they have a signifi-
cant contribution to the observed emissions. The γ-ray observations solely
are not sufficient to differentiate between the emission from electrons and
protons not allowing to estimate their content in jets exactly. The recent as-
sociation of TXS 0506+056 with the neutrino events allowed to measure the
total energy of the jet carried by electrons and protons.
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4.5 Conclusions

When the observed γ-rays and neutrinos from a blazar are due to pp inter-
actions, the energy of protons is mostly released in the GeV band allowing
straightforward measurement of the proton spectra based on the observed γ-
ray data. A simplified scenario of lepto-hadronic emission from TXS 0506+056
is discussed assuming that beside the constant boosted electron synchrotron/SSC
emission from the jet compact region, a significant radiation in the γ-ray
band is produced when a target (cloud, star envelope, etc.) crosses the jet and
the inelastic pp interactions produce pions which then decay into γ-rays . If
only the emission from the leptons is considered, the electrons and magnetic
field are in equipartition and the observed low-energy and time-averaged γ-
ray data can be explained for the jet luminosity of Ljet ' 1045 erg s−1. The
γ-ray data when the neutrino was observed, can be modeled if the protons
are distributed as ∼ E−2.50

p and their energy extends up to Ec,p = 10 PeV. The
expected neutrino rate is ' 0.13− 0.46 during the long active phase of the
source and ∼ 0.04− 0.15 events if the activity lasts 60 days. The synchrotron
emission of electrons directly accelerated in the jet is significant up to the
X-ray band, whereas the synchrotron emission of newly injected fresh pairs
(from pp interactions) in a dense target dominates afterwards explaining the
observed X-ray data obtained during the low VHE γ-ray emission state of
TXS 0506+056. Within this scenario, the energy content of the protons (above
> GeV) in the blazar jet is estimated for the first time: the required proton in-
jection luminosity should be' 2.0× 1048 erg s−1 which exceeds 103 times that
of electrons. This implies that a significant fraction of the jet kinetic energy
is carried by the protons but still involvement of hadrons acceleration in the
jet will not dramatically (unreasonably) increase its luminosity. Considering
the applied model can satisfactorily reproduce the observed multiwavelegth
emission spectrum of TXS 0506+056 and predicts a sufficient neutrino pro-
duction rate, it provides an acceptable explanation for the hadronic emission
from the TXS 0506+056 jet.
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5 On the multi-wavelength
Emission from CTA 102

5.1 Introduction

The blazars are the most extreme class of radio-loud active galactic nuclei
(AGNs) in their unification scheme. Blazars are emitting electromagnetic
radiation ranging from radio to High and Very High Energy γ-ray bands
(HE; ≥ 100 MeV and VHE; ≥ 100 GeV) characterized by rapid and high-
amplitude variability which can be explained assuming the jets are oriented
close to the line of sight of the observer (a few degrees) and the nonther-
mal plasma moves with relativistic velocities along the jet [142]. Blazars are
grouped into two large sub-classes, Flat Spectrum Radio Quasars (FSRQs)
and BL Lacertae objects (BL Lacs), on the basis of different emission line
properties, which are stronger and quasar-like in FSRQs and weak or absent
in BL Lacs. An alternative classification method is based on the luminosity
of the broad emission lines (or accretion disc) measured in Eddington units:
when LBLR/LEdd ≥ 5 × 10−4 the objects are FSRQs otherwise they are BL
Lacs [107, 135].
The multi-wavelength studies have shown that the Spectral Energy Distribu-
tions (SEDs) of both types of blazars consist of two broad humps, peaking
in the IR-X-ray (low-energy component) and in the MeV-TeV bands (HE-
component). The low-energy component is well explained by synchrotron
emission from relativistic electrons in the jet, whereas the nature of the HE-
component is less well understood as several different emission mechanisms
can be responsible for that emission (e.g., see [140]). The simplest explanation
scenario is the synchrotron self-Compton (SSC) radiation, where the soft syn-
chrotron photons are inverse-Compton-up-scattered by the same electrons
that have produced the synchrotron emission [103, 85, 115]. As FSRQ jets
are in an environment with a stronger external radiation field which can be
beamed and enhanced in the frame of the jet, the inverse Compton scat-
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tering of external photons too can contribute to the observed HE emission
[84, 104, 139]. Alternatively, if the protons are efficiently accelerated in the
jet (beyond the threshold for pion production), the HE emission can be also
explained by the interaction of energetic protons [121, 120].
After the lunch of Fermi Large Area Telescope (Fermi ) several thousand
blazars were detected in the γ-ray band [75] which opens new perspec-
tives for investigation of the broadband emission from them. The observa-
tions indirectly show that the γ-rays can be produced either close to or far
from the central black hole. As the γ-ray emission regions are very com-
pact, inferred from extreme short time scale variabilities (e.g., in minute scales
[76, 101, 100, 122, 87, 131, 134, 109]) and that there is a sharp break in the GeV
γ-ray spectra of some blazars [128], the emission is most likely produced
within the broad-line regions (BLRs). On the other hand, the recent detection
of≥ 100 GeV photons from several FSRQs [78, 79, 80, 133] implies that the γ-
ray emission region should most likely be beyond the BLR in order to bypass
strong absorption of VHE photons [128, 112]. Unfortunately, the angular res-
olution of γ-ray instruments is not high enough (and will not be in the near
future) to resolve and localize the γ-ray emission regions which makes it dif-
ficult to determine the exact origin of γ-ray emission from blazars as the jet
dissipation can occur at any distance from the central black hole.
Among the FSRQs detected by Fermi , the powerful GeV γ-ray emitter CTA
102, z = 1.037 [137], is flaring frequently, its γ-ray flux sometimes exceeding
10−5 photon s−1 cm−2. CTA 102 is a luminous, well-studied highly polarized
quasar [119] having variable optical emission [126]. It has been initially iden-
tified by Compton Gamma Ray Observatory mission as a γ-ray emitter (the
flux > 100 MeV being (2.4± 0.5)× 10−7 photon s−1 cm−2), and then it is being
included in all the point source catalogs of Fermi [74]. Since 2016, CTA 102
was in the enhanced emission state in the UV/optical, X-ray and HE γ-ray
bands [90, 82, 94, 127, 95, 88, 96, 83, 118, 89] with several prominent γ-ray
bright periods. Considering the available large amount of multi-wavelength
data which allows to constrain the emitting region size and location, mag-
netic field and electron energy distribution, etc., CTA 102 is an ideal object
for exploring the physics of FSRQ jets.
In this paper, we analyze the Swift UVOT/XRT, NuSTAR and Fermi data col-
lected from 2016 to 2018 to study the broadband emission from CTA 102. The
data collected for the analysis and its reduction methods are described in Sec-
tion 5.2. The spectral changes in different bands during the flaring and low
state is discussed in Section 5.3. The broadband SED modeling is presented
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in Section 5.4 and Results and Discussion in Section 5.5. The conclusion is
summarized in Section 5.6.

5.2 Observations and Data Reduction

5.2.1 Gamma-ray observations: Fermi LAT

In the present paper we use the publicly available Fermi data acquired in the
period from 01 January 2016 to 09 January 2018 when large-amplitude flares
of CTA 102 were observed. Fermi Science Tools v10r0p5 was used to analyze
the data with P8R2 SOURCE V6 instrument response function. Only the 100
MeV - 300 GeV events extracted from a 12◦ region of interest (ROI) centered
on the location of CTA 102 [(RA,dec)= (338.139, 11.720)] have been analyzed.
However, the results were checked by repeating the same analyses select-
ing ROI radii of 10◦ and 15◦. To eliminate the Earth limb events, the recom-
mended quality cuts, (DATA QUAL==1)&&(LAT CONFIG==1) and a zenith
angle cut at 90◦ were applied. After binning the data into pixels of 0.1◦× 0.1◦

and into 34 equal logarithmically-spaced energy bins, with the help of gt-
like a binned likelihood analysis is performed. The model file describing
ROI was created using the Fermi third source catalog [74] (3FGL) which con-
tains sources within ROI+5◦ from the target, as well as Galactic gll iem v06
and iso P8R2 SOURCE V6 v06 diffuse components. All point-source spectra
were modeled with those given in the catalog, allowing the photon index and
normalization of the sources within 12◦ to be free in the analysis. Also, the
normalization of diffuse background components are free. To check if there
are new γ-ray sources in the ROI, a Test Statistics (TS) map (TS defined as
TS = 2(logL− logL0), where L and L0 are the likelihoods whether or not the
source is included) is created with gttsmap tool which places a point source at
each pixel and evaluates its TS. In the TS map, there are new hotspots (pixels)
with TS > 25 (5 σ) which possibly hints at the presence of new sources. For
each new hotspot we sequentially added a new point source with a power-
law spectral definition. For the further analysis the model file containing
these additional point sources is used.
In the whole-time analysis, the γ-ray spectrum of CTA 102 was first mod-
eled using a log-parabola [116] as in 3FGL and then assuming a power-law
shape. The latter will be used in the light curve calculations, as shorter peri-
ods will be considered and a power law can be a good approximation of the
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Figure 5.1 Multifrequency light curve of CTA 102 obtained for the period
from 2008 August to 2018 January. a) γ-ray light curves with adaptive (red;
≥ 156.1 MeV) and 2-day (blue; 100 MeV) bins, b) and c) the flux and photon
index with 2- and 7-days binning, d) Swift XRT light curve in the 0.3-10 keV
range, e) UV/optical fluxes in V, B, U, W1, M2 and W2 bands and f) the
energy and arrival times of the highest-energy photons. The vertical blue
dashed line shows the period when a large flare in the R− band was observed
(28 December 2016).
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spectrum. During the analysis of each individual flare a different model file
obtained from the analyses of the data accumulated during one/two- month
periods covering the flares was also used. An unbinned maximum likelihood
analysis was performed using (0.1− 300) GeV photons with the appropriate
quality cuts mentioned above, to obtain the γ-ray light curves. Since no vari-
ability is expected from the underlying background diffuse emission, we fix
the normalization of both background components to the best fit values ob-
tained for the whole time period.
Initially, the light curve was calculated with the help of an adaptive binning
method. At regular (fixed) time binning, the long bins will smooth out the fast
variation while short bins might result in many upper limits during the low-
activity periods. In the adaptive binning method, the time bin widths are ad-
justed to produce bins with constant flux uncertainty above the optimal ener-
gies [113] meant to find rapid changes in γ-ray fluxes. The adaptively binned
light curve with 15% uncertainty and above E0 = 156.1 MeV in Fig. 5.1 shows
several bright γ-ray states: from MJD 57420 to MJD 57445 and from MJD
57700 to MJD 57900. The peak flux of (2.52± 0.42) × 10−5 photon cm−2 s−1

with a photon index of Γ = 1.99± 0.15 was observed on MJD 57738.47 within
4.31 minutes with a convincingly high ∼ 20.0σ. It corresponds to a flux of
(3.55± 0.55)× 10−5 photon cm−2 s−1 above 100 MeV which ∼ 221 times ex-
ceeds the average γ-ray flux given in 3FGL (' 1.60× 10−7 photon cm−2 s−1

but the source is variable with a variability index of 1602.3 in 3FGL). In ad-
dition, we used gtfindsrc tool to determine the best coordinates of the γ-ray
emission in this period, yielding (RA,dec)= (338.115, 11.746) with a 95% con-
fidence error circle radius of r95 = 0.06. These coordinates are offset only
by 0.03◦ from the γ-ray position of CTA 102, indicating that it is the most
likely source of the emission. The hardest photon index of 1.61± 0.10 (22.56σ)
was observed on MJD 57752.45 within 9.46 minutes, which is significantly
harder than the mean photon index observed during the considered period,
Γmean = 2.22.
In the adaptively binned light curve there is a hint at flux changes in minute
scales. For example, the interval of MJD 57737.88- MJD 57739.00 (∼ 1.13
days), contains 67 adaptive bins each having a width of the order of a few
minutes and a detection significance of > 14.3σ. Another such active pe-
riod was observed on MJD 57752.0, though the time bin widths were a few
tens of minute. Many times during the considered period, the source flux
exceeded 10−5 photon cm−2 s−1, mostly observed during the extremely active
period from MJD 57736.4 to MJD 57798.46 as well as a few times on MJD
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Figure 5.2 CTA 102 γ-ray photon index vs. flux in adaptive (orange) and
two-day bins (blue). Similar plot for the X-ray band is shown in the insert.

57439.0 and MJD 57862.0. During these periods, the photon flux and index
vary within (1.01− 2.52)× 10−5 photon cm−2 s−1 and 1.61− 2.56, respectively,
the minimum and maximum bin widths being 4.31 and 194.54 minutes and
the detection significance varying from 13.18σ to 22.61σ.
Fig. 5.1 b) shows the γ-ray light curve > 1 GeV (2 days; red color) and > 10

GeV (7 days; blue color) with a noticeable increase in the flux, the peaks being
(2.32± 0.10)× 10−6 photon cm−2 s−1 and (6.43± 0.94)× 10−8 photon cm−2 s−1,
at 2-day and 7-day binning, respectively. Above 10 GeV, among 105 total bins
only in 36 the detection significance is at least 4σ, but, e.g., on MJD 57741.0
and MJD 57748.0 it is as large as ' 29σ, Npred varying within 46− 55. The γ-
ray photon index variation above 0.1 and 10 GeV is shown in Fig. 5.1 c) with
red and blue colors, respectively. There is an obvious hardening above 0.1
GeV, when the photon index changed to Γ ' 2.0, during the most bright peri-
ods of the source. The mean γ-ray photon index above 10 GeV is Γmean = 3.41
but on MJD 57776.0 Γ = 1.79± 0.55 with 7.85σ.
The γ-ray photon index versus flux is presented in Fig. 5.2 for adaptive
(orange) and 2-day binning (blue; > 0.1 GeV). When 2-day intervals are
considered, there is a hint of spectral hardening as the source gets brighter.
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In the γ-ray band such behaviour has been already observed from several
blazars (e.g., PKS 1502+106 [72], PKS 1510-089 [70], sometimes from 3C 454.3
[77], etc.) and radio galaxies (e.g., NGC 1275 [81]). Such evolution of spec-
tral index and flux is expectable when accelerated HE electrons are cooled
down (e.g., [111]). It is hard to see similar relation in the case of adaptive
bins as the bright periods last shorter, leading to larger uncertainties. The
linear-Pearson correlation test applied to 2-day and adaptively binned inter-
vals yielded rp = −0.569 and rp = −0.533, respectively, the p-value being
<< 10−5. This suggests negative correlation between the flux and photon
index, i.e., as the flux increases, the photon index decreases (hardens).
The distribution of highest energy events (> 10 GeV) detected from CTA 102,
calculated using the gtsrcprob tool is presented in Fig. 5.1 f). Most of the HE
photons are observed during MJD 57700-57800 with the maximum of 97.93
GeV detected on MJD 57773.34.

5.2.2 Swift UVOT/XRT observations

The data from seventy Swift (Neil Gehrels Swift observatory) observations
of CTA 102 carried out from 01 January 2016 to 09 January 2018 have been
analyzed. The exposures range from 0.3 ks (ObsID:33509083) to 3.14 ks (Ob-
sID:33509095) and most of the observations were made in the photon count-
ing and only two in the window timing mode. The XRT data were analyzed
with XRTDAS (v.3.3.0) using standard procedure and the most recent calibra-
tion databases. Events for the spectral analysis were selected within a 20 pixel
(47′′) circle with the source at the center, while the background region as an
annulus with the same center and having inner and outer radii of 51 (120′′)
and 85 pixels (200′′), respectively. The count rate in some observations was
above 0.5 count s−1 implying pile-up in the inner part of the PSF. This effect
was removed by excluding the events within a 3 pixel radius circle centered
on the source position. The Cash statistics [91] on ungrouped data was used
as for some observations the number of counts was low. However for the
observations with a high count rate, the results were also cross-checked by
rebining to have at least 20 counts per bin and then fitted using the χ2 mini-
mization technique. The individual spectra were fitted with XSPEC v12.9.1a
adopting an absorbed power-law model with NH = 5.35× 1020 cm−2 column
density, ignoring the channels with energy below 0.3 keV and above 10 keV.
Fig. 5.1 d) shows the X-ray flux evolution in time, where its gradual increase
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contemporaneous with the γ-ray flux around MJD 57750 can be seen. The
highest flux of F0.3−10 keV ' (6.71± 0.21) × 10−11 erg cm−2 s−1 observed on
MJD 57759.69 exceeds the average flux (' 1.2 × 10−11 erg cm−2 s−1) ∼ 5.6
times. A relation between the unabsorbed X-ray flux and photon index is
represented in the insert of Fig. 5.2. A trend of a harder spectrum when the
source is brighter can be seen. Such harder-when-brighter trend in the X-ray
band was already observed from several FSRQs (e.g., PKS 1510-089 [110, 97],
3C 454.3 [144] and etc.) which can be described if assuming the electrons
are losing energy mainly through interaction with the external photon fields
(e.g., [145]).
The data from the second instrument on board the Swift satellite, UVOT, was
used to measure the flux of the source in the UV/optical bands. Photometry
was computed using a five-arcsecond source region around CTA 102 and for
the background - a source-free annulus centered on the source position with
27′′ inner and 35′′ outer radii. The magnitudes were computed using UVOT-
SOURCE task, then corrected for extinction, using the reddening coefficient
E(B-V) from Schlafly & Finkbeiner [136] and the ratios of the extinction to
reddening A/E(B-V) for each filter from Fitzpatrick [99] then converting to
fluxes, following Breeveld et al. [86]. The flux measured for V, B, U, W1, M2
and W2 filters is shown in Fig. 5.1 e). Even if the available data are not
enough for detailed studies, it is clear that up to ∼ MJD 57720 the source
was in a relatively faint state in the optical/UV band but its flux significantly
increased during the bright flaring period around ∼ MJD 57750. This is in
agreement with the recent results by Raiteri et al. [130] which show that the
source emission in the optical band increased in late 2016 with a 6-7 magni-
tude jump as compared with the minimal state. The maximum flux in the
R− band was observed on 28 December 2016 (MJD 57750) with a peak lumi-
nosity of 1.32× 1048 erg s−1. In addition, the radio monitoring (at 37 GHz)
showed that the peak in this band is much earlier than the one in the R-band,
inferring these emissions were produced in different locations of the jet.

5.2.3 NuSTAR observation

In the hard X-ray band (3-79 keV), CTA 102 was observed once on 30 Decem-
ber 2016 by NuSTAR with a net exposure of ∼ 26.21 ks, when it was bright
in the X-ray and γ-ray bands. The raw data (from both Focal Plane Modules
[FPMA and FPMB; [108]] were processed with the NuSTAR Data Analysis
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Figure 5.3 Top: NuSTAR FPMA (black) and FPMB (red) spectra and best-fit
models. Bottom: Residuals with respect to power-law model.

Software (NuSTARDAS) package v.1.4.1 (via the script nupipeline), produc-
ing calibrated and cleaned event files. The events data were extracted from
a region of 75′′ centered on the source position, while the background was
extracted from a nearby source free circular region with the same radius. The
spectra were binned so to have at least 30 counts per bin and fitted assum-
ing an absorbed power-law model. The best fit resulted in ΓX = 1.32± 0.005
and F3−79 keV ' (2.94± 0.02)× 10−10 erg cm−2 s−1 with χ2 = 0.97 for 1131 de-
grees of freedom. The corresponding spectra for FPMA and FPMB are shown
in Fig. 5.3.
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Figure 5.4 Light curves of CTA 102 above 100 MeV with time binning of 6 h
(upper panel) and 12 h (lower panel). The lines show the flare fit with Eq.
5.2.1 (Table 5.1).

Table 5.1. Parameter values best explaining the flares.

Flare period t0 tr ± err td ± err F0/10−6

MJD (day) (day) photon cm−2s−1

57736.53± 0.11a 0.46± 0.13 0.17± 0.08 18.68± 3.33
57738.50± 0.06a 0.60± 0.09 0.21± 0.03 29.04± 2.39
57845.78± 0.36b 1.49± 0.33 0.70± 0.23 9.72± 1.26
57862.02± 0.11b 0.17± 0.06 0.73± 0.11 25.20± 2.63

aFc = (4.18± 0.34)× 10−6photon cm−2s−1.

bFc = (1.07± 0.08)× 10−6photon cm−2s−1.
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5.2.4 The light curves variability

The γ-ray (2-day (> 0.1 and > 1.0 GeV), 7-day (> 10.0 GeV) and adaptive
binned (> 156.1 MeV)), X-ray (0.3-10 keV) and UV/optical fluxes variation in
time are shown in the a), b), c), d) and e) panels of Fig. 5.1. There is an evident
major γ-ray flux increase accompanied by moderate brightening in the X-
ray and UV/optical bands. The variability in different bands is quantified
using their fractional rms variability (Fvar) amplitude [143], resulting in Fvar =
0.511± 0.008 for X-ray band and correspondingly 0.920± 0.006 and 0.984±
0.004 for the γ-ray light curves with adaptive and 2-day (> 0.1 GeV) binning,
implying much stronger variability in the γ-ray band. This variability is even
stronger when the light curves with 2-day (> 1.0 GeV) and 7-day (10.0 GeV)
bins are used (excluding correspondingly 20 and 69 periods with upper limits
in them), since Fvar = 1.61± 0.01 and 1.18± 0.06, respectively.
The rapid variability in the γ-ray band can be further investigated by fitting
the data with the double exponential form function to obtain the time profiles
of the flux variations. However we note that the double exponential form
function is not unique and the flare time profiles can be reproduced also by
other functions (e.g., see Abdo et al. [71]). As the main purpose of the current
fit is only to estimate the rise and decay times, we fit the light curves with the
following function [68]:

F(t) = Fc + F0 ×
(

e
t−t0

tr + e
t0−t

td

)−1

(5.2.1)

where t0 is the time of the flare peak (F0) and tr and td are the rise and decay
times, respectively. Each light curve was fitted with the non-linear optimiza-
tion python package lmfit 1 using a function that contains two inverses of the
sum of exponentials (corresponding to the number of flares).
The active (bright) periods identified in the adaptively binned light curve are
analyzed with normal time sampling and only the periods when the rise and
decay times can be well constrained are considered. Accordingly, the periods
from MJD 57734 to MJD 57740 and from MJD 57840 to MJD 57870 (Fig. 5.4)
divided into 6- and 12 hour bins respectively are selected; the detection sig-
nificance in each bin is > 5σ and the plot of Npred/

√
Npred vs Flux/∆Flux

shows linear correlation, so the likelihood fit converged for each time bins.
The identified four peaks are sequentially numbered from 1 to 4 (F1- F4).

1https://lmfit.github.io/lmfit-py/
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Figure 5.5 The broadband SEDs of CTA 102 in the selected periods. The
archival data are shown in light gray.

The fit is shown in Fig. 5.4 and the corresponding parameters are given in
Table 5.1. The average flux level (Fc) is left free during the fitting and the cor-
responding values are presented in Table 5.1. The flares 1-3 have rise times
longer than the fall, and only F4 shows the opposite tendency. The symmetry
of the flares can be quantitatively estimated by calculating the parameter of
ξ = (td − tr)/(td + tr) as defined in Abdo et al. [68] which ranges from −0.64
to −0.46 for F1-3 and 0.62 for F4, implying these are moderately asymmetric
flares. The shortest e-folding times for rise and decay are tr = 0.17 ± 0.06
and td = 0.21± 0.03 day 2 observed during F2 and F4, respectively. During
F4, when the highest flux was observed within 4.08± 1.44 hours, the flux in-
creased up to (2.52± 0.26)× 10−5photon cm−2s−1 and dropped to its average
level within 17.52± 2.64 hour.

5.3 Spectral evolution

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

2in Table 5.1 e-folding times are given, the doubling or halving timescales can be computed
by tr,d × ln2
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Table 5.2 Parameters of spectral analysis
Fermi

Period Photon Index a Fluxb σc

low 2.39± 0.03 1.13± 0.04 61.4
P1 2.01± 0.09 6.34± 0.72 25.0
P2 1.93± 0.08 24.17± 2.43 33.4
P3 1.96± 0.04 24.74± 1.31 56.5
P4 1.93± 0.05 21.72± 1.40 48.7
P5 1.81± 0.08 25.14± 2.65 31.0

Swift-XRT
Period Photon Index d Unabsorbed Flux e χ2

red (d.o.f.)
low 1.44± 0.05 1.45± 0.07 1.10(39)
P1 1.41± 0.05 1.91± 0.09 0.77(52)
P2 1.23± 0.05 4.79± 0.22 0.97(53)
P3 1.25± 0.04 5.75± 0.13 1.26(84)
P4 1.32± 0.04 6.46± 0.15 1.20(75)
P5 1.56± 0.06 3.31± 0.15 0.91(31)

NuSTAR
P4f 1.32± 0.005 29.36± 0.20 0.97(1131)

otes:

N
aγ-ray photon index from likelihood analysis.
bγ-ray flux in the 0.1− 300 GeV energy range in units of 10−7 photon cm−2 s−1.
cDetection significance
dX-ray photon index.
e0.3–10 keV X-ray flux corrected for the Galactic absorption in units of ×10−11 erg cm−2 s−1.
f X-ray flux and photon index are measured in the energy range 3–79 keV

The movie is uploaded here youtu.be/K9WWWSy6W8U, where the time period
from MJD 57620 to MJD 57950 coinciding with the most active γ-ray emitting
state is presented. Up to ' MJD 57730, the emission from the source had a
soft photon index Γ ≥ 2.0 and a maximum flux around ' 10−10 erg cm−2 s−1,
which afterwards exceeded 10−9 erg cm−2 s−1 with hard γ-ray photon in-
dices. Starting from MJD 57765, the flux dropped to its original level and the
γ-ray photon index softened. Around MJD 57800, when the flux increased
again, the photon indices were Γ ' 2.0, implying a flat spectrum of the source
in (ν − νFν) representation. These spectral evolutions once more confirm a
harder-when-brighter trend.
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5.3.1 Spectral analysis

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

low state (when the source was not flaring in the γ-ray band): when
X-ray and γ-ray fluxes were in their average levels: from Swift obser-
vations, Obsid: 33509078, 33509079, 33509085, 33509086 and 33509091
were analyzed by merging them to increase the exposure and statistics
as they have similar X-ray flux and photon indices while a few inter-
vals, when the source flux exceeded 9× 10−7 photon cm−2 s−1, were ex-
cluded from the contemporaneously obtained γ-ray data. This period
corresponds to the pre-flaring state, allowing to investigate the source
emission spectrum before the major flare.

Period 1 (P1): MJD 57625.06-57625.39 when the source was in the bright
γ-ray state coinciding with XRT observations (Obsid: 33509022 and
33509023, merged during the analyses).

Period (P2): MJD 57738.02-57738.08, bright γ-ray period coinciding
with the Swift Obsid: 33509106.

Period 3 (P3): ' 3.11 hour period centered on MJD 57752.52, corre-
sponding to a bright γ-ray state coinciding with Swift (Obsid: 33509112
and 88026001, merged) and NuSTAR observations.

Period 4 (P4): ' 8.06 hour period centered on MJD 57759.62, corre-
sponding to the period when the highest X-ray flux was observed (Ob-
sid: 33509115).

Period 5 (P5): ' 14.66 min period centered on MJD 57862.15, corre-
sponding to another peak of γ-ray emission and available quasi-simultaneous
Swift observation on the next day (Obsid: 33509121).

During the unbinned likelihood analyses of Fermi data, the spectrum of CTA
102 has been modeled using a power-law function with the normalization
and index as free parameters. Then, the SEDs are calculated by fixing the
power-law index of CTA 102 and running gtlike separately for smaller en-
ergy bins of equal width in log scale. For the spectral analyses the Swift data
were binned to have at least 20 counts per bin and then fitted using χ2 mini-
mization technique. Then, in order to increase the significance of individual
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points in the SEDs calculations, a denser rebinning was applied, restricting
the energy range to > 0.5 keV. The results of analyses (both X-ray and γ-ray
) are given in Table 5.2 and the corresponding spectra shown in Fig. 5.5.
The γ-ray emission spectra in the low state extended up to ∼ 10 GeV with
a soft photon index of Γ = 2.39± 0.03 while it hardened during the flares,
e.g., Γ = 1.81 ± 0.08 during P5. There is an indication of deviation of the
model with respect to the data above several GeV during P3 (cyan data in
Fig. 5.5). An alternative fit with functions in the form of dN/dE ∼ E−α

γ ×
Exp(−Eγ/Ecut) and dN/dE ∼ (Eγ/Ebr)

−(α+βlog(Eγ/Ebr)) were applied to check
whether the curvature in the spectrum is statistically significant. The first fit
resulted in α = 1.64± 0.09 and Ecut = 3.84± 1.21 GeV which is preferred over
the simple power-law modeling (comparing log likelihood ratio tests) with a
significance of 4.81 σ. The second fit with α = 1.58± 0.10 and β = 0.21± 0.05
is preferred with a significance of 5.2 σ. The breaks in the emission spectra
can be expected from pair production in BLR [129] or can be related with the
breaks in the emitting electron spectra [73]. The possible origin of the cur-
vature in the GeV spectra should be investigated deeper, with more detailed
spectral analyses of single as well as several flaring periods, which is beyond
the scope of the current paper.

5.4 Broadband SEDs

Fig. 5.5 shows the broadband SEDs of CTA 102 in its low and active peri-
ods together with the archival radio-X-ray data (light gray) from ASI science
data center. The WISE IR data are highlighted by red asterisk which are most
probably due to the torus emission as the recent studies show that the de-
tection rate of almost all γ-ray blazars was high in the WISE all-sky survey
[117]. The comparison shows that during the considered periods the fluxes
in the optical/X-ray and γ-ray bands exceed the averaged archival data: the
increase is more significant in the optical/UV band. This increase in all bands
is expected as the selected periods correspond to the pre-flaring, flaring and
post flaring states, and the source shows different emission properties as com-
pared with the averaged spectrum.
Comparing our selected period i) the low-energy component increased while
its peak frequency remained relatively constant (≤ 1015 Hz), ii) the second
component increased and shifted to HEs with a strong Compton peak dom-
inance and iii) the UV/optical, X-ray and γ-ray fluxes contemporaneously
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increased in P2, P3 and P4, while the emission in the UV/optical and X-ray
bands was relatively constant in P1 and P5.
The blazar flares can be explained by the changes in the magnetic field, in the
emitting region size and its distance from the black hole, bulk Lorentz factor,
particle energy distribution, etc. [124]. For example, both emission compo-
nents will be shifted to HEs when the particles are effectively re-accelerated.
Only the HE component will increase when the contribution of the external
photon fields starts to dominate, for example, due to the changes in the loca-
tion of the emitting region [124]. However, these are not unique models for
explaining the flaring events. Another possibility is the geometrical interpre-
tation of the origin of flares, the case when the jet regions may have different
viewing angles. Such a model with a twisted inhomogeneous jet was already
applied to explain the emission from CTA 102 jet in the optical, infrared and
radio bands [130]. The photons of different energy come from the jet regions
which have different orientations (hence, different Doppler boosting factors)
because of the curvature of the jet.
The SEDs obtained in the low state, P1 and P5 showing different features, and
in the bright P2 have been modeled. In order to account for Compton domi-
nance, we assume the bulk Lorentz factor (δ which equals to the bulk Lorentz
factor for small viewing angles, δ ' Γ) of the emitting region increased from
10 in the low to 20 in the active states (these are typical values estimated for
FSRQs [105]). When the SEDs in the low state and in P2 are modeled, the
emission from a compact region inside and outside the BLR is discussed. In-
stead, when modeling the periods with lacking correlation in the γ-ray and
UV/optical/X-ray bands, we assume the emission from the radio to X-rays
is produced in the extended and slow-moving region unrelated to the flar-
ing component, while the HE γ-rays come from a compact and fast-moving
region outside BLR [141].

5.4.1 Modeling the SEDs

The SEDs are fitted within a leptonic scenario that includes synchrotron/Synchrotron
Self-Compton (SSC) [103, 85, 115] and External Inverse-Compton (EIC) [139]
models. A spherical emission region (”blob”) with a radius of R and B mag-
netic field carries relativistic electrons with a N′e(E′e) = N′0

(
E′e/me c2)−α Exp[−E′e/E′cut]

distribution for E′e ≥ E′min where E′min is the minimum electron energy. The
size of the emitting region can be inferred from the observed e-folding timescale
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of 4.08 hours from the R ≤ δ c t/(1 + z) ≈ δ× 2.16× 1014 cm relation. For
the extended emission component, a region with a ten times larger radius
(' 4× 1016 cm) will be used.
The low-energy component is modeled by synchrotron emission while for
the Inverse Compton (IC) scattering the photons from synchrotron emission,
from BLR and dusty torus will be taken into account. The density of BLR
(uBLR) and dusty torus (udust) are calculated as functions of the distance r
from the black hole by the formulae, (e.g., Sikora et al. [140])

uBLR(r) =
LBLR

4πr2
BLRc[1 + (r/rBLR)3]

, (5.4.1)

udust(r) =
Ldust

4πr2
dustc[1 + (r/rdust)4]

. (5.4.2)

The estimated size and luminosity of BLR correspondingly are rBLR = 6.73×
1017 cm and LBLR = 4.14× 1045 erg s−1 [125]. The disk luminosity is Ldisk =
10× LBLR ' 4.14× 1046erg s−1 (assuming its 10% is reprocessed into BLR ra-
diation) then the size and luminosity of torus will be Rdust = 1018 (Ldisc/1045)0.5 =
6.43× 1018 cm [123] and Ldust = η Ldisc = 1.24× 1046erg s−1 (η = 0.6, [102])
a little larger than the value from tentative detection of dust emission in CTA
102 [114]. Moreover, reproducing the near-IR data presented in Fig. 5.5 with
a blackbody component requires a luminosity of a few times 1046erg s−1 in
agreement with the value used. We adopt an effective temperature TBLR =
104 K for the BLR radiation and T = 103 K for dusty torus.
The model free parameters and their uncertainties are estimated using a Markov
Chain Monte Carlo (MCMC) method. We have modified the naima package
[146] and the spectral model parameters have been derived through MCMC
sampling of their likelihood distributions. For the model free parameters
the following expected ranges are considered: 1.5 ≤ α ≤ 10, 0.511 MeV ≤
E′cut, min ≤ 10 TeV, and N0 and B are defined as positive parameters.

5.5 Results and Discussion

The broadband emission from CTA 102 during its bright period in 2016-2018
was investigated. In the γ-ray band, during several periods the flux exceeded
10−5 photon cm−2 s−1 with the maximum being (3.55± 0.55)× 10−5 photon cm−2 s−1

(above 100 MeV) observed on MJD 57738.47 which corresponds to an appar-
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ent isotropic γ-ray luminosity of Lγ = 3.25× 1050 erg s−1 (for a distance of
dL = 6.91 Gpc). This is one of the highest γ-ray luminosities observed from
blazars so far (e.g., see Nalewajko [122]). In the proper frame of the jet, the
power emitted in the γ-ray band is∼ Lγ/2δ2 = 4.06× 1047 erg s−1 for δ = 20
which is higher than Ldisk in agreement with the results by Ghisellini et al.
[106]. During this bright period, on a 6-h timescale, the apparent luminosity
was ' 2.0× 1050 erg s−1 with the rate of change L/∆t ' 1.89× 1046 erg s−2

(using ∆t = 6 h/(1 + z) ' 1.06× 104 s), slightly higher than that observed
from 3C 454.3 [69] and well above the Elliot-Shapiro relation [98].
The photon index varies as well: the hardest was 1.61± 0.10 observed on MJD
57752.45 which is unusual for FSRQs (having an average photon index of 2.4
[75]), while on MJD 57528.63 it was as soft as 3.08± 0.23. The hardest and
softest photon indices were observed during the active and low states, con-
firming the harder-when-brighter trend. The HE photons (> 10 GeV) were
mostly emitted during the active period of MJD 57700-57800, the highest en-
ergy photon being 97.93 GeV. The fractional variability parameter Fvar shows
that the variability is stronger in the γ-ray band (Fvar > 0.9), increasing at
higher energies.
The observed flares are asymmetric which might be due to different rela-
tions between particle acceleration and emission timescales. For example,
the flares decrease much faster (F1-F3) when the accelerated particles start
to escape from the emitting region or the cooling time gradually increases.
Whereas, the flare will appear with a fast rise and a slow decay trend (F4)
when the fast injected energetic particles loose energy or escape from the re-
gions for a longer time. The observed shortest e-folding time is ' 4.1 hours,
inferring that the emitting region is compact. However, during the brightest
periods of∼MJD 57738.0 and∼MJD 57752.0, several minutes of observations
were already enough to have > 14.3σ detection significance, implying shorter
time scale variability cannot be excluded (see Shukla et al. [138] for detailed
analysis in shorter periods).
Contemporaneous increase in the UV/optical and X-ray bands were also ob-
served during some bright γ-ray periods. In the X-ray band (0.3-10 keV),
the maximum flux is (6.71± 0.21)× 10−11 erg cm−2s−1 and the photon index
hardens in the bright periods. Comparing the Swift UVOT data obtained in
different periods (see Fig. 5.5 and SED/light curve movie) one can see a clear
indication of flux increase in the UV/optical bands as well.
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Figure 5.6 Modeling of the broadband SEDs of CTA 102 during the low state
and P2 (left panel, gray and orange, respectively) and P1 and P5 (right panel,
blue and red, respectively). The model parameters are given in Table 5.3. For
the models applied see the text.

5.5.1 The origin of the emission

Initially, we modeled the SED observed in the low state (Fig. 5.6; left panel).
The radio data are treated as upper limits during the modeling, as the emis-
sion in this band is produced from the low-energy electrons which are per-
haps from much extended regions. We note that the IR flux predicted by
the models exceeds the archival IR data ∼ 200 times in the flaring (P2) and
28.7 times in the selected low states (see Fig. 5.6; left panel), implying that
the non-thermal synchrotron emission from the jet dominates over the other
emission components. When the IC scatterings of both synchrotron and BLR
photons are considered, the X-ray data allow to measure E′min = 68.25± 5.27
MeV and α = 2.51± 0.11. In order to explain the observed UV/optical data,
a E′c = 0.67± 0.1 GeV cut-off is required which makes the SSC component
to decay in sub-MeV band and the HE data are described only by IC of BLR
photons. Alternatively, both X-ray and γ-ray data can be described by IC
scattering of BLR photons (dot-dashed gray line in Fig. 5.6) but the low-
energy tail of IC spectra can reproduce the X-ray data only if γmin = Ee/mec2

is close to unity [92]. In this case, however, the synchrotron emission of these
low energy electrons with Emin = 0.54± 0.03 MeV will exceed the observed
radio flux, making this scenario unlikely.
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Table 5.3. Parameters best describing the multiwavelength emission in
different periods.

low P1 P2 P5
SSC+BLR BLR compact SSC+BLR Torus compact Torus

δ 10 10 20 20 20 20 20
α 2.51± 0.11 2.19± 0.02 2.12± 0.54 2.79± 0.44 1.91± 0.03 1.78± 0.52 1.95± 0.03

Emin[MeV] 68.25± 5.27 0.54± 0.03 155.59± 109.18 227.25± 26.43 1.38± 0.15 121.33± 67.33 0.63± 0.09
Ec[GeV] 0.67± 0.1 0.49± 0.04 1.42± 0.81 1.32± 0.43 0.98± 0.05 2.36± 1.54 3.85± 1.57

Emax [TeV] 0.57± 0.31 0.49± 0.31 0.48± 0.34 0.50± 0.30 0.41± 0.18 0.58± 0.25 0.54± 0.31
B[G] 5.40± 0.13 5.37± 0.14 0.23± 0.29 6.10± 0.50 1.01± 0.003 0.004± 0.042 0.015± 0.049

LB[erg s−1] 1.75× 1046 1.73× 1046 1.47× 1042 1.04× 1045 2.86× 1043 3.86× 1038 6.44× 1039

Le[erg s−1] 4.66× 1044 2.90× 1045 1.73× 1046 2.84× 1045 2.74× 1047 7.33× 1046 1.97× 1047

P2 Fig. 5.6 (left panel) shows the modeling of the SED observed in P2, con-
sidering the synchrotron and BLR photons (SSC+BLR, solid line) and then
only BLR (dashed line) and only torus (dot-dashed line) photons. When the
emitting region is within BLR (SSC+BLR), the hard X-ray spectra 1.23± 0.05
can be explained only when E′min = 227.25± 26.43 MeV and α = 2.79± 0.44,
while E′c = 1.32± 0.43 GeV and B = 6.10± 0.50 G are estimated from the low-
energy component. Also, the external photon fields can dominate for the IC
scattering as their density will increase Γ2 times in the jet frame. For example,
the required parameters (especially B) can be somewhat softened when only
the IC of torus photons is considered (see Table 5.3). In the case of only BLR
photons, the low-energy tail of IC spectra will decline at ∼ γ2 εBLR ' 0.52
keV (dashed line in Fig. 5.6 left panel), contradicting Swift XRT data (un-
less lower δ is used). This modeling shows that during the bright γ-ray pe-
riods the emission can be also produced outside the BLR. At low energies,
the model flux overpredicts noncontemporaneous radio data, but when tak-
ing the synchrotron self-absorption into account, which dominates below the
frequencies ∼ 1013 Hz (calculated following Rybicki & Lightman [132]), the
synchrotron flux will be below the radio data. We note that simultaneous
observations at low energies, which are missing in this case, are crucial for
better constraining of the model free parameters and for deriving some lim-
its/constraints on the source emission properties. As the models presented
in Fig. 5.6 (left panel) predict different spectra and fluxes at GHz or mid-IR
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range, the observations at these bands can be also used to distinguish be-
tween these two models.

P1 and P5 Fig. 5.6 (right panel) shows the results of a two-zone SEDs mod-
eling. For the emission from the extended blob we fixed all the parameters,
except B and N0, to the values obtained from the fitting of the SED in the
low state, as in the UV/optical and X-ray bands the flux and photon indices
did not change significantly (Fig. 5.5). In addition, all the parameters of the
compact blob are free, but it is required that its synchrotron emission has no
contribution at lower energies.
As compared with the low state, the magnetic field in the extended blobs is
estimated to be low, 5.05± 0.08 G and 3.43± 0.05 G for P1 and P5, respec-
tively, implying the modest X-ray flux changes are related with the increase
of electron density. The γ-ray emission is produced in the interaction of
fresh electrons (hard power law index ≤ 2.1) with the torus photons in the
compact, fast-moving and particle-dominated blob Ue/UB ≥ 104 (Fig. 5.6
right panel). The cut-off energies (defined by the last point in the Fermi data)
should be considered as lower limits, since there is no indication of break in
the γ-ray spectra. In Fig. 5.6 (right panel) the red dot-dashed line shows an
alternative modeling, when both X-ray and γ-ray data are modeled by the IC
scattering of torus photons. Within such a scenario, the flare is mainly due to
the injection/cooling of > 10 GeV electrons, which are affecting only the HE
spectra having small contribution to the X-ray band (e.g., the density at lower
energies increases due to the cooling of HE electrons). Again, the low energy
component should be necessarily produced in a different blob, otherwise its
relatively constant peak frequency cannot be explained.

Jet energetics The total power of the jet, Ljet = LB + Le where LB = πcR2
bΓ2UB

and Le = πcR2
bΓ2Ue (e.g., [93]), is of the order of Ljet ' 2× 1046 erg s−1 in the

low state and can be as large as ' 3× 1047 erg s−1 during the flares.
When the low and high energy components are contemporaneously increased
the required maximum energy of electrons (Ec) reaches only a few GeV con-
strained by the low energy data (the energy of synchrotron photons is pro-
portional to ∼ δ B E2

e ). Therefore, during these intense γ-ray flares, the accel-
eration mechanisms are not effective enough or the electrons cool faster and
do not reach HEs. On the other hand, when the γ-ray and UV/optical/X-
ray fluxes are uncorrelated, the γ-rays are perhaps produced in a different
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part of the jet that contains fresh electrons which can emit up to HE and VHE
bands.

5.6 Conclusions

We report the results on the observations of CTA 102 in the UV/optical, X-
ray and γ-ray bands from January 2016 to January 2018 when the source was
in the bright and active states. Generally, the flares are roughly correlated
in all these bands but the variability is more prominent in the γ-ray band
with several bright flares when the γ-ray flux is substantially increased and
the photon index is hardened, showing a harder-when-brighter trend. The
measured hardest photon index Γ = 1.61 ± 0.10 significantly differs from
the average γ-ray photon index of CTA 102 and is unusual for FSRQs. The
highest γ-ray flux measured by Fermi is (3.55± 0.55)× 10−5 photon cm−2 s−1

(above 100 MeV) observed on MJD 57738.47, corresponding to an extremely
high isotropic γ-ray luminosity of Lγ = 3.25× 1050 erg s−1.
We discussed the origin of the multiwavelength emission from CTA 102 in
the framework of the one-zone and multi-zone synchrotron, SSC and EIC
scenarios. We assumed a compact (R ≤ δ × 2.16 × 1014 cm inferred from
4.08 hours γ-ray flux variation) blob inside and outside the BLR. In a single
emitting region, the inverse-Compton up-scattering of both synchrotron and
BLR photons can explain the data observed in the low state, whereas the
contribution of torus photons is essential in the flaring periods. When in
the flaring periods the fluxes in the UV/optical, X-ray and γ-ray bands are
unrelated, the two-zone models (with an extended blob inside and a compact
fast-moving one outside the BLR) can well explain the observed data under
reasonable assumptions on the required parameters. These periods appear to
be more favorable for the HE emission from CTA 102 as the emitting electrons
have higher cut-off energies and harder power-law indicies. Most likely, the
emission in these periods is produced in the regions outside BLR that contain
fresh electrons which dominantly cool due to the inverse-Compton scattering
making the variability more evident in the γ-ray band.
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6 Dissecting the region around
IceCube-170922A: the blazar
TXS 0506+056 as the first
cosmic neutrino source

6.1 Introduction

The IceCube Neutrino Observatory at the South Pole1 has recently reported
the detection of a number of high-energy astrophysical neutrinos2 [147, 177,
178, 179]. These include 82 high-energy starting events collected over six
years [182], which are inconsistent with a purely atmospheric origin with a
significance greater than 6.5 σ. The IceCube signal, including the 34 through-
going charged current νµ from the northern sky [148, 180, 149, 181], is still
compatible with an isotropic distribution. The origin of the IceCube neutri-
nos is presently unknown [see, e.g. 155, and references therein, for a com-
prehensive discussion] although various hints consistently point to blazars
as one of the most probable candidates, as described below.

The Large Area Telescope (LAT) on-board the Fermi Gamma-ray Space
Telescope is a pair-conversion telescope sensitive to high energy photons
with energies from 20 MeV to greater than 300 GeV [158] that has been sur-
veying the γ-ray sky for the past almost 10 years. The constant monitoring
and archiving of all-sky γ-ray data permits unprecedented investigations of
variable sources.

To explore the complexity of the multi-wavelength sky, we make use of in-
novative tools that are under development within “Open Universe”, a new
initiative under the auspices of the United Nations Committee On the Peace-
ful Uses of Outer Space (COPUOS). The goal of Open Universe is to stimulate

1http://icecube.wisc.edu
2In this paper neutrino means both neutrino and anti-neutrino.
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a large increase of the accessibility and usability of space science data in all
sectors of society from the professional scientific community, to universities,
schools, museums, and citizens. A web portal of the Open Universe initiative,
developed at the Italian Space Agency, is available at openuniverse.asi.it.
In this paper we make use of software, such as the VOU-BLAZAR tool, which
has been specifically designed to identify blazars based on multi-frequency
information in large error regions, and spectral energy distribution (SED) an-
imations.

Blazars are active galactic nuclei [AGN; see 202, for a recent AGN review]
having a relativistic jet that is seen at a small angle with respect to the line of
sight. The jet contains charged particles moving in a magnetic field emitting
non-thermal radiation over the entire electromagnetic spectrum [210, 202].
Since the energy distribution of these particles can significantly differ from
object to object, the electromagnetic emission exhibits a wide range of inten-
sity levels and spectral slopes across the spectrum. This results in observa-
tional properties that depend strongly on the energy band where blazars are
discovered. In a series of papers [168, 171, 200, 172] proposed a new blazar
paradigm [but see 167, for an alternative scenario] based on dilution by the jet
and the host galaxy, minimal assumptions on the physical properties of the
non-thermal jet emission, and unified schemes. By means of detailed Monte
Carlo simulations, it was shown that this scenario is consistent with the com-
plex observational properties of blazars as we know them in all parts of the
electromagnetic spectrum.

The possibility that blazars could be the sources of high-energy neutrinos
has been investigated by many authors, even long before the IceCube detec-
tions [e.g. 194, 174, 197, 199, 205, 208].

[201] have correlated the second catalogue of hard Fermi-LAT sources (2FHL,
E > 50 GeV, Ackermann et al. 154) and other catalogues, with the publicly
available high-energy neutrino sample detected by IceCube. The chance prob-
ability of association of 2FHL high-energy peaked blazars (HBL/HSP, i.e.
sources with the peak of the synchrotron emission νS

peak > 1015 Hz3; Padovani
& Giommi 198) with IceCube events was 0.4 per cent, which becomes 1.4
per cent (2.2 σ) by evaluating the impact of trials [206]. This hint appears to
be strongly dependent on γ-ray flux. The corresponding fraction of the Ice-
Cube signal explained by HBL is however only ∼ 10− 20 per cent, which

3Blazars can be further divided into low (LBL: νS
peak < 1014 Hz) and intermediate (IBL:

1014 Hz< νS
peak < 1015 Hz) energy peaked sources.
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agrees with the results of [150, 183], who by searching for cumulative neu-
trino emission from blazars in the second Fermi-LAT AGN [2LAC; 152] and
other catalogues (including also the 2FHL), have constrained the maximum
contribution of known blazars to the observed astrophysical neutrino flux to
< 27 per cent.

High-energy astrophysical neutrinos originate in cosmic ray interactions
providing a natural link with high-energy and possibly ultrahigh-energy cos-
mic ray (UHECR) detection. [206] have presented a hint of a connection be-
tween HBL, IceCube neutrinos, and UHECRs (E ≥ 52× 1018 eV) with a prob-
ability ∼ 0.18 per cent (2.9 σ) after compensation for all the considered trials.
Even in this case, HBL can account only for ≈ 10 per cent of the UHECR
signal.

None of the possible neutrino counterparts in [201] and [206] are tracks, as
they are all cascade-like events4. This indicates that by using tracks we are
still limited in sensitivity to the HBL neutrino signal. Although tracks trace
only about 1/6 of the astrophysical signal for a flavour ratio νe : νµ : ντ = 1 :
1 : 1, standard neutrino cross-sections, and IceCube event selection efficien-
cies, after a long enough exposure a track IceCube signal from blazars should
also start to appear. This is of great interest, because false (random) associa-
tions of tracks with a blazar are unlikely due to the better defined position of
this event-class with respect to cascades.

Recently [192] have found a transient γ-ray (> 100 MeV) AGILE source
positionally coincident with an IceCube track with a post-trial significance ∼
4 σ and possibly associated with an HBL. However, no other space missions
nor ground observatories have reported any detection of transient emission
consistent with this event.

The most probable hint of an association (3− 3.5 σ) reported so far [184]
between an IceCube astrophysical neutrino and an extragalactic object is that
of the neutrino IceCube-170922A and the radio bright (∼ 1 Jy at 5 GHz) and
γ-ray flaring BL Lac object TXS 0506+056 (also known as 5BZB J0509+0541,
2FHL J0509.5+0541, and 3FGL J0509.4+0541). Moreover, IceCube has reported
in [185] an independently observed 3.5 σ excess of neutrinos from the direc-
tion of TXS 0506+056 between October 2014 and February 2015 providing fur-
ther indication of a high-energy neutrino association.

4The topology of IceCube detections can be broadly classified in two types: (1) cascade-like,
characterized by a compact spherical energy deposition, which can only be reconstructed
with a spatial resolution≈ 15◦; (2) track-like, defined by a dominant linear topology from
the induced muon, with positions known typically within one degree or less.
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The presence of several non-thermal objects including variable blazars within
80 arc-minutes of IceCube-170922A (that is within the size of the Fermi-LAT
point spread function [PSF5], which is ∼ 2.8◦ [95 per cent containment] at
E = 1 GeV) makes the γ-ray emission from this area quite complex, with pos-
sible source confusion. Different objects could in fact contribute to the overall
γ-ray flux at different levels in a time-dependent manner. For this reason,
we report here on what we have called the dissection of the region around
IceCube-170922A taking into account the fact that all sources present in the
area could be in principle contributors to the neutrino emission observed in
2014–2015 and in 2017. We use innovative software tools that exploit all the
publicly available multi-frequency data to study in detail the area around the
position of IceCube-170922A at all energies and in the time domain, together
with a very careful analysis of the γ-ray emission, providing a wide perspec-
tive in space and time.

Section 2 describes the multi-messenger data we used, while Section 3 puts
them all together to study the relevant sources in the area, their γ-ray light
curves and SEDs. Section 4 gives our results, which are discussed in Section
5. Section 6 summarizes our conclusions. We use a ΛCDM cosmology with
Hubble constant H0 = 70 km s−1 Mpc−1, matter density Ωm,0 = 0.3, and
dark energy density ΩΛ,0 = 0.7.

6.2 Multi-messenger data analysis

6.2.1 Neutrino data

The IceCube-170922A alert event

The high-energy upward-going muon IceCube-170922A reported by IceCube
through a Gamma-ray Coordinates Network Circular on MJD 58018 [Septem-
ber 22, 2017; 190] originates from a neutrino with Eν ∼ 290 TeV, which is
probably of astrophysical origin. The best-fit reconstructed position is right
ascension (RA) 77.43+0.95

−0.65 and declination (Dec) +5.72+0.50
−0.30 (deg, J2000, 90 per

cent containment region: IceCube Collaboration 184). No other high-energy
neutrino passing the same selection of alert-like events has been observed
from this direction from 2010 onwards until today.

5The Fermi PSF for this analysis event selection has been determined using the gtpsf Fermi
Science Support Center tool.
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[184] have derived the coincidence probability as a measure of the likeli-
hood that a neutrino alert like IceCube-170922A is correlated by chance with
a flaring blazar, considering the large number of known γ-ray sources and
the modest number of neutrino alerts. This has been done through several
hypothesis tests covering a range of assumptions on the spatial and temporal
signal distribution and neutrino emission scenarios. The derived probability
was trial-corrected by multiplying the p-value by 51, which correspond to the
number of alerts issued by IceCube (10) plus the 41 inspected archival events,
which would have triggered alerts if the realtime system had been opera-
tional. The final post-trial coincidence probability ranges between 2.5× 10−4

and 1.3× 10−3 (3− 3.5 σ).

The IceCube neutrino flare in 2014–2015

In contrast with the neutrino alert discussed above, which is a single event
identified in real time and satisfying stringent selection criteria, we define
here a neutrino flare as a statistically significant (> 3 σ) accumulation of neu-
trinos coming from a specific direction over a well-defined time period.

As reported in [185], the investigation of the historical 9.5 years of IceCube
data at the position of TXS 0506+056 revealed an excess with a post-trial co-
incidence probability 2× 10−4 (3.5 σ) over 110+35

−24 days corresponding to a νµ

fluence at 100 TeV of 2.1+0.9
−0.7 × 10−4 TeV cm−2, spectral index γ = 2.1± 0.2,

and an energy range (68 per cent) between 32 TeV and 3.6 PeV (3.6× 1015 eV)6.
This could be interpreted as the first evidence of high-energy neutrino emis-
sion from the direction of a known source and comes from an excess of ∼ 13
neutrino events between MJD 56949 and 57059 (October 19, 2014 – February
6, 2015).

6.2.2 Radio and optical monitoring data

The radio (15 GHz) and optical (Vmag) data have been taken from the Owens
Valley Radio Observatory (OVRO7) database, the Catalina Real time Tran-

6 We use here the results obtained for the Gaussian time window because they are the most
significant.

7http://www.astro.caltech.edu/ovroblazars/

55

http://www.astro.caltech.edu/ovroblazars/


6 Dissecting the region around IceCube-170922A: the blazar TXS 0506+056
as the first cosmic neutrino source

sient Survey (CRTS8) and from the All Sky Automatic Survey (ASAS9; Kochanek
et al. 189) online services.

6.2.3 X-ray and optical/UV data

The Neil Gehrels Swift observatory [166] carried out a total of 92 observations
within 80 arc-minutes of IceCube-170922A. Of these, 35 were performed be-
fore the arrival of the neutrino and were mostly pointed at the nearby flat
spectrum radio quasar (FSRQ) PKS 0502+049. The remaining pointings have
been carried out either as a Target of Opportunity follow up mapping the er-
ror region of IceCube-170922A a few hours after the event [186], or as part of
the monitoring program of the blazar TXS 0506+056 triggered by the IceCube
neutrino alert.

We have analyzed all 92 X-Ray Telescope [XRT; 161] observations using the
latest version of the Swift data reduction software (HEADAS 6.22) applying
standard procedures. This led to the detection of 251 X-ray sources, which
were combined with those of existing X-ray catalogues to build Fig.6.1 (left).
X-ray spectral data were used together with the available multi-frequency
data to assemble the SEDs of all interesting sources in the field (see Sect.
6.3.1).

All optical and UV data of the Swift Ultra-Violet and Optical telescope
[UVOT; 207] for TXS 0506+056 and PKS 0502+049 were analyzed using the
SSDC online interactive archive10.

The NuSTAR hard X-ray observatory [175] was pointed twice, on Septem-
ber 29 and October 19 2017, at TXS 0506+056 following the detection of IceCube-
170922A. A few days after the observations the data were made openly avail-
able. We have analyzed these data sets using the online analysis tool of the
SSDC archives following the standard procedure. In both observations the
spectral shape shows a sharp hardening at about 4− 5 keV.

6.2.4 γ-ray data

We used publicly available Fermi-LAT Pass 8 (with the P8R2 SOURCE V6 in-
strument response functions) data acquired in the period from August 4, 2008

8http://crts.caltech.edu
9http://www.astrouw.edu.pl/asas/

10http://www.asdc.asi.it
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Figure 6.1 Left: Radio and X-ray sources within 80 arc-minutes of the position
of IceCube-170922A. Symbol diameters are proportional to source intensity.
Radio sources appear as red filled circles, X-ray sources as open blue circles.
Right: Known and candidate blazars around IceCube-170922A as detected
by a tool developed within the framework of the Open Universe initiative as
described in the text. Dark blue circles represent LBL type candidates, that is
sources with flux ratio in the range observed in the sample of LBL blazars of
the latest edition of the BZCAT catalogue [195], cyan symbols are for IBL type
candidates, and orange symbols are for HBL candidates. Known blazars are
also marked by a red diamond if they are included in the BZCAT catalogue
or a star if they are part of the 2WHSP sample (see text for sources n. 2, 4,
6, and 7). The diameters of filled and open circles are proportional to radio
flux density and X-ray flux, respectively. The dashed line shows the 90 per
cent error contour of IceCube-170922A. The localization of the Fermi sources
is such that the error ellipses are smaller than the size of the symbols.
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to February 10, 2018 and followed the standard procedures suggested by the
Fermi-LAT team. Only the events with a high probability of being photons
(evclass = 128, evtype = 3 [FRONT+BACK]) in the energy range of 100 MeV
– 300 GeV from a region of interest (ROI) defined as a circle of radius 12◦ cen-
tred at the γ-ray position of TXS 0506+056 (RA, Dec = 77.364, 5.699) were an-
alyzed. We removed a possible contamination from the Earth limb by cutting
out all the events with zenith angle > 90◦ and only used the time intervals
in which the data acquisition of the spacecraft was stable (DATA QUAL¿0
&& LAT CONFIG==1). Consistently with the event selection we used the
standard Galactic (gll iem v0611) and isotropic (iso P8R2 SOURCE V6 v0611)
models to describe the diffuse background emissions.

Test Statistic maps

To evaluate the presence of relevant γ-ray signatures around the arrival di-
rection of IceCube-170922A, we built test statistics (TS) maps of the region
[196]. The test statistic for all the γ-ray analysis in this paper is defined as

TS = 2× [lnL (source)− lnL (nosource)] , (6.2.1)

where L (source) represents the nested likelihood of the data given a specific
source hypothesis and L (nosource) the likelihood of the background model.
In our TS maps the signal hypothesis of a γ-ray point source is tested against
a background model consisting of a diffuse Galactic and a diffuse isotropic
component, as well as all the the Fermi-LAT third source catalogue [3FGL;
151] sources that lie outside the region of the TS map. While the point source
is modeled using a power-law with free normalization and spectral index,
the parameters of the background sources remain fixed. According to Wilks’
theorem the test-statistic distributions follows a X2 distribution with two de-
grees of freedom. Hence TS values of 30 and 8 are equivalent to a 5 and 2 σ
significance, respectively. We centred our 80×80 arc-minute maps at IceCube-
170922A and used an equally spaced grid with 0.05◦ step size in right ascen-
sion and declination. For each of the grid points the Fermi Science Tools
unbinned likelihood analysis tool gtlike was used to maximize the likeli-
hoods in eq. (6.2.1) with respect to the free parameters. We built TS maps for
different time windows and energy cuts, resolving the γ-ray activity during
the periods of the neutrino detections and for energy thresholds 1 GeV, 2 GeV,

11https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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6.2 Multi-messenger data analysis

and 5 GeV. Our choices are driven by the the need for sufficiently high space
resolution to distinguish different γ-ray sources (as the PSF decreases with
energy) and by the fact that, given the possible neutrino production scenar-
ios, we are mostly interested in the photons at the highest energies.

Light curve and photon index

γ-ray flux and photon index variations were investigated using light curves
generated with a fixed time binning of 55 (2812) days for TXS 0506+056 (PKS 0502+049)
and with an adaptive binning method with a constant relative flux uncer-
tainty [191]. In the fixed time binned light curve, photons in the 2 – 100 GeV
and 0.1 – 100 GeV ranges were used for TXS 0506+056 and PKS 0502+049,
respectively (see below). In the adaptive binning light curve analysis for
PKS 0502+049 the fluxes are computed above an optimum energy of Emin =
214 MeV in order to reach the required constant relative flux uncertainty of
15 per cent. For all the light curves the flux normalization and photon in-
dex of the target source are determined by applying the gtlike tool in each
time bin. The model file, describing the ROI, contains point sources from
the 3FGL catalogue within ROI+5◦ from the target, as well as the Galactic
and isotropic γ-ray background models. It is generated using the user con-
tributed make3FGLxml.py13 tool. For the case of TXS 0506+056 the chosen en-
ergy threshold of 2 GeV efficiently removes any source confusion (see Fig. 6.4
and section 6.3.3), hence only this source is left free for the fit. The resulting
light curve is robust against mis-modelling and strong time-variability of the
other sources in the ROI. The light curve of PKS 0502+049, on the other hand,
is derived by reaching lower energies, since the majority of the photons are
below 1 GeV [151]. In the source model both sources are fitted at the same
time. The diffuse background components are fixed to their nine year value,
since they are not expected to vary on the time scales of this analysis. Addi-
tionally, since we are using short integration times, we model PKS 0502+049
with a power-law.

12This difference is due to the fact that the photon statistics for PKS 0502+049 is better than
for TXS 0506+056 for the chosen energy thresholds. The bin sizes used have been chosen
in order to have enough photon statistics in the majority of the bins but also to avoid any
fine tuning.

13https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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Figure 6.2 Fermi TS map based on photons with energy larger than 5 GeV
between MJD 55762 and 55842 (July 20 – October 8, 2011). The dashed line
shows the 90 per cent error contour of IceCube-170922A with best-fit location
indicated as a black square. The solid contour lines connect points with the
same TS value. Linear interpolation has been applied between the bins.
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Figure 6.3 Fermi TS map based on photons with energy larger than 1 GeV
(left) and 5 GeV (right) between MJD 57908 and 58018 (June 4 – September
22, 2017). In this period TXS 0506+056 is in outburst and dominates the field.
See Fig. 6.2 for more information.
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Figure 6.4 Fermi TS map based on photons with energy larger than 1, 2 and
5 GeV between MJD 56949 and 57059 (October 19, 2014 – February 6, 2015).
In this period the brightest source was PKS 0502+049 at lower energies while
TXS 0506+056 dominated at higher energies. See Fig. 6.2 for more informa-
tion.
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6.3 Putting it all together

6.3.1 Relevant astronomical sources in the region of
IceCube-170922A

We have searched for non-thermal emission in blazar-like sources in the vicin-
ity of IceCube-170922A using a tool that is being developed in the framework
of the United Nations Open Universe initiative14 using Virtual Observatory
protocols. This was used to find sources in all available lists of radio and X-
ray emitters. Fig. 6.1 (left) shows a plot of the 637 radio and X-ray sources
present in those catalogues or which were detected in dedicated Swift obser-
vations within 80 arc-minutes of the position of IceCube-170922A. Of these,
only 7 emit in both bands and are all blazar-like in their X-ray-to-radio flux
ratio, as determined from the BZCAT [195] and 2WHSP [162] samples. These
are shown in Fig. 6.1 (right).

Three known objects, i.e. TXS 0506+056 (an IBL/HBL15 at z = 0.3365: Pa-
iano et al. 203), PKS 0502+049 (also known as 5BZQ J0505+0459, an LBL/FSRQ
at z = 0.954), and 2WHSP J050833.3+05310 (an HBL), i.e. sources no. 5, 1,
and 3 respectively in Fig. 6.1 (right), and four additional blazar candidates
are present in the area. The first two blazars are also bright γ-ray emitters
(Sect. 6.3.2). Visual inspection of the SED of the other sources allowed us to
confirm that source no. 4 is a good candidate HBL object, while source 7 is
likely a cluster of galaxies (due to its extended X-ray emission), source 6 is a
steep radio spectrum object, and source 2 is a nearby (z = 0.03677) elliptical
galaxy showing low luminosity X-ray emission (L ∼ 1041 erg s−1 at 1 keV)
that could be due to a jet or even to non-nuclear sources.

6.3.2 γ-ray emission near IceCube-170922A

The γ-ray emission near IceCube-170922A is dominated at various times ei-
ther by TXS 0506+056 or by PKS 0502+049 but there are also times when the
two sources have roughly equal fluxes, as shown in Fig. 6.2. To investi-
gate which of the sources dominate the γ-ray emission during the IceCube-
170922A event and the neutrino flare period we constructed TS maps for

14http://openuniverse.asi.it
15A fit to the SED around the time of the neutrino alert gives νS

peak ∼ 1015 Hz, making this an
IBL/HBL source.
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these two periods. We observe the following:

1. Fig. 6.3 shows the TS maps during the period contemporaneous with
and before the IceCube-170922A event. From the maps it appears that
TXS 0506+056 dominates the photon flux of the region at energies >
1 GeV;

2. during the time of the neutrino flare, on the other hand, the situation
is different, with PKS 0502+049 being the brightest source at E > 1 GeV
and TXS 0506+056 progressively taking over above 2 and 5 GeV, as shown
in Fig. 6.4.

We tried to unveil any evidence of γ-ray emission associated with the neigh-
bour HBL 2WHSP J050833.3+05310, which is also within the 90 per cent er-
ror contour of IceCube-170922A, by conducting a series of eleven unbinned
likelihood analyses, covering 9 years of observation with Fermi-LAT. We set
energy cuts at E >1 GeV and >5 GeV, integrating over 400 days intervals16.
We kept all 3FGL sources in the field, setting both normalizations and photon
indexes as free parameters. At the 2WHSP J050833.3+05310 position an addi-
tional power-law source was included in the model. The strongest signature
for γ-ray emission was found between MJD 55900 to 56300 for the 1 GeV en-
ergy cut, reaching TS ∼ 5. This result was confirmed by the residual map of
the region.

6.3.3 γ-ray light curves

As discussed in Sect. 6.2.4, we have derived the γ-ray light and spectral index
curves of TXS 0506+056 and PKS 0502+049. As inferred from Fig. 6.4, we have
evidence that PKS 0502+049 dominates the γ-ray sky at low energies dur-
ing the neutrino flare, possibly contaminating TXS 0506+056 below 2 GeV. We
build the light curves for TXS 0506+056 integrating photons above 2 GeV to
avoid any bias from PKS 0502+049 and also study the highest energies (above
10 GeV) during the specific neutrino flare period. This is the best compromise
for the energy threshold. Ideally, one would like to sample as high energies as
possible, to profit from the smaller Fermi-LAT PSF and source containment
region and therefore reduce contamination from PKS 0502+049. However, the
larger the energy, the smaller the photon statistics.

16Each bin has 100 days superposed to the previous/next bin, meaning we cover the follow-
ing time windows: MJD 54700 to 55100, 55000 to 55400, 55300 to 55700... and so on.
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Figure 6.5 Top: light curve of TXS 0506+056 in 55-day bin at E > 2 GeV and
photon index curve. All points have a TS > 9, otherwise 95 per cent upper
limits are shown. The blue band denotes the neutrino flare, while the red
line indicates the IceCube-170922A event. The central horizontal line is the
mean value of the spectral index. The corresponding photon flux and spectral
index mean value distributions are shown as histograms (dashed grey) and
kernel density estimations (solid black) in the top- and bottom-right panels
respectively, with the values during the neutrino flare (blue) and the IceCube-
170922A event (red) indicated as dashed lines. Bottom: γ-ray flux and pho-
ton index of TXS 0506+056 above 10 GeV, at the time of the neutrino excess
observed around MJD 57000. The photon fluxes are calculated up to 300 GeV.
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Figure 6.6 Top: light curve of PKS 0502+049 in 28-day bin and E > 0.1 GeV
and photon index curve. All points have a TS > 9, otherwise 95 per cent up-
per limits are shown. The blue band denotes the neutrino flare, while the red
line indicates the IceCube-170922A event. The central horizontal line is the
mean value of the spectral index. Bottom: adaptive bin light curve photon
flux with Emin = 214 MeV γ-ray light curve of PKS 0502+049 at the time of
the neutrino excess observed around MJD 57000. The photon fluxes are cal-
culated up to 300 GeV. The shaded bands at the left and right of the neutrino
flare indicate the time windows where PKS 0502+049 is in a high photon flux
state (see also Fig. 6.8).
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In contrast, we build light curves for PKS 0502+049 above 0.1 GeV with
fixed time bins and above 214 MeV with the adaptive binning method to
study both long and short term structures. Fig. 6.5 (top) shows the light
curve of TXS 0506+056. The blue band denotes the neutrino flare, while the
red line indicates the IceCube-170922A event. Significant flux variations are
visible, as typical of blazars. The corresponding photon flux and spectral in-
dex distributions are also shown on the right. It is interesting to note that
TXS 0506+056 was at its hardest in the Fermi-LAT band during the neutrino
flare, while being relatively faint (a “low/hard” state), and at its brightest
during the IceCube-170922A event, while being softer (a “high/soft” state).
Note that, based on the overall distributions, a spectral index as hard as ob-
served during the neutrino flare is expected with a probability of only ∼ 2
per cent, while a flux as high at that during the IceCube-170922A event has
a probability of only ∼ 1 per cent to be detected. The average photon index
during the entire duration of the neutrino flare for E > 2 GeV is 1.62± 0.20.

Since we want to concentrate on the highest energy photons we zoom in on
the period around the neutrino flare to investigate in more detail the source
variability looking for the most extreme emission using only events above
10 GeV. The period from MJD 56850 to MJD 56750 was then divided into
half- and one-day bins and an unbinned maximum likelihood analysis was
performed. Next, the nearby bins with TS > 0 were merged and new light
curves were calculated. In order to improve the statistics, the length of the
time periods with TS > 0 was then progressively increased by adding 1-hour
intervals. As a result, we find two periods with significant emission above
10 GeV (Fig. 6.5, bottom): MJD 56961.75 – 56978.29 (TS = 30.5), with the high-
est energy photon at 53.3 GeV, and MJD 57023.25 – 57036.0 (TS = 33.6), with
the highest energy photon at 52.6 GeV17.

Fig. 6.6 shows the light curve of PKS 0502+049. The blue band denotes the
neutrino flare, while the red line indicates the IceCube-170922A event. Sig-
nificant flux variations are also visible in this case in particular in the periods
right before and after the neutrino flare but the overlap with the neutrino
flare is minimal even taking into account the uncertainties on its duration as
clearly visible in the adaptive bin zoom-in (see Fig. 6.6 bottom; the neutrino
flare covers 110+35

−24 days and we did not consider small γ-ray fluctuations
over much shorter time scales). PKS 0502+049 presents no particular states in

17Based on the gtsrcprob tool both of these photons have a > 99 per cent probability of
being related to TXS 0506+056
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Figure 6.7 The SED of TXS 0506+056 assembled using all available public
data. The blue measurements in the γ-ray band show the variability at 0.1,
1, and 10 GeV using Fermi-LAT data collected between January 1 and De-
cember 31, 2017 (see Fig. 6.10 for the 1 and 10 GeV light curves). Green and
brown points at X-ray frequencies are from our analysis of Swift and NuS-
TAR data respectively. MAGIC data [184] are shown as purple crosses and
were de-absorbed to correct for the extragalactic background light following
[164]. Red points at optical and UV frequencies are from Swift-UVOT. The
other non-simultaneous multi-frequency measurements are from catalogues
and online archives (grey points).
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Figure 6.8 The SED of PKS 0502+049. The γ-ray spectra during the two flaring
periods (see Fig. 6.6, bottom) are shown as blue (MJD 56902 – 56922) and
cyan (MJD 57062 – 57122) points. All other multi-frequency data are non-
simultaneous archival data.
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photon flux and/or spectral index during IceCube-170922A and the neutrino
flare period.

6.3.4 Spectral energy distributions

Fig. 6.7 shows the SED of TXS 0506+056. The NuSTAR data show a hard-
ening at ∼ 1018 Hz (∼ 4− 5 keV) most likely due to the onset of the inverse
Compton component [e.g. 202]. Fig. 6.8 shows the SED of PKS 0502+049. Two
points can be made: (1) during flares PKS 0502+049 is a brighter γ-ray source
than TXS 0506+056; (2) the SED of PKS 0502+049 cuts off at E ≈ 10 GeV, while
that of TXS 0506+056 reaches E & 100 GeV (compatibly with the likely extra-
galactic background light absorption at its redshift: Paiano et al. 203).

To study the time evolution of the SED of TXS 0506+056 we have built an
animation of nearly simultaneous data, which include 15 GHz monitoring
data from OVRO, the ASAS Vmag light curve [189], the optical/UV data of
the Swift-UVOT [207] analyzed with the SSDC online tool, and the X-ray and
γ-ray data described in sect 6.2.3 and 6.2.4. The animation is available here:
https://youtu.be/lFBciGIT0mE.

The hybrid SED of TXS 0506+056

Fig. 6.9 shows the hybrid photon – neutrino SED of TXS 0506+056 for the pe-
riod around the IceCube-170922A event (left) and the neutrino flare (right),
based on the concept introduced by [199]. The red points are the electro-
magnetic emission simultaneous with the neutrinos. The detection of high-
energy neutrinos above ∼ 30 TeV implies the existence of protons up to at
least 3× 1014 − 3× 1015 eV, which then collide with other protons (pp colli-
sions) or photons (pγ collisions). High-energy γ-rays with energy and flux
about a factor two higher than the neutrinos at the source are then expected as
secondary products in both cases [187, 188]. Indeed, in both cases the (linearly
extrapolated) γ-ray and neutrino fluxes are comparable, consistently with the
hypothesis that they are produced by the same physical process. This is espe-
cially true for the neutrino flare, when the neutrino flux has a relatively small
uncertainty being derived from ∼ 13 events within a well-defined period of
110+35
−24 days [185].

This is different for the IceCube-170922A event, given the large uncertainty
on the neutrino flux since we are dealing with a single event over an ill-
defined period of time. To estimate the neutrino flux from one neutrino event
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Figure 6.9 The hybrid photon – neutrino SED of TXS 0506+056. The red points
(OVRO at 15 GHz and ASAS Vmag) are simultaneous with neutrinos, grey
ones refer to historical data, while the black ones are Fermi data. The red
bands for the γ-ray flux show the 1 σ error bounds on the best fit, while up-
per limits are given at 95 per cent C.L.. Fermi data points were de-absorbed
to correct for the extragalactic background light following [164]. Left: the
MJD 57908 – 58018 period (June 4 – September 22, 2017). The neutrino flux
has been derived by [184] over the 200 TeV – 7.5 PeV range (see text for more
details); we give here the all-flavour flux. The vertical upper limit is drawn at
the most probable neutrino energy. The average Fermi-LAT photon index for
E > 2 GeV is 2.16± 0.10. Right: the MJD 56949 – 57059 period (October 19,
2014 – February 6, 2015). The neutrino flux has been derived by [185] over the
32 TeV – 3.6 PeV range; the error is the combined error on the spectral index
and the normalization. The average Fermi-LAT photon index for E > 2 GeV
is 1.62± 0.20.
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[184] had to assume a spectral emission shape, an emission time τ, and an
energy emission range. The corresponding mean number of νµ events N ex-
pected in IceCube is

N = τ
∫ Emax

Emin

Aeff(E, θ) · 1
3

dφ

dE
dE, (6.3.1)

where Aeff is the effective area of the IceCube detector and 1
3 is the flavour

ratio assumed. For a source described by a single power-law distribution the
flux producing one neutrino event is

φ0 =
3 · N

τ
∫ Emax

Emin
Aeff(E, θ)E−γdE

, (6.3.2)

where N = 1 and τ is taken as 0.5 years (of the same order as the duration
of the γ-ray flare). Interpreting the observation of one IceCube alert event
as an upward Poissonian fluctuation, then the flux value calculated can be
understood as an upper limit on the neutrino flux [see also 184].

6.4 Results

Following up the IceCube-170922A event observed in coincidence with a γ-
ray flare of TXS 0506+056 [184], the IceCube collaboration has also detected a
neutrino flare in late 2014 – early 2015 from the same direction [185]. Given
the complexity of the γ-ray sky in this area, both spatially and temporally, we
have carefully dissected the region and found the following:

1. out of the 637 radio and X-ray sources within 80 arc-minutes of the
IceCube-170922A event position, only 7 are both radio and X-ray emit-
ters and therefore likely non-thermal sources. As it turns out, the X-ray-
to-radio flux ratios of these 7 sources are blazar-like;

2. out of these 7 sources, 4 are blazars, two of which are very bright γ-ray
sources, namely TXS 0506+056 and PKS 0502+049, competing for domi-
nance;
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3. while TXS 0506+056 dominates in all γ-ray bands during the IceCube-
170922A event, the situation is more complex during the neutrino flare,
as PKS 0502+049 dominates up to E ∼ 1 − 2 GeV but TXS 0506+056
takes over at E & 2− 5 GeV. The γ-ray spectrum of PKS 0502+049, in
fact, cuts off at high energy even during flares, a behaviour typical of
LBL blazars;

4. PKS 0502+049 is flaring right before and right after the neutrino flare
(but not in coincidence with it) while TXS 0506+056 was at its hardest in
that time period but in a relatively faint state, suggesting a shift to high
energies of the γ-ray SED;

5. the hybrid γ-ray – neutrino SED of TXS 0506+056 during the neutrino
flare is as expected for lepto-hadronic models since the photon and neu-
trino fluxes are at the same level [205]. We note that the hybrid SEDs
of [199] and [201] were based on one shower-like IceCube event, which
could in principle have been emitted over the full IceCube detection
live time, and were therefore affected by a very large uncertainty. In the
case of the neutrino flare, instead, a sizable (∼ 13) number of neutrinos
has been detected within a well-defined time window and good spatial
resolution.

In short, all spatial, timing, and energetic multi-messenger diagnostics point
to TXS 0506+056 as the first identified non-stellar neutrino (and therefore cos-
mic ray) source.

6.5 Discussion

6.5.1 Source properties

We now explore in more detail the properties of TXS 0506+056. First, we note
that this source is a very strong γ-ray source, having an average flux of 7.1×
10−8 ph cm−2 s−1 above 100 MeV, which puts it among the top 4 per cent
of the Fermi 3LAC catalogue [153]. Moreover, it also belongs to the 2FHL
sample [154], which includes all sources detected above 50 GeV by Fermi-
LAT in 80 months of data. TXS 0506+056 also has a large radio flux density
∼ 1 Jy at 6 cm [173], and ∼ 537 mJy at 20 cm, which makes it one of the
brightest radio sources (in the top 0.3 per cent) of the NRAO VLA Sky Survey,
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which covers 82 per cent of the sky [163]. Fig. 6.7 shows the overall SED of
the source in luminosity, based on the redshift of 0.3365 recently reported by
[203].

The peak luminosities of ∼ 2× 1046 erg s−1 in the synchrotron peak, and
almost 1047 erg s−1 at 10 GeV, place this object among the most powerful BL
Lacs known, particularly in the high-energy/very high-energy γ-ray band.
For comparison, the corresponding maximum luminosities ever observed in
MKN 421 (and PKS 2155−304) are ∼ 4× 1045 (∼ 2× 1046) and ∼ 1.5× 1045

(1046) erg s−1, a factor of ∼ 5 (1) and ∼ 50 (10) lower than TXS 0506+056
(Giommi et al., in preparation). What seems to be peculiar in this source is
the very large luminosity at ∼ 10 GeV compared to other similar sources.
From the overall SED point of view TXS 0506+056 shows a variability range
in the γ-ray band (almost a factor 1,000 at 10 GeV: see Fig. 6.7) much larger
than that observed at the peak of the synchrotron emission. Even during the
large γ-ray flaring event observed close to the detection of IceCube-170922A
the peak of the synchrotron emission (located in the UV band) did not vary
by more than a factor of 2, nor did the X-ray flux, at the tail of the synchrotron
peak, change by a large factor. This behaviour is consistent with an excess of
hard γ-ray radiation possibly associated with hadronic processes.

We now posses all the elements to calculate reliably the luminosity of a
high-energy neutrino source. Using the fluence, spectral index, and energy
range given in Sect. 6.2.1 and [185] we do the following: 1. derive an inte-
grated νµ flux of 1.2× 10−10 erg cm−2 s−1 from the fluence by integrating over
the 2 σ range around the central value of the time period; 2. estimate Lνµ ; 3.
derive a neutrino luminosity all-flavour (assuming νe : νµ : ντ = 1 : 1 : 1) by
multiplying by 3 the νµ power. The result is Lν = 3× Lνµ ∼ 3× 4.5× 1046 erg
s−1 ∼ 1.4+0.6

−0.5 × 1047 erg s−1 between 32 TeV and 3.6 PeV. (This luminosity is
fully consistent with the one derived by [185] of 1.2+0.6

−0.4 × 1047 erg s−1 based
on a flare duration of 158 days derived from the box time-window result.)

This can be compared to the simultaneous γ-ray luminosity Lγ (2 GeV –
1 TeV)18 ∼ 3× 1046 erg s−1 [or Lγ (2 GeV – 100 GeV) ∼ 1046 erg s−1].

6.5.2 Physical implications

Our results have several physical implications. Namely:

18This is based on the Fermi-LAT best fit extrapolated to 1 TeV.
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6.5 Discussion

Figure 6.10 The radio (15 GHz), optical (Vmag), X-ray and γ-ray light curves
of TXS 0506+056. The radio data have been taken from the OVRO database,
the visual magnitude data are from the Catalina Real Time Transient Sur-
vey (CRTS) and from the All Sky Automatic Survey ASAS [189]. The γ-ray
light curves have been produced using Fermi-LAT data with the adaptive-
bin method [191]. The blue band denotes the neutrino flare, while the red
line indicates the IceCube-170922A event.
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6 Dissecting the region around IceCube-170922A: the blazar TXS 0506+056
as the first cosmic neutrino source

1. with neutrinos we are exploring an energy range which is inaccessible
with photons at this redshift. Therefore, the first evidence for neutrino
emission from the direction of TXS 0506+056 opens a new window on
blazar physics;

2. the derived Lν during the neutrino flare is quite large and even larger
than Lγ (2 GeV – 1 TeV), which might imply that a sizeable fraction of
the neutrino-related γ-rays have energies above the Fermi-LAT energy
band, as expected in the case of pγ collisions (Sect. 6.3.4);

3. the ratio between the two SED humps (high-energy to low-energy, usu-
ally known as Compton dominance [CD]: e.g. Giommi et al. 169) for
TXS 0506+056 is > 1, while typical HBL have CD ∼ 0.1. This could be
due to the electromagnetic emission coming from different blobs e.g.
one dominant at optical frequencies and the other dominant at high-
energy γ-rays, or to the presence of an additional hadronic component
in the γ-ray band;

4. a discrete cross-correlation analysis using the z-transformed discrete
correlation function [ZDCF; 156] among the radio (15 GHz), optical,
X-ray and γ-ray light curves of TXS 0506+056, was built with the data
described in the previous paragraphs (Fig. 6.10). The ZDCF shows a
strong correlation (∼ 10 σ) with a time lag of ≈ 4 months between the
radio and optical emission (with the optical band leading) but no corre-
lation between optical/X-ray/radio and γ-ray bands. This is at variance
with typical single-zone leptonic (synchrotron self-Compton or external
Compton) models where all energy bands are expected to be well cor-
related;

5. the SED of at least one blazar now has to be modeled within a lepto-
hadronic scenario [e.g. 205]. This is far from trivial and goes well be-
yond the scope of this paper;

6. the neutrino sky has been populated so far by only two sources: the Sun
[e.g. 160] and SN 1987A [176, 159, 157]. TXS 0506+056 is now a third
plausible candidate, whose neutrino energies are, however, more than
six orders of magnitude larger than those of the two stellar sources.
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6.6 Conclusions

6.5.3 Future searches

Our results suggest two periods of neutrino emission for TXS 0506+056, which
appear to be in connection with two very different γ-ray states, namely one
high/soft, connected to the IceCube-170922A event, and another one low/hard,
related to the neutrino flare. This implies that the search for multi-messenger
sources needs to be carried out not only for flaring γ-ray sources but also
for relatively hard emitters. These criteria can also be used by neutrino tele-
scopes to look for other neutrino sources.

Why is this the only strong IceCube neutrino source candidate? What
makes it special? We believe this is due to a series of factors. First, as dis-
cussed in Sect. 6.5.1, TXS 0506+056 is a very strong γ-ray and radio source.
Moreover, its declination and energy range happened to be in the regions of
parameter space where IceCube reaches maximum sensitivity and the dura-
tion of the flare was also long enough for IceCube to (marginally) detect it
(see also IceCube Collaboration 185).

Future searches for cosmic neutrino sources should emphasize: (1) extreme
blazars of the BL Lac type, as hinted at by [201]; (2) high/soft – low/hard γ-
ray states; (3) regions of parameter space where the neutrino detectors are
most sensitive.

6.6 Conclusions

The IceCube-170922A event and the neutrino flare at the end of 2014 have
been linked to the same source, TXS 0506+056, a blazar of the BL Lac type
at z = 0.3365. This is the most plausible association so far between IceCube
neutrinos and an extragalactic object. The area near TXS 0506+056 is quite
complex due to the presence of several non- thermal sources, which in prin-
ciple could all contribute to the overall γ-ray flux. We have therefore care-
fully dissected this region using a multi-messenger approach, obtaining the
following results:

1. TXS 0506+056 was the brightest Fermi source in the region of interest at
energies above 1 GeV during the IceCube-170922A event but only above
2− 5 GeV during the neutrino flare. PKS 0502+049, a nearby blazar of
the FSRQ type offset by ∼ 1.2◦, dominated the γ-ray region at lower
energies in the latter period.
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6 Dissecting the region around IceCube-170922A: the blazar TXS 0506+056
as the first cosmic neutrino source

2. We have observed two periods of significant neutrino emission con-
sistent with the position of TXS 0506+056 in connection with two very
different γ-ray states, namely one, high/soft, connected to the IceCube-
170922A event, and another one, low/hard, related to the neutrino flare.
PKS 0502+049 was also flaring right before and right after the neutrino
flare but not in coincidence with it.

3. We have built the hybrid photon – neutrino SED of TXS 0506+056 dur-
ing the neutrino flare and have reliably estimated the power of a high-
energy neutrino source. This is ∼ 1.4 × 1047 erg s−1 between 32 TeV
and 3.6 PeV (all-flavour), even larger than the simultaneous Lγ (2 GeV
– 1 TeV) ∼ 3× 1046 erg s−1.

4. Both the lack of a correlation between the γ-ray and radio/optical flux
and the SED shape of TXS 0506+056, which is unusual in terms of its
Compton dominance, appear not to be consistent with simple leptonic
models.

5. All of the above is fully consistent with the hypothesis that TXS 0506+056
has undergone a hadronic flare during the neutrino detections.

In short, all spatial, timing, and energetic multi-messenger diagnostics point
to TXS 0506+056 as the only counterpart of all the neutrinos observed in the
vicinity of IceCube-170922A and therefore the first non-stellar neutrino (and
hence cosmic ray) source. The emergent picture is that extreme blazars, i.e.,
strong, very high energy γ-ray sources with the peak of the synchrotron emis-
sion > 1014 − 1015 Hz [201], are the first class of sources with evident contri-
bution to the IceCube diffuse signal [181, 182].

Future searches for cosmic neutrino sources, concentrated on similar classes
of sources, using additional high-energy track-like events, and based on de-
tailed multi-messenger analysis, will likely provide further associations.
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[47] Mücke, A., & Protheroe, R. J. 2001, Astroparticle Physics, 15, 121

[48] Murase, K., Guetta, D., & Ahlers, M. 2016, Physical Review Letters, 116,
071101

[49] Netzer, H. 2015, ARA& A, 53, 365

[50] Padovani, P., Giommi, P., Resconi, E., et al. 2018, ArXiv e-prints,
arXiv:1807.04461

[51] Padovani, P., & Resconi, E. 2014, Monthly Notices of the Royal Astro-
nomical Society, 443, 474

[52] Padovani, P., Resconi, E., Giommi, P., Arsioli, B., & Chang, Y. L. 2016,
Monthly Notices of the Royal Astronomical Society, 457, 3582

81



Bibliography

[53] Paiano, S., Falomo, R., Treves, A., & Scarpa, R. 2018, ApJL, 854, L32

[54] Perucho, M., Bosch-Ramon, V., & Barkov, M. V. 2017, A&A, 606, A40

[55] Peterson, B. M. 2006, in Lecture Notes in Physics, Berlin Springer Verlag,
Vol. 693, Physics of Active Galactic Nuclei at all Scales, ed. D. Alloin, 77

[56] Protheroe, R. J. 1997, in Astronomical Society of the Pacific Conference
Series, Vol. 121, IAU Colloq. 163: Accretion Phenomena and Related
Outflows, ed. D. T. Wickramasinghe, G. V. Bicknell, & L. Ferrario, 585

[57] Sahakyan, N., Piano, G., & Tavani, M. 2014, ApJ, 780, 29

[139] Sikora, M., Begelman, M. C., & Rees, M. J. 1994, ApJ, 421, 153

[140] Sikora, M., Stawarz, Ł., Moderski, R., Nalewajko, K., & Madejski, G. M.
2009, ApJ, 704, 38

[60] Sokolov, A., Marscher, A. P., & McHardy, I. M. 2004, ApJ, 613, 725

[61] Spada, M., Ghisellini, G., Lazzati, D., & Celotti, A. 2001, MNRAS, 325,
1559

[62] Tavecchio, F., & Ghisellini, G. 2008, MNRAS, 385, L98

[63] —. 2015, MNRAS, 451, 1502

[142] Urry, C. M., & Padovani, P. 1995, PASP, 107, 803

[65] Wang, X.-Y., & Liu, R.-Y. 2016, Phys. Rev. D, 93, 083005

[66] Yoshida, S., Dai, H., Jui, C. C. H., & Sommers, P. 1997, ApJ, 479, 547

[146] Zabalza, V. 2015, in International Cosmic Ray Conference, Vol. 34, 34th
International Cosmic Ray Conference (ICRC2015), 922

[68] Abdo, A. A., Ackermann, M., Ajello, M., , & et al. 2010, ApJ, 722, 520

[69] Abdo, A. A., Ackermann, M., Ajello, M., & et al. 2011, ApJL, 733, L26

[70] Abdo, A. A., Ackermann, M., Agudo, I., et al. 2010, ApJ, 721, 1425

[71] Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, ApJL, 714, L73

82



Bibliography

[72] —. 2010, ApJ, 710, 810

[73] —. 2010, ApJ, 710, 1271

[74] Acero, F., Ackermann, M., Ajello, M., & et al. 2015, ApJSS, 218, 23

[75] Ackermann, M., Ajello, M., & et al. 2015, ApJ, 810, 14

[76] Ackermann, M., Anantua, R., & et al. 2016, ApJL, 824, L20

[77] Ackermann, M., Ajello, M., Baldini, L., et al. 2010, ApJ, 721, 1383

[78] Ahnen, M. L., Ansoldi, S., & et al. 2015, ApJL, 815, L23
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