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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 2022, also
with MAGIC collaboration.

e Modelling the time variable spectral energy distribution of the blazar
CTA 102 from 2008 to 2022

We present long-term multiwavelength observations of blazar CTA 102 (z =
1.037). Detailed temporal and spectral analyses of y-ray, X-ray and UV /optical
data observed by Fermi-LAT, Swift XRT, NuSTAR and Swift-UVOT over a pe-
riod of 14 years, between August 2008 and March 2022, was performed. We
found strong variability of source emission in all the considered bands, espe-
cially in the 7y-ray band it exhibited extreme outbursts when the flux crossed
the level of 107> photon cm~2 s~1. Using the Bayesian Blocks algorithm, we
split the adaptively binned 7-ray light curve into 347 intervals of quiescent
and flaring episodes and for each period built corresponding multiwave-
length spectral energy distributions (SEDs), using the available data. Among
the considered SEDs, 117 high-quality (quasi) contemporaneous SEDs which
have sufficient multiwavelength data, were modeled using JetSeT framework
within a one-zone leptonic synchrotron and inverse Compton emission sce-
nario assuming the emitting region is within the broad-line-region and con-
sidering internal and external seed photons for the inverse Compton up-
scattering. As a result of modeling, the characteristics of the relativistic elec-
tron distribution in the jet as well as jet properties are retrieved and their
variation in time is investigated. The applied model can adequately explain
the assembled SEDs and the modelling shows that the data in the bright flar-
ing periods can be reproduced for high Doppler boosting and magnetic field.
The obtained results are discussed in the context of particle cooling in the
emitting region.
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e A thirteen-year-long broadband view of BL Lac

We present the results of an extensive analysis of the optical, ultraviolet,
X-ray and <-ray data collected from the observations of the BL Lac objects
prototype BL Lacertae carried out over a period of nearly 13 years, between
August 2008 and March 2021. The source is characterized by strongly vari-
able emission at all frequencies, often accompanied by spectral changes. In
the y-ray band several prominent flares have been detected, the largest one
reaching the flux of F, (> 196.7 MeV) = (4.39 £1.01) x 10~® photon cm=2s~ 1.
The X-ray spectral variability of the source during the brightest flare on MJD
59128.18 (06 October 2020) was characterized by a softer-when-brighter trend
due to a shift of the synchrotron peak to ~ 10'® Hz, well into the HBL domain.
The widely changing multiwavelength emission of BL Lacertae was system-
atically investigated by fitting leptonic models that include synchrotron self-
Compton and external Compton components to 511 high-quality and quasi-
simultaneous broad-band spectral energy distributions (SEDs). The majority
of selected SEDs can be adequately fitted within a one-zone model with rea-
sonable parameters. Only 46 SEDs with soft and bright X-ray spectra and
when the source was observed in very high energy y-ray bands can be ex-
plained in a two-zone leptonic scenario. The HBL behaviour observed during
the brightest X-ray flare is interpreted as due to the emergence of synchrotron
emission from freshly accelerated particles in a second emission zone located
beyond the broad line region.

e Time-dependent lepto-hadronic modeling of the emission from blazar
jets with SOPRANO: the case of TXS 0506+056, 3HSP J095507.9+355101
and 3C 279

The observation of a very-high-energy neutrino by IceCube (IceCube-170922A)
and its association with the flaring blazar TXS 0506+056 provided the first
multimessenger observations of blazar jets, demonstrating the important role
of protons in their dynamics and emission. In this paper, we present SO-
PRANO (https://www.amsdc.am/soprano), a new conservative implicit ki-
netic code which follows the time evolution of the isotropic distribution func-
tions of protons, neutrons and the secondaries produced in photo-pion and
photo-pair interactions, alongside with the evolution of photon and elec-
tron/positron distribution functions. SOPRANO is designed to study lep-
tonic and hadronic processes in relativistic sources such as blazars and gamma-
ray bursts. Here, we use SOPRANO to model the broadband spectrum of
TXS 0506+056 and 3HSP J095507.9+355101, which are associated with neu-
trino events, and of the extreme flaring blazar 3C 279. The SEDs are inter-
preted within the guise of both a hadronic and a hybrid model. We discuss
the implications of our assumptions in terms of jet power and neutrino flux.



https://www.amsdc.am/soprano

o The first hard X-ray spectral catalogue of Blazars observed by NuSTAR

Blazars are a peculiar class of active galactic nuclei that enlighten the sky at all
wavelengths. The electromagnetic emission of these sources is jet-dominated,
resulting in a spectral energy distribution (SED) that has a typical double-
humped shape. X-ray photons provide a wealth of information on the physics
of each source as in the X-ray band, we can observe the tail of SED first peak,
the rise of the second one or the transition between the two. NuSTAR, thanks
to its capability of focusing X-rays up to 79 keV provides broad-band data
particularly suitable to compute SEDs in a still poorly explored part of the
spectrum. In the context of the Open Universe initiative, we developed a
dedicated pipeline, NuSTAR_ Spectra, a shell-script that automatically down-
loads data from the archive, generates scientific products and carries out a
complete spectral analysis. The script homogeneously extracts high level sci-
entific products for both NuSTAR'’s telescopes and the spectral characteriza-
tion is performed testing two phenomenological models. The corresponding
X-ray properties are derived from the data best fit, and the SEDs are also
computed. The systematic processing of all blazar observations of the NuS-
TAR public archive allowed us to release the first hard X-ray spectroscopic
catalogue of blazars (NuBlazar). The catalogue, updated to 2021 September
30, includes 253 observations of 126 distinct blazars, 30 of which have been
multiply observed.

e Multiwavelength study of the gravitationally lensed blazar QSO B0218+357
between 2016 and 2020

We report multiwavelength observations of the gravitationally lensed blazar
QSO B0218+357 in 2016-2020. Optical, X-ray and GeV flares were detected.
The contemporaneous MAGIC observations do not show significant very-
high-energy (VHE, 2 100 GeV) gamma-ray emission. The lack of enhance-
ment in radio emission measured by OVRO indicates the multi-zone na-
ture of the emission from this object. We constrain the VHE duty cycle of
the source to be < 16 2014-like flares per year (95% confidence). For the
first time for this source, a broadband low-state SED is constructed with a
deep exposure up to the VHE range. A flux upper limit on the low-state
VHE gamma-ray emission of an order of magnitude below that of the 2014
flare is determined. The X-ray data are used to fit the column density of
(8.10 £ 0.9354¢) X 10%'em—2 of the dust in the lensing galaxy. VLBI obser-
vations show a clear radio core and jet components in both lensed images,
yet no significant movement of the components is seen. The radio measure-
ments are used to model the source-lens-observer geometry and determine
the magnifications and time delays for both components. The quiescent emis-
sion is modeled with the high-energy bump explained as a combination of
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synchrotron-self-Compton and external Compton emission from a region lo-
cated outside of the broad line region. The bulk of the low-energy emission
is explained as originating from a tens-of-parsecs scale jet.

e Proton acceleration in thermonuclear nova explosions revealed by gamma
rays

Classical novae are cataclysmic binary star systems in which the matter of
a companion star is accreted on a white dwarf (WD). Accumulation of hydro-
gen in a layer eventually causes a thermonuclear explosion on the surface of
the WD, brightening the WD to ~ 10° solar luminosities and triggering ejec-
tion of the accumulated matter.They provide extreme conditions required to
accelerate particles, electrons or protons, to high energies. Here we present
the detection of gamma rays by the MAGIC telescopes from the 2021 outburst
of RS Ophiuchi (RS Oph), a recurrent nova with a red giant (RG) companion,
that allowed us, for the first time, to accurately characterize the emission from
a nova in the 60 GeV to 250 GeV energy range. The theoretical interpretation
of the combined Fermi-LAT and MAGIC data suggests that protons are ac-
celerated to hundreds of GeV in the nova shock. Such protons should create
bubbles of enhanced Cosmic Ray density, on the order of 10 pc, from the re-
current novae.
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4 A thirteen-year-long broadband
view of BL Lac

4.1 Introduction

Radio-loud Active Galactic Nuclei (AGNSs) are characterized by two-sided
narrow relativistic jets that originate from the central supermassive black
hole. Blazars are the subclass of radio loud AGNs in which one of the jets
happens to make a small angle (< 10°) to the line of sight of the observer
[257]. These jets transport a large amount of power in the form of particles,
radiation and magnetic field and are strong sources of non-thermal emis-
sion. Due to the small viewing angle and the relativistic motion the emis-
sion in blazars is strongly Doppler boosted, a special situation that makes
these sources detectable up to large redshifts [e.g., [12, 235] and is responsi-
ble for the observed extreme properties that characterizes them, like super-
luminal motion and rapid variability across the electromagnetic spectrum.
Historically blazars are classified as BL Lacertae objects (BL Lacs), which ex-
hibit an optical spectrum that is completely featureless or at most shows very
weak emission lines (equivalent width EW < 5A4), and as flat spectrum radio
quasars (FSRQs) when the emission lines are stronger and quasar-like [257].
Blazars are generally assumed to be persistent sources, however a case of a
transient blazar, 4FGL ]J1544.3-0649, was recently observed. This object re-
mained below the sensitivity limits of X-ray and y-ray instruments until May
2017 when it raised above detactability and for a few months it became one
of the brightest X-ray blazars [232]. If this was not an isolated case, but rather
a common phenomenon, it could have an impact on the real abundance and
on our current understanding of blazars.

The broadband SED of blazars, in a log(vFv) vs. log(v) representation,
shows two prominent broad components, one (low-energy component) peak-
ing form far infrared frequencies to X-ray energies and another (high energy
component) peaking at MeV /GeV energies. The peak of the low-energy com-
ponent (vs) is used to further classify blazars as high synchrotron peaked BL
Lacs (HBL when vs > 10" Hz), intermediate synchrotron peaked BL Lacs
(IBL when 10" < v; < 10'® Hz), or low synchrotron peaked BL Lacs (LBL
when vs < 10'* Hz) objects [192} 5]. Sometimes the synchrotron peak can
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reach energies as high as ~1 keV, (~ 2 x 10 Hz) or beyond, showing what
is considered to be extreme behaviour, even for these highly peculiar sources
[e.g. 114} 74} 34]. Such a high synchrotron peak was first observed during a
flare of Mkn 501 [205]], and subsequently in many other objects [e.g., 73], 227].
Independently of the location of the peak, the low-energy part of the SED is
generally interpreted as synchrotron emission from the relativistic electrons
in the jet. A proton synchrotron origin of the high energy end of this com-
ponent during X-ray flares has also been considered [171} 248]. The nature
of the high energy (HE; > 100 MeV) component is instead still under de-
bate. Within one-zone leptonic scenarios, the second component originates
from inverse Compton scattering of the synchrotron photons (S55C) by the
electron population producing the low-energy component [104, 38, 163]. De-
pending on the location of the emission region, the photons external to the jet
(e.g., photons from the disc, or those reprocessed from the broad-line region
or those from the infrared torus) can up-scatter, producing the second com-
ponent [external inverse Compton (EIC); 36, 105, 240]. On the other hand,
the HE component can be also produced from the interaction of relativistic
protons either from their synchrotron emission [179] or from the secondary
particles from pion decay [160, 161}, 179, 180, 43]. Recently, after associating
TXS 0506+056 with the IceCube-170922A neutrino event [132, 130, 189] the
lepto-hadronic scenarios, when both electrons and protons contribute to the
HE emission, have become more attractive. These models also predict very
high energy (VHE; > 100 GeV) neutrinos observable by the IceCube detector
[19] 141 181], 189, 225} 221, 159, 226, 96, 99].

Blazars, being powerful sources of strongly variable non-thermal emission,
are often targets of multiwavelength observations. The resulting data have
been accumulating over time enriching the archives with very valuable infor-
mation that can be used for detailed energy and time-domain investigations
of the origin of their emission. BL Lacertae (BL Lac) is one of these frequently
studied blazars; at z = 0.069 it is a prototype of the BL LAC subclass of
blazars. BL Lac is usually classified as an LBL [184], but is sometimes listed
as an IBL [11]]. BL Lac is well known for its prominent variability in a wide
energy range, especially in the optical [149, [14] and radio bands [261]. BL
Lac has been a target of many multiwavelength campaigns ranging from the
radio to the HE or VHE <y-ray bands [167, 212} 213| [157| 260] which resulted
in a deep understanding of its properties in different bands. For example,
in the X-ray band, BeppoSAX observations in June 1999 showed that the 0.3-
2 keV flux of BL Lac doubled in ~ 20 min and the spectrum was concave
with a very hard component above 5-6 keV [216]. In the 7-ray band, the
EGRET observations in 1995 showed an average y-ray flux above 100 MeV
of (40 £ 12) x 1078 photon cm=2 s~ [58] which increased up to (171 £ 42) x
10~8 photon cm=2 51 during the flare in 1997 [37]. Afterwards, the obser-
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vations by the Large Area Telescope (LAT) on board the Fermi Gamma-ray
Space Telescope (Fermi-LAT) showed that during flaring periods the aver-
age 7-ray flux above 100 MeV can reach above 10~° photoncm=2s7! [e.g.,
see 76} 167,173,187, [77]. VHE v-rays above 1 TeV from BL Lac were initially
reported by the Crimean Observatory in 1998 [183] and later, in 2005, the
MAGIC telescope discovered a VHE <y-ray signal with an integral flux of 3%
of the Crab Nebula flux above 200 GeV [16]. The source is flaring also in the
VHE <-ray band; for example, on June 28 2011, a very rapid TeV <y-ray flare
was detected by VERITAS when the integral flux above 200 GeV reached
roughly 125% of the Crab Nebula flux [21], or on June 15 2015 MAGIC de-
tected a flare with a maximum flux of (1.5 #+ 0.3) x 10~ photons cm=2s~!
and halving time of 26 &+ 8 min [157].

BL Lac shows a peculiar behavior both in terms of its classification and in-
terpretation of the observed broadband SED. First, the observation of Hx and
HB lines (~ 10*! erg s—1) [72,50] in different periods is quite unusual for this
type of blazars. This might indeed indicate a presence of a broad-line region
structure. On the other hand, the single-zone SSC models, usually successful
for explaining the TeV BL Lac spectrum, have a difficulty in reproducing the
variability of this source in different bands and taking into account the emis-
sion in all the bands. When the spectrum extends to the VHE <-ray band
or when a large Compton dominance is observed, the SED of BL Lac can be
modeled only by considering an EIC component added to SSC or by using
two-zone models [e.g.,137,156| 42, 6, 157]. This illustrates that different mod-
els/components are contributing in the overall complex broadband spectrum
of BL Lac.

Over the past decade, BL Lac was constantly monitored in the HE «-ray
band by Fermi-LAT [15] and AGILE [47] and frequently observed in the op-
tical/UV and X-ray bands by Neil Gehrels Swift Observatory [102], (hereafter
Swift). Together with the observations of other instruments (NuSTAR, MAGIC,
VERITAS, etc.) this resulted in the accumulation of an extremely rich multi-
frequency data set mapping both emission components. The available data
can be combined to build the broadband SED of BL Lac in many different
periods with (quasi) contemporaneous data. The theoretical interpretation of
these SEDs can help understanding the physical processes that dominate in
different periods. For example, a similar study of the broadband emission
of 3C 454.3 allowed us to estimate the main parameters describing the jet
and emitting electrons as well as to investigate their evolution in time [229].
Moreover, BL Lac was in active flaring states from optical to y-ray bands in
October 2020 and January 2021 [e.g., (165|164, 77,180/ 126| 81] when the bright-
est y-ray flare from this source was also observed [173]; on October 6 2020,
the daily averaged y-ray flux of BL Lac was (54 1) x 107 photons cm=2 s~ 1.
The available multiwavelength data and the extraordinary flaring activity of
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BL Lac in 2020/2021 motivated us to have a new look on the origin of the
broadband emission from it.

In this paper, analyzing the data observed by Fermi-LAT, Swift X-ray Tele-
scope (XRT) and Ultraviolet and Optical Telescope (UVOT) accumulated in
the previous thirteen years, we perform an intense broadband study of BL
Lac. The paper is organized as follows. The Fermi-LAT and Swift data col-
lected for the analysis and its reduction methods are described in Section 4.2}
The spectral changes in different bands and the broadband SED modeling is
discussed in Section The discussion is presented in Section {4.4{and the
summary in Section

4.2 Fermi-LAT Observations and Data Analysis

Since August 2008, BL Lac was constantly observed by Fermi-LAT provid-
ing unprecedented information on its emission in the y-ray band. Fermi-LAT
is a pair conversion telescope sensitive to y-rays in the energy range from
100 MeV to 500 GeV. By default, it operates in all sky scanning mode, map-
ping the entire y-ray sky every three hours. Further details on Fermi-LAT are
given in (author?) [25].

For the current study, publicly available data accumulated between 04 Au-
gust, 2008 and 01 March, 2021 are used (MET 239557417 - 636249605). The
data have been analysed by using Fermi ScienceTools version 1.2.1. The
Pass8 Source class events with a higher probability of being photons (evclass
= 128, evtype=3) in the energy range from 100 MeV to 500 GeV were ana-
lyzed using P8R3_ SOURCE. V3 instrument response function. The events
were downloaded from a region of interest (ROI) defined as a circular region
with 12° around the 7y-ray position of BL Lac. The events are binned within
a 16.9° x 16.9° square region into pixels of 0.1° x 0.1° and into 37 equal log-
arithmically spaced energy bins. The model was created using the Fermi-
LAT fourth source catalog Data Release 2 [4FGL-DR2; [15] where all sources
within 17° around the target as well as the Galactic (gll- iem_ v07) and the
isotropic (iso- PSR3- SOURCE _ V3_v1) diffuse emission components are in-
cluded. The spectral parameters of the background sources falling between
12° and 12°+5° were fixed to their catalog values, while the parameters of
the other sources and background models were left free. Binned likelihood
analysis was applied with gtlike tool to find the best matches between spec-
tral models and the data. The source variability was investigated by dividing
the entire period to three-day bins. During these short periods the source
spectrum was modeled using a power-law function, and the photon flux and
index were estimated by applying unbinned likelihood analysis with the ap-
propriate quality cuts mentioned above. The light curves were computed by
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tixing the spectral indices of all sources (except BL Lac) and the normalization
of both the Galactic and isotropic components to the best-fit values obtained
for the whole time period and then by allowing them to vary. In all cases the
light-curves are fully consistent with each other and with the one available in
the Fermi-LAT light curve repository ﬂ In addition to the three-day binned
light curve, an adaptively binned light curve was generated by adjusting the
time bin widths so as to attain 20% uncertainty in the flux estimation above
an optimal energy [see (155 for details]. This light curve with unequal time
bins has been proven to be particularly efficient for the identification of flar-
ing states [e.g., see (101} 230} 269, 26, 46, 215].

The adaptively binned (E > 196.7 MeV) and three-day (E > 100 MeV) y-ray
light curves are shown in Fig. panels a) and b) respectively. The time-

averaged y-ray flux of BL Lac above 100 MeV is (3.71 £0.05) x 10~7 photon cm =2 s~ 1.

Both light curves show the complex behaviour of BL Lac in the y-ray band;
the mean 7-ray flux of the source is 4.46 x 10~7 photon cm~2s~! which in-
creases up to (4.39 4 1.01) x 107® photon cm=2s~! (above 196.7 MeV) ob-
served on MJD 59231.34 (17 January 2021). Using the adaptively binned light

curve in the considered thirteen years the source flux was above 10~ photon cm ™~

in total for 41.5 days. The photon index variation in time is investigated us-
ing a 3-day binned light curve. The photon index is mostly soft with a mean
value of I'yeqn = 2.15 but occasionally it hardened to I' < 2.0. The hardest
indexes of 1.48 + 0.22 and 1.61 + 0.17 were observed on MJD 57771.16 (18
January 2017) and 55782.16 (09 August 2011), respectively.

The time evolution of the y-ray emission is also investigated by generating
the SED at different times. When the SEDs are constructed for short periods
(e.g., three-day bins or for the time intervals identified in the adaptive bins
lightcurve) the spectrum can be measured only up to the moderate energies,
not enough for a detailed study. Therefore, the Bayesian block algorithm
[237] is used to divide the y-ray light curve into optimal intervals which are
represented by an approximately constant flux. By applying this algorithm,
the points where the flux changes from one state to another will be identified,
providing the <-ray spectra of the source in different states. The Bayesian
block algorithm applied to the adaptively binned light curve divides the en-
tire period into 218 intervals with a similar flux level. The shortest period
is 5.81 hours during a flare while in the low emission state the longest pe-
riod is 278.74 days. The spectral analysis is applied by limiting the time for
each interval selected based on the Bayesian block. During the analysis, the
spectrum of BL Lac is assumed to be a power-law with spectral index and
normalization left as free parameters. The best matches between the spectral

Ihttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/index.
html

25

2

-1


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/index.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/index.html

4 A thirteen-year-long broadband view of BL Lac

—
o
1

o

photon cm~2 571
=
o

107

photon cm=2 571

10-10

261

£10-11

erg c

10712

Photon Index
2NN W W
ul o Ul o Ul

g
o

107°

10-10

ergcm™2s71

7 10710

10-11

ergcm™2s”

10-12

Figure 4.1 The multiwavelength light curve of BL Lac between August 04,
2008 and March 01, 2020. a) Adaptively binned -ray light curve (> 196.7
MeV); b) 3-day binned 7y-ray light curve (> 100 MeV); ¢) Swift XRT light curve
in the 2.0-10 keV range; d) 0.3-10.0 keV X-ray photon index; e, f) host galaxy

a)

b)

)

¢ v

+ Swift XRT (2.0-10 keV)

= ‘t’ o Wﬁwﬂ

Ny

* by WWMW

e Swift UVOT
:
; , L
i N = J*. ||'
.o B §
ek o
4 w2
i Swift UVOT “ l
by s Wl .
<y
¢V
¢t B
tu
55000 56000 57000 58000 59000
Time (MJD)

corrected flux in W1, M2, W2, V, B, and U filters.

26




4.2 Fermi-LAT Observations and Data Analysis

# MD59128.18 ¢ MD5912473 4 MJD59132.88 _g| — sync SSC = Sum ¢ MJD59133.81 Swift UVOT/XRT and NuStar

[
o
&
-
o
©

-
o
0
-
15
=
o
0
)

1011

._.

<
L
g

VF(v) (ergcm=2s71)
VF(v) (erg cm2s71)

10712 10-12

Ly [
101 1013 10% 10Y7 10%° 102 101t 1083 10%° 10%7 10%° 10?
v [Hz] v [Hz]

Figure 4.2 The SED of BL Lac in different periods. Left panel: The periods
with a soft X-ray spectrum as modeled within the two-zone leptonic scenario.
The dashed lines show the synchrotron emission from the second region and
the solid lines are the sum of the contribution from both regions.Right panel:
The usual hard X-ray spectrum (Swift XRT and NuSTAR) observed on MJD
59133.88 (11 October 2020).

models and events are obtained with an unbinned likelihood analysis imple-
mented in gtlike. Depending on source intensity the spectrum of BL Lac is
obtained by separately running the analysis for 4 or 7 energy bands of equal
width in log scale.

4.2.1 Swift XRT

During the considered period, the Swift satellite observed BL Lac 610 times
with single exposures ranging from 1.13 to 16.46 ks. All the data were down-
loaded and processed using Swift_xrtproc automatic tool for XRT data anal-
ysis developed within the Open Universe Initiative [116]. This tool automat-
ically downloads the raw data and processes it using the XRTPIPELINE task
adopting standard parameters and filtering criteria. For each observation, it
extracts the source events from a circle with a radius of 20 pixels centered at
the position of the source, while the background counts are taken from an
annular ring centered at the source. The tool applies also pile-up correction
when the source count rate is above 0.5 countss~!. Then it loads the un-
grouped data in XSPEC (version 12.11) for spectral fitting using Cash statis-
tics [57], modeling the source spectrum as a power-law and a log-parabola
model with the Galactic absorption column density fixed to 2.7 x 10* cm—2
[e.g., 156,260, 78].

The 2-10 keV X-ray flux variation is shown in Fig. panel c). The base-
line flux is around 2 x 10~ erg cm=2 s~! although small amplitude changes
are visible in different observations. In three periods, MJD 56300 (08 Jan-
uary 2013), MLD 59140 (18 October 2020) and MJD 59235 (21 January 2021),
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the flux substantially increased reaching the maximum of (1.41 £ 0.06) x
1010 erg cm ™2 571 on MJD 59128.18 (06 October 2020). This is the historical
highest flux of BL Lac in the soft X-ray band.

The X-ray photon index in different observations is shown in Fig. [5.I| panel
d). Most of the time, the photon index is hard (< 2.0) implying that the
X-ray emission is due to the rising part of the HE component in the SED
of BL Lac. However, the photon index undergoes interesting modifications
reaching 2.0 which corresponds to a flat distribution in vfv vs v representa-
tion. For example, such tendency can be noticed after the X-ray flare around
MJD 56300 (08 January 2013). In the considered periods, also a significant
softening of the photon index is observed; e.g., in 36 observations the X-ray
photon index is > 2.3 (considering only the observations when the number
of counts was > 100) which is unusual for BL Lac and more typical of HBL
blazars. Examples of optical/UV and X-ray spectrum of BL Lac during such
changes are shown in Fig[4.2] The X-ray component started to soften starting
from MJD 59113.16 (21 September 2020) when an index of 'y = 2.43 +0.11
was observed. Then, the photon index softens to I'y = 2.84 + 0.03 on MJD
59128.18 (06 October 2020) during the brightest X-ray emission state (light
blue squares in Fig. [£.2). In this period the optical /UV flux increased sub-
stantially as well, showing that the low-energy component now extends to
the X-ray band. Such soft X-ray emission with I'y = 2.82 4-0.07 and a flux of
Fx(0a-10kev) = (7.68 +0.47) x 10 ergem™2 57" (red circle in Figlt.2) was
also observed on MJD 59128.91 (06 October 2020). In the next two obser-
vations (MJD 59129.90 (07 October 2020) and 59131.83 [09 October 2020]),
the X-ray flux was constantly decreasing and the photon index was I'x =
2.52 — 2.70. The softest photon index of I'x = 2.87 & 0.11 was observed
on MJD 59132.88 (10 October 2020; magenta triangles in Fig. 4.2) when the
source flux was Fy(g3_1okev) = (244 +0.16) x 10~ ergcm™2s~1. However,
this component fades in the next observations (e.g., on MJD 59133.81 [11 Oc-
tober 2020]) and in the X-ray band the usual HE component is observed.There
were additional periods when softening in the X-ray band was observed
(I'x > 2.5); for example, on MJD 58685.98 (21 July 2019) and 58686.90 (22
July 2019) and between MJD 58740.42-58741.41 (14-15 September 2019) the
X-ray photon index was I'x = 2.51 — 2.64 with a flux between Fy(o3_10tev) =
(8.36 — 17.64) x 1072 ergcm=2s71.

The X-ray flux evolution was further investigated by comparing it with the
photon index in different states. When considering the entire observational
period with diverse X-ray emission properties, any trend (if present) will be
smoothed out. For this reason, the X-ray photon index versus the flux was
investigated by selecting the periods around two major flares visible in Fig.
namely within MJD 56160-56350 (21 August 2012- 27 February 2013) and
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Figure 4.3 BL Lac X-ray photon index versus the flux during two major X-ray
flares. The correlation trend is shown with a red line.

MJD 59000-59350 (31 May 2020- 16 May 2021). The results are shown in Fig.
The linear-Pearson correlation test applied to the data during the first
flare (M]JD 56160-56350; 21 August 2012- 27 February 2013) yields —0.45, the
p-value being 1.6 x 1076 for N = 102 observations, implying a negative corre-
lation between the flux and photon index, i.e., when the source gets brighter,
the photon index decreases (hardens). This behaviour has already been ob-
served for many flaring blazars [e.g.[112]. On the other hand, for the second
flare the linear-Pearson test results in 0.47 with a p-value of 0.001 for N = 45.
This implies that during the X-ray flare the photon index softens, so a softer-
when-brighter trend is observed. This shows that two major flares observed
in the X-ray band for BL Lac are different by their nature and are caused by
different processes. Similar behavior of the X-ray flux of BL Lac was already
seen in the previous studies [e.g., 261}, 260} [78].

4.2.2 Swift UVOT

UVOT observed BL Lac in all six filters, V (500-600 nm), B (380-500 nm), U
(300- 400 nm), W1 (220-400 nm), M2 (200-280 nm) and W2 (180260 nm) simul-
taneously with the XRT. All single observations of BL Lac were downloaded
and reduced using HEAsoft version 6.27 with the latest release of HEASARC
CALDB. The data are reduced using standard procedures, by selecting source
counts from a circular region of 5" around the source, while the background
counts were estimated from a 20" region away from the source. Host galaxy
contributions were subtracted following (author?) [213] and (author?) [211]
by assuming a flux density of 2.89, 1.30, 0.36, 0.026, 0.020, and 0.017 m]y for
the host galaxy in the V, B, U, W1, M2, W2 bands, respectively. For the con-
sidered source extraction radius, the host galaxy contribution is ~ 50% of the
total galaxy flux, which is removed. uvotsource tool was used to derive the
magnitudes which were converted to fluxes using the conversion factors pro-
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4 A thirteen-year-long broadband view of BL Lac

vided by (author?) [206] which then were corrected for extinction using the
reddening coefficient E(B — V) from the Infrared Science Archive H

The optical /UV flux evolution in time is shown in Fig. 5.1/ panel e) and f)
separating the fluxin V, B, U and W1, M2 and W2 filters. The source flux is rel-
atively constant at the level of a few times 10~ erg cm =2 s~! up to MJD 56500
(27 July 2013). A flaring activity occurred around MJD 56617-56622 (21-26
November 2013) when the flux in all filters exceeded 10~ 10 erg cm =2 s 1. The
major flaring activity started on MJD 59072 (11 August 2020) and the base-
line flux level was above 10710 erg cm =2 s~1. The maximum flux of (5.80 &
0.14) x 10719 erg cm=2 s~! was observed in the V band on MJD 59249.26 (04
February 2021). The maximum flux in B, U and M2 filters was also above 5 x
10~ P erg cm=2 s~! while thatin W1 and W2 was around 4 x 10~ erg cm=2s71,

4.2.3 Archival data

To achieve as much as possible a complete view of the broad-band emis-
sion from BL Lac we have also considered all the available multi-frequency
archival measurements alongside with the data from Fermi-LAT, Swift XRT
and UVOT. These include a) optical data monitoring from the ASAS-SN Sky
Patrol web siteE| [146], b) NuSTAR data from the observations of BL Lac on 11
December 2012 (M]D 56272), 14 September 2019 (MJD 58740) and 11 October
2020 (MHD 59133) from Middei et al. 2021, submitted, and c) any other multi-
frequency measurements available from the VOU_BLazars tool [64] and the
ASI Space Science Data Center (SSDC) archive H In addition we also con-
sidered the observations of BL Lac carried out by VERITAS on June 11, 2011
[M]JD 55740 21] and on October 5, 2016 [M]JD 57697 8] and by MAGIC be-
tween June 15 and 28, 2015 [MJD 57188-57201 [157]. The combination of all
these data sets results in an unprecedented amount of observations of BL Lac
covering the spectrum from radio frequencies to HE and VHE <-ray bands
over a period of nearly 13 years, from 2008 August to 2021 March.

4.3 Modeling the SEDs

In this section we use the data assembled as described above to investigate
the evolution of the broadband spectrum of BL Lac between 2008 August
and 2021 March. To this end we have generated a large number of quasi con-
temporaneous SEDs by plotting the computed vy-ray spectra together with

2h’ctp: / /irsa.ipac.caltech.edu/applications/DUST/
3https:/ /asas-sn.osu.edu/
4https:/ /www.ssdc.asi.it
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the data available in all other energy bands in each of the Bayesian intervals
defined in Sec. To illustrate the temporal evolution of the broad band
emission from BL Lac in a visually effective way we have combined these
SEDs to form an animation that is available as Supplementary data and at the
following link: youtube.com/L1yT105UGYM. Flux changes in the optical/UYV,
X-ray and y-ray bands are evident. In the y-ray band, the spectrum hardens
together with the flux amplification, resulting in a shift of the peak of the sec-
ond component to higher energy values. During the brightest X-ray state (on
MJD 59128.18; 06 October 2020), the low-energy SED component extended to
the X-ray band as a consequence of a significant change of the location of the
synchrotron peak from the usual ~ 10'* Hz to ~ 10'® Hz, well into the HBL
regime [192] 5]. Such a large modification, never observed before in BL Lac,
marks the extraordinary nature of this flare, which has been studied also by
(author?) [78] and (author?) [208].

The classical double-humped SED of BL Lac is usually interpreted within
leptonic scenarios. The EGRET observations of BL Lac [236),156] revealed that
modeling of the HE data requires a component that extends beyond the SSC
radiation generated in a single emission zone: one-zone leptonic modeling
requires a very high Doppler factor (6; 6 ~ I'je;, where I'j; is the bulk Lorentz
factor) or an extended emission region. Since then the SED of BL Lac has
been conventionally modelled within two-zone scenarios [e.g. 6, 157] or as-
suming inverse Compton scattering of external (EIC) photons [e.g., 156, 43].
External Compton scenarios are favoured in BL Lac, considering the detec-
tion, although weak, of the Ha line [72,50], which points to the presence of a
broad-line region (BLR). Even if this BLR is not large enough to absorb VHE
y-rays through 7 — y interaction [e.g., 90], it can provide targets for inverse
Compton up-scattering. For example, by modeling the SED of BL Lac, (au-
thor?) [6] showed that the SSC+ERC scenario provides reasonable modeling
of the data also during the low state and the inverse Compton scattering of
the BLR-reprocessed radiation strongly dominates over that directly from the
disc.

In an effort to understand the processes dominating in the jet in different
physical conditions we investigated the broadband emission from BL Lac by
modeling the SEDs observed in different periods. From the SED/light curve
animation discussed above we have selected all periods with sufficient multi-
wavelength data, typically those with flux measurements in at least the opti-
cal/UV, X-ray and y-ray bands. This allowed us to assemble 511 high-quality
and quasi-simultaneous SEDs representing BL Lac in a variety of emission
states. All these SEDs are modeled assuming that the emission region (‘the
blob’) is a sphere with radius R, including a magnetic field of intensity B and
a population of relativistic electrons following an energy distribution defined
by a power law with an exponential cutoff, as expected from shock accelera-
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tions:
N(v") = NP Exp(—v/ Vi) (4.3.1)

for v/ > «! . where 7, . and v/, are the minimum and cut-off energy of
the electrons, respectively. It is assumed that the emission region is located
inside the BLR and the low energy SED component is interpreted as syn-
chrotron emission of relativistic electrons, while the second SED component
is due to inverse Compton up-scattering of photon fields from the jet itself
[SSC model e.g., 163, 38] and those reprocessed from the BLR clouds [EIC
BLR;240]. The BLR is assumed to be spherical shell with an average radius
of Rg g = 7 x 10! cm and lower and upper boundaries of 0.9 x Rpyr and
1.2 x Rprr, respectively [90]. The BLR reflects 10% of the disc luminosity
whose emission is approximated as a mono-temperature black body with a
luminosity of L; = 3 x 10%3 ergs~!. This luminosity was estimated with a
requirement that the disc component does not overproduce the optical/UV
data in any period. We note that Rg;r and L; define the density of the ex-
ternal photon fields, so their small changes do not affect the results and only
will result in moderate changes in the normalization of the electrons.

Our 511 SEDs represent an ample variety of different states of BL Lac and
in some periods the simple one-zone model described above cannot explain
the observed data. For example, when the X-ray spectrum softens neither
the synchrotron component (defined by the optical/UV data) nor SSC com-
ponent which has a rising shape cannot account for the X-ray flux. In these
cases the SEDs were modeled considering two-zone scenarios, assuming that
one region is within the BLR and the other is outside [e.g., see Fig. 2 panel c)
in 250].

The broadband SEDs model fitting was carried out using the open source
package JetSet [168| 254, 255, 256]. The free model parameters (p, Ycut, Ymin,
J, R and B) are constrained by using the Minuit optimizer and then im-
proved by Markov Chain Monte Carlo (MCMC) sampling of their distribu-
tions. The quality of the fits was checked by calculating the goodness-of-fit
and by checking MCMC diagnostic plots. In principle, R can be constrained
either from the variability consideration or from SED fitting. If high qual-
ity data are available, detailed variability studies may constrain the radius
from the relation R < ¢t ¢/ (1 + z). However, in the current case, due to the
high number of the considered periods for the modeling (511), proper vari-
ability studies in each period are impossible. Therefore, in the SED fitting
R is considered as a free parameter allowing to vary within the range de-
fined by the applied model, i.e., the emission region is inside the BLR. When
two-zone modeling was considered, to reduce the number of free parameters,
different but fixed radii were used for the emitting regions.Since the TeV or
X-ray observations in the bright states reveal that the flux varies on minute
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Figure 4.4 The broadband SEDs of BL Lac observed in different emission
states. a) The emission components obtained from the modeling of all SEDs
with contemporaneous data collected during 2008 August-2021 August. b)
The SED of BL Lac in the normal emission state. ¢) BL Lac SED modeling with
VHE 7-ray data from MAGIC observations [157]; corrected for extragalactic
background light absorption using the model of (author?) [89]. d) The SED of
BL Lac during the brightest X-ray period modeled within two-zone scenario.

scales, implying that the emitting region outside BLR should be very com-
pact, R = 10! cm was assumed. On the other hand, the optical/UV and
r-ray fluxes vary albeit not on such short scales, so for the blob within the
BLR R = 10'® cm was used. Also, both emitting regions were assumed to
have the same Doppler boosting factor. In principle, because of orientations
those regions can have different Doppler boosting factors which, however,
will introduce an additional free parameter.

4.3.1 SEDs modeling results

The animation of our 511 high-quality and quasi-contemporaneous SEDs of
BL Lac together with the corresponding modeling is available as Supplemen-
tary data and at the following link youtube.com/watch?v=f3a5CGukbbE. In
this animation, the sum of all model components is plotted as a solid blue
line, while the SSC and EIC components appear as green and orange lines,
respectively. The disc emission, approximated as a black body with inten-
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sity that is always below the synchrotron component, is shown in magenta.
Fig. shows the emission components in all 511 SEDs (panel a) and some
frames representing special states (panels b-d). The optical/UV data con-
strain the tail of the synchrotron component which peaks at ~ 10'* Hz and,
despite large flux variability, it remains almost unchanged as can be seen from
Fig. 4.4 panel a) (blue curves; the bright and soft X-ray periods were not con-
sidered). The SSC emission of the synchrotron emitting electrons starts to
dominate around 10'7 Hz extending up to ~ 10?* Hz (green dot-dashed lines
in Fig. 4.4 panel a) while at higher frequencies EIC of BLR photons dominates
(orange dot-dot-dashed lines in Fig. 4.4 panel a). The change of intensity of
these components show high-amplitude variability of BL Lac emission in the
optical/UV, X-ray and <y-ray bands. The variability in the radio band cannot
be tested, as the data are missing for most of the cases. Moreover, the radio
emission at lower frequencies can be produced, with significant time-lags, by
the low-energy electrons in extended regions which is not associated with the
emission in other bands.

The modeling provides estimates of the physical parameters describing the
emission from BL Lac and allows us to investigate their changes in time. The
evolution of the p, vyin, Yeut, 6 and B parameters is shown in Fig. panels
a) to e). The minimum energy of electrons 7,,;, is mostly below 10 (Fig.
panel b) implying that even lower-energy electrons are efficiently accelerated.
The power-law index (p) is mostly within 1.2 — 2.3 (Fig. panel a) and is
defined by fitting the X-ray data with the SSC component. Its variation is
in accordance with the changes of the X-ray photon index shown in Fig.
(panel d). The the cut-off energy obtained from the modeling of SEDs in
different periods is shown in Fig. 4.5/ panel c) which is defined mostly by the
optical/UV and sometimes by 7-ray data; the minimal and maximal values
of the cut-off energy are 311 + 13 and 2438 + 208, respectively. Despite such
change in the cut-off energy, the low- and high- energy peaks in the SED do
not deviate to higher frequencies; the peak positions are determined by the
product of 7y, and B. In this case, the magnetic field (see Fig. panel
e) varies in the range of B = 0.80 — 14.65 G but, in particular, when a high
Yeut Was estimated, B was around its lower level (see Fig. . It is also
interesting to investigate the evolution of the Doppler factor ¢ (Fig. 4.5 panel
d) which was estimated under the assumption of a constant viewing angle.
This parameter remained mostly below 20 but it reached the maximum value
of 6 = 63 on MJD 59117.4 (25 september 2020) when the major y-ray flares
were observed.

An example of SED modeling during the period of MJD 54989.3-55014.9 (07
June- 02 July 2009), when the source was not flaring in any band, is shown
in Fig. panel b). The synchrotron emission of the accelerated electrons
explains the archival (gray) and optical/UV (light blue) data, while the X-ray
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emission (blue) is due to SSC emission. This SSC component extends up to
10%° Hz and the emission in the y-ray band is dominated by the IC scattering
of BLR photons. This shows that even in the quiescent state of the source, the
external photon field (BLR) is necessary to explain HE «y-ray data. The power-
law index of the emitting electrons is p = 1.92 £ 0.03 and ¢+ = 715 £ 35,
while the emitting regions size is R = 4.08 x 10! cm which moves with a
Doppler factor of § = 12.7. The system is close to the equipartition U, /Up ~
1.5 with B =291+0.12G.

An example of the BL Lac SED modeling with VHE «-ray data from MAGIC
observations is shown in Fig. 4.4 panel c). When considering a one-zone sce-
nario, the optical/UV data with a decreasing trend constrains the cut-off en-
ergy of the emitting electrons and the IC scattering of 1 — 5 eV synchrotron
or BLR photons on them will only reach the MeV/GeV band, unable to ac-
count for the VHE <-ray data. These periods (8 among the considered SEDs)
are modeled within two-zone scenarios, considering the emitting regions in-
side and outside the BLR. The emission observed in the radio to HE v-ray
bands is dominated by that from the region within the BLR, and the VHE -
ray data are explained by the SSC emission from the compact region. In the
extended region (R = 10'® cm), B = 1.87 + 0.08 G and the emitting electrons
have o/~ 1-28+0.02 distribution with v/, = 1082 = 36. Instead, in the compact
region, requiring that its synchrotron emission is lower than that from the
other region, B = 3.32 x 1072 G is estimated, implying that the electrons
can be accelerated to higher energies, i.e., 7., = 1.39 x 10° was estimated
in this case. The contribution of these electrons with p = 2.17 starts to dom-
inate above ~ 30 GeV when the spectrum of IC scattering of BLR photons
decreases, explaining the data observed by MAGIC.

Similar two-zone models are also required when the soft component in the
X-ray band is observed. The synchrotron component defined by the avail-
able optical /UV data effectively extends up to 10! Hz (~ 400 eV), unable to
account for the observed X-ray data. Thus, in the X-ray band an additional
component is dominating. Among the selected periods, 38 SEDs with a soft
X-ray spectrum were modeled within the two-zone scenario; an example of
SED modeling when the brightest X-ray emission was observed is shown in
Fig. panel d). The Doppler boosting factor of both emitting regions is
6 = 16.44 but they are filled with different distributions of electrons. For
example, the X-ray emitting electrons (the region outside BLR) have 714
distribution above 7,,;;, = 761 with a cut-off energy of 1.10 x 10*. Instead,
the electrons in the other region have a softer distribution with 2.02 £ 0.25
and are accelerated only up to moderate energies of 7yt = 1559 £ 213. The
magnetic field in the region outside the BLR is stronger (B = 7.28 G) than
that in the other region (B = 1.71 £ 0.02 G) which is because i) the first re-
gion has a smaller radius and ii) the synchrotron emission should be at higher
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frequencies, reaching up to the X-ray band.

4.4 Discussion

We performed a comprehensive investigation of the large and complex lumi-
nosity and spectral variability of BL Lac using the data taken by Fermi-LAT,
Swift-XRT and Swift-UVOT between 2008 August and 2021 March. Using the
unprecedented amount of the available multiwavelength data we performed
an in-depth study of the origin of nonthermal emission from BL Lac.

In all the energy bands considered, the source shows multiple periods
when the flux exceeds its average level by substantial amounts. The adap-
tively binned light curve, encapsulating more information, provides a de-
tailed timing view of the <-ray flares. The maximum <-ray flux of F,(>
196.7 MeV) = (4.39 4 1.01) x 10~° photon cm=2s~! was observed on MJD
59231.34 (17 January 2021), associated with a flat spectral slope with photon
index of 2.03 +0.21. This implies an energy flux, eFe, of 9.39 x 10—? erg cm2s™
in the 0.1-300 GeV energy range, corresponding to an isotropic y-ray lumi-
nosity of L, = 4 md?eF. = (1.06 & 0.24) & 10* ergs~! for a ~ 307 Mpc dis-
tance. Assuming a Doppler factor of 6 = 20 this corresponds to L, /6% ~ 2 x
10* erg s~1 in the proper frame of the jet. This value largely exceeds the disc
luminosity estimated under any reasonable assumption (e.g., 3 x 10% erg s~!
to not overproduce the observed optical/UV data) implying extreme ener-
getics during the vy-ray flares [e.g., [108]. Unlike the flux, the photon index
does not usually vary significantly, although it occasionally hardens to val-
ues < 2.0. Such hardening, for example, was noticed after the brightening
observed on MJD 59247.4 (02 February 2021) when the y-ray flux measured
within three days was (3.32 4 0.15) x 10~ photon cm~2 s~1; the photon index
was within 1.79 — 1.89 during M]D 59247.4-59256.4 (02-11 February 2021).

The Swift-XRT observations spanning different years showed an interest-
ing behaviour of BL Lac. Although there can be seen flux variations in differ-
ent observations, there are two major flaring activities on MJD 56268.65 (07
December 2012) and 59128.18 (06 October 2020) when the source was in an
elevated state for a prolonged period. Even though during these flares the
flux increased almost at the same level, the photon index was significantly
different. During the first flare, when the 0.3-10 keV flux reached it maxi-
mum value of (8.68 +0.84) x 10~ er¢g cm=2s~! and the traditional harder-
when-brighter trend was observed. In the X-ray band, this is a known be-
haviour for blazars [112, 274, 117]. On the other hand, during the second
flare the linear-Pearson test resulted in 0.47 showing softer-when-brighter
trend. Such a pattern was also observed in the X-ray emission of OJ 287 [e.g.,
138| [116, 147]. During this flare, when the highest X-ray flux was observed

1
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(on MJD 59128.18), the spectral index is 2.84 & 0.03 - very different from the
values normally observed in BL Lac (typically I'x < 2.0). There are 36 ad-
ditional occasions when the X-ray spectrum softened (I'xy > 2.3; see Fig.
panel d) but the exceptional softening during this flare was never observed
for BL Lac.

The softening of the X-ray spectrum also affects the peak frequency of
the synchrotron component. When the soft component is associated with
a high X-ray flux (i.e., Fx(g3_10ke) > 1071 erg cm ™2 s~ the peak of the SED
low-energy component reaches frequencies of ~ 10" - 10'® Hz, instead of
the usual ~ 10 Hz, temporarily placing BL Lac into the domain of HBL
blazars. This component is present during the period MJD 59124.73-59132.88
(02-10 October 2020) when the flux rises from Fy g 3_10kev) = (4.83 =0.40) x

107 erg em™2 s with T'x = 2.69 £ 0.11, and reaches Fy(g3_1okev) = (3.24 %

0.08) x 10~ ergcm=2s~1 (I'x = 2.84 4-0.03) on MJD 59128.18 (06 October
2020). This component fades on MJD 59132.88 (10 October 2020) when the
flux decreases to Fx(g3_10kv) = (244 £0.12) X 107 Mergem™2s71 (I'y =
2.87 +0.12).

During these soft states (38 among the selected 511 periods) the source’s
X-ray emission is driven by a new HBL-like component, which significantly
differs from the usual X-ray spectrum of BL Lac. Our modeling shows that
this component may come from a separate emission zone with specific prop-
erties, like the size of the emission region, the population of electrons, etc. As
an example, some of the SEDs observed during the soft X-ray emission period
are shown in Fig. The new soft component clearly goes beyond the syn-
chrotron radiation constrained by the optical/UV data and is interpreted as
synchrotron emission from the second region (dashed line) containing much
more energetic particles. For example, the electrons should be accelerated
up to yeur = 1.76 x 10* with p = 1.15 to explain the data observed on MJD
59124.73 (02 October 2020; red line). Similar parameters obtained from the
modeling of the SED on MJD 59128.18 (06 October 2020) are ¢, = 1.10 x 104
and p = 1.49 (blue line) but the magnetic field is 7.28 G, significantly higher
compared to the previous case (1.65 G). Such a large magnetic field is re-
quired because of the increase in the X-ray flux (~ 6.11 times) which cannot
be explained by changing y.t; p and 7ycu: are also constrained by the y-ray
data. The X-ray flux variation impacts the magnetic field which decreases to
B = 0.27 G on MJD 59132.88 (10 October 2020) when the soft X-ray compo-
nent was with a low state. The electrons in the emitting region are still ener-
getic with 7y = 5.47 X 10* but their contribution starts to be subdominant.
In fact, the usual hard X-ray component which is interpreted as SSC radiation
from the blob inside the BLR dominates already on MJD 59133.81 (11 October
2020; Fig. |4.2|right panel). This implies that either the acceleration/injection
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of the energetic electrons is not efficient anymore or due to the drop of the
magnetic field these electrons cool down on longer time scales; for example,
when B = 0.1 G the cooling of 7 = 5 x 10* electrons in the observer frame
is tego = 6 Tmec (1+2)/or B26y =1.3(B/0.1G)2(5/15)~1 (/5 x 10*)~!
day.

The composition of the second emitting region (U./Upg) changes during
the periods shown in Fig. A slightly particle dominated region (U, /Up ~
12.3) is necessary to explain the SED on MJD 59124.73 (02 October 2020) while
it should be magnetically dominated with U,/Up ~ 0.49 to explain the data
observed on MJD 59128.18 (06 October 2020) and it is strongly particle dom-
inated on MJD 59132.88 (10 October 2020) with U,/Up ~ 3.1 x 10%. This
indicates that the X-ray flare was caused by the injection of new energetic
particles and by sudden increase of the magnetic field. This is in agreement
with the observation of the softer photon index during the bright X-ray state;
due to the high magnetic field the electrons cool faster forming a soft spec-
trum with the increase of intensity.

The observed VHE 7-rays are also most likely produced from the second
emission zone, although its composition is different. This region still contains
energetic electrons with ., >~ 10° but the magnetic field is low (0.02 - 0.1 G),
so the region is strongly particle dominated with U, /Up > 103. This makes
the emission from these electrons significant in the VHE -y-ray band with no
significant contribution at lower energies.

Our modeling shows that the overall emission from BL Lac from time to
time is produced from two regions separated in the jet. We note that an ex-
cess of a new component in the X-ray band was already noticed in previous
observations of BL Lac in 2007-2008: the XMM Newton observations showed
that the X-ray spectrum was flat/concave producing a mild soft-X-ray excess,
suggesting that two components are contributing in this band [212]. This ex-
cess was interpreted by the helical jet model of [258]. Also BeppoSAX obser-
vations indicated presence of two synchrotron components in the broadband
SED of BL Lac [217]. The formation of the second emission region can be ex-
plained in the framework of other hypotheses as well. For example, it can be
a local reconnection outflow in the jet in a jet scenario [110, 111]. The second
population of energetic electrons can be formed also when the energetic pro-
tons interact in the jet; the electrons are produced from the decay of muons
and are more energetic than the initial cooled electrons. The radiative sig-
nature of these electrons initially appears at HE, which in time is shifted to
lower energies. In the scenario considered by [171] the second emission re-
gion could be where occasionally accelerated protons radiate X-ray photons
via the synchrotron mechanism and interact with them via photomeson pro-
cesses producing detectable high-energy neutrinos [248].

The extensive modeling of SEDs presented in this paper shows that ex-
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4 A thirteen-year-long broadband view of BL Lac

cept for the cases when BL Lac was in a high and soft X-ray emission or a
flaring VHE <y-ray state (46 in total), a one-zone leptonic model involving in-
verse Compton scattering of synchrotron and BLR-reprocessed photons gives
a reasonable modeling of the data. The parameters values obtained from our
modeling are similar to those typically estimated for blazars; their evolution
in time is shown in Fig. In some cases, the power-law index of the emit-
ting electrons (panel a) on Fig. should be hard (< 2.0) to account for the
observed X-ray data. Such a hard injection index is difficult to obtain within
standard shock accelerations, but it can be achieved when the particles are
accelerated via magnetic reconnection [245]. For example, (author?) [121]
using fully kinetic simulations demonstrated that in highly magnetized envi-
ronments (¢ >> 1) the spectral index of the particles approaches p = 1.0; the
o >> 1 condition is required so that the time scale over which particles are
injected into the acceleration region is longer than the first-order Fermi accel-
eration time. The cut-off energy of the emitting electrons takes value between
311 + 13 and 2438 £ 208 and shows that the electrons are efficiently acceler-
ated up to ~ 1 GeV during the flares. The cut-off energy is naturally formed
when the acceleration is limited by the cooling or dynamical time scale [e.g.,
265, 275|228, 28]. For example, when the particles are abruptly injected into
the emitting region, they start to loose energy or escape the region, so the HE
tail of the particle distribution steepens and a cut-off is formed. In principle,
the cut-off energy values given in Fig. panel c) can be obtained under a
reasonable assumption for the injection and escape times. It should be noted
that a similar cut-off feature in the electron spectrum will be formed also in
the case of an episodic injection with an energy-dependent escape.

The comparison of the multiwavelength light curve shown in Fig. |5.1 with
the Doppler boosting factor evolution in time given in Fig. .5 panel d) shows
that it substantially increases when the source is bright in the 7y-ray band.
This is a consequence of the current interpretation the y-ray data as inverse
Compton scattering of the external photon field whose density transferred
to the jet frame is ”/ph ~ 62 u. Therefore, any increase in the y-ray luminos-
ity would require a larger 6. Although the values estimated for BL Lac and
shown in Fig. are not physically unrealistic, in other interpretations, e.g.,
in two zone emission scenarios, a lower value of § would be acceptable.

The modeling allows us to assess the luminosity of the jet in various peri-
ods. The evolution of the power (luminosity) carried by the jet in the form of
electrons and magnetic field computed as L, = mcR2I?U, and Lg = R Up
respectively, is shown in Fig. panels ) and g), respectively. Both are rel-
atively constant with a mean luminosity of Le jeqn = 1.12 X 10% erg s~ and
LB mean = 5.09 x 10% erg s~1 but they slightly increased during flaring peri-
ods. The jet is magnetically dominated in the periods when the optical/UV
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data (defined by the synchrotron component) exceeds the X-ray data (defined
by SSC), for the other cases L./Lp > 1 was estimated. The total luminos-
ity (Ltot = Le + Lp) varies within (0.07 — 8.86) x 10% erg s—! which is lower
than the Eddington luminosity 4.75 x 10% ergs~! for a black hole mass of
3.8 x 108 Mgy [262]; see also (author?) [92, 50, 107, 253]. Moreover, this con-
dition will be still satisfied when considering the second emission region with
Liot = (0.1 —8.1) x 10* erg s—!, comparable to the luminosity of the other re-
gion.

The multiwavelength SED of BL Lac observed in different periods has
been modeled within various scenarios [e.g., [156] 236| 216, 42, 16, 261} [157].
For example, in (author?) [6] the synchrotron/SSC, two-zone SSC and syn-
chrotron/SSC plus EIC models were considered to fit the averaged (2008 Au-
gust 20September 9) SED of BL Lac. The SSC and EIC emission of electrons
initially injected with a 2.85 power-law index in the emitting region with a ra-
dius of 3 x 10! cm which moves with a bulk Doppler factor of 15 can repro-
duce the observed data. This model is preferred also from the viewpoint of
equipartition considerations, i.e., Lp/L, = 1.48. Alternatively, (author?) [157]
considered a two-zone scenario for modeling the VHE <y-ray flare of BL Lac,
discussing a different setup for the emitting regions. Assuming a smoothed
broken power-law distribution for the emitting electrons, correspondingly 2.0
and 3.2 (3.7) indices were estimated before and after the break for the com-
pact (extended) emitting region. The minimum energy of the electrons is 50
and 3.0 for the compact (10'> cm) and extended (10 cm) emitting regions,
respectively, which move with a Doppler factor of 60 and 7, respectively. The
parameters obtained here are not substantially different from those usually
estimated for BL Lac. The long-term flux variability of BL Lac is also dis-
cussed in the context of the geometrical changes, i.e., in the jet the emitting
regions have different orientations with respect to the line of sight [213].

4.5 Conclusion

In this paper we have presented a long-term (thirteen-year-long) multiwave-
length study of the peculiar blazar BL Lac. Using an adaptive binning method
for the generation of the y-ray light curve a very different state of the source
emission was identified and studied, revealing complex and high-amplitude
variability. Thanks to the good X-ray coverage (610 Swift XRT observations),
two major X-ray flaring activities were identified. Although X-ray flux vari-
ations are common in BL Lac, the observed flaring activities showed sub-
stantially different properties; during the flare observed on MJD 59128.18 (06
October 2020) the flux increase was associated to a X-ray photon index soft-
ening to 2.84 & 0.03, resulting from the shift of the synchrotron peak to higher
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frequencies. We investigated the evolution of the X-ray photon index in time
and identified additional 38 periods when the X-ray photon index softens, ex-
tending the X-ray emission beyond the synchrotron component extrapolated
from the optical /UV band.

We also performed a comprehensive modeling of BL Lac SEDs selected in
different periods. Most of the time the broad-band emission of the source can
be described within a simple one-zone scenario when the emission region
is inside the BLR, considering the inverse-Compton up-scattering of both
synchrotron and BLR reprocessed photons. However, in the periods when
the X-ray emission is associated to a soft spectral index and when VHE -
rays were observed, the data could be modeled only considering a second
emitting region outside the BLR. The modeling shows that, depending on
the magnetic field and the U./Up ratio, the radiative signature of the sec-
ond emitting region contributes to either the X-ray or VHE <y-ray bands. The
model parameters estimated through fitting 511 broadband SEDs allow us to
track the changes in the jet that are responsible for multiwavelength flares.

The accumulation of a large number of high-quality data from the obser-
vations in different bands provides an exceptional chance to investigate the
dynamical evolution of jet radiation in time. Through this new comprehen-
sive approach the main properties defining the jet physics can be compared
and contrasted, helping to unveil the origin of the emission in different peri-
ods.
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5 Modeling the time variable

spectral energy distribution of
the blazar CTA 102 from 2008
to 2022

5.1 Introduction

Active galactic nuclei powered by supermassive black holes with masses of
10°-10' M, are the most luminous persistent objects in the extragalactic sky.
In some AGNs a relativistic jet is formed perpendicular to the accretion disc
plane and it plays a crucial role in blazar classifications. According to the uni-
tication scheme developed by (author?) [257], an AGN is called a blazar when
the jet is closely aligned with the line of sight of the observer. Blazars are
characterized by high radio and optical polarization, apparent superluminal
motion along with high-amplitude variability in all accessible bands of the
electromagnetic spectrum. Usually, this variability is unpredictable and only
for a few objects periodic variability is observed [e.g., see(10,219]. Blazars are
usually believed to be persistent sources, however recently a blazar showing
a transient behaviour was observed. Namely, 4FGL J1544.3-0649 was never
detected in the X-ray and y-ray bands until May 2017 when it rose above the
detectability level and for a few months became one of the brightest X-ray
blazars [232]. Blazar emission is dominated by non-thermal emission from
the jet which is significantly Doppler amplified since the jet with superlumi-
nal motion is viewed at small angles. Because of this, blazars even at higher
redshift are observed [e.g., see235].

The emission from blazars is observed in a wide frequency range, from ra-
dio to high energy (HE; > 100 MeV) and very high energy (VHE; > 100 GeV)
v-ray bands [188] displaying a double hump structure in their broadband
spectral energy distribution (SED). The first component (low-energy) usu-
ally peaks between far infrared and X-rays while the second component (HE)
is observed between X-rays and VHE <-rays. The low-energy component
is explained by the synchrotron emission of jet-accelerated electrons under
the magnetic field while the origin of the HE component is discussed within
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leptonic and hadronic models, depending on the type of emission initiating
particles, e"e™ pairs or hadrons. According to the widely discussed leptonic
scenario, the HE component is due to inverse Compton upscattering of pho-
tons by energetic electrons. Most common scenarios used in the literature
are synchrotron self-Compton (5SC) model and the external Compton (EIC)
model. According to the first scenario, the internal synchrotron photons are
up-scattered to higher energies [104, 38, [163] whereas the latter model as-
sumes the photons are produced external to the jet [36] 105, 240]. In alter-
native hadronic or lepto-hadronic scenarios, the protons co-accelerated with
the electrons make a non-negligible contribution to the HE component. This
contribution can be either directly from proton synchrotron radiation [179] or
from secondaries produced in the proton-photon interactions or photo-pair
productions [160, 161, 179, 180, 43|, 199 99]. Lately, the hadronic models [es-
pecially lepto-hadronic 99] have become more attractive after the detection
of VHE neutrinos spatially coinciding with the direction of known blazars
[132] 130, [189]]. The initial association between TXS 0506+056 and IceCube-
170922A event provided first multimessenger picture of blazar and opened
a wider perspective for theoretical studies [19, 141, 181 [189, 225, 221}, 59,
226), 96, 99]. The assumption that blazars are neutrino sources was further
strengthened by the observation of multiple neutrino events from the direc-
tion of PKS 0735+178 when the source was undergoing a major flaring activ-
ity in the optical /UV, X-ray and -y-ray bands [234].

Commonly, the blazars are grouped based on their optical spectral proper-
ties. Namely, Flat Spectrum Radio Quasars (FSRQs) which show strong opti-
cal lines and BL Lacertae type objects (BL Lacs) which have very faint optical
emission lines. Blazars are further classified based on the observed SEDs.
Namely, based on the frequency where the synchrotron component peaks
(vp), blazars are separated into low, intermediate and high-energy peaked
sources [192, B]; low synchrotron peaked sources (LSPs or LBLs) when v, <
10'* Hz, intermediate synchrotron peaked sources (ISPs or IBLs) when 10 Hz <
vp < 10% Hz and high synchrotron peaked sources (HSPs or HBLs) when
v, > 10'° Hz. However, recently (author?) [118] showed that there are strong
similarities between the properties of IBLs and HBLs and they show large dif-
ferences from LBLs, so the classification can be refined into LBLs and intermediate-
high-energy-peaked objects (IHBLs) when v,, is below or above 10'3> Hz.

CTA 102 is a FSRQ with a redshift of z = 1.037 [238]. Harboring a black
hole with a mass of 8.5 x 108 My [268], CTA 102 is one of the brightest FS-
RQs observed in the HE <-ray band. It was initially observed by the Comp-
ton Gamma Ray Observatory mission having estimated a y-ray flux of (2.4 £
0.5) x 107 photon cm~2s71 [186]. Then, CTA 102 was scanned continuously
by the Fermi Large Area Telescope (Fermi-LAT) since mid-2008, initially show-
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ing that the source is relatively weak in the 7-ray band. However, from
2016 to 2017 it underwent an unprecedented outburst in all the wavebands
[55, 27, 165,207, 70, 148, 71} 130, 176}, 54]. For example, in the y-ray band its flux
was as high as (3.55 4 0.55) x 1072 photon cm~2s~! [101] and in some ac-
tive y-ray periods its spectrum also deviated from simple power-law model
[228]. During the y-ray flares, the source was so bright that variability was
investigated down to minute scales [239]. In December 2016, the source was
also in an extreme optical and near-IR out-bursting state when the brightness
increased up to six magnitudes with respect to the faint state of the source
[210]. Various theoretical models were used to explain the flaring behaviour
of CTA 102 which includes an inhomogeneous curved jet with different jet re-
gions changing their orientation and consequently the Doppler factors [210],
or a superluminal component crossing a recollimation shock [56]], or lepto-
hadronic processes when the gas cloud penetrates the jet [266, 267] or the
activities were interpreted as change of the location of the emission region
[e.g., 101} 209, 228], etc.

Due to the long-lasting and peculiar multiwavelength flaring activity, CTA
102 was frequently observed in different bands and became one of the most-
studied blazars [151} (140,79, 174, 66,9, 223|144, 103]. Although many studies
have been conducted which lead to a better understanding of the CTA 102 jet,
it is up to now not clear the origin of the multiwavelength flares of CTA 102,
especially the changes in the jet that have led to prolonged flaring activities.

The monitoring of CTA 102 during its unprecedented outburst with vari-
ous instruments resulted in accumulation of an extensive data set. In addi-
tion, before and after the outburst the source was also monitored in the y-ray
band with Fermi-LAT and observed in the optical/UV and X-ray bands by
Neil Gehrels Swift Observatory [102], (hereafter Swift). This can be combined
with other available data to build the broadband SEDs of CTA 102 in vari-
ous (flaring or quiescent) periods with (quasi) contemporaneous data. These
SEDs with various spectral properties represent an ample variety of source
emission in different states and their modeling is crucial for understanding
of the physical processes and their changes in time. In the broadband SEDs of
blazars the changes are expected to be due to the variation of the parameters
of the emitting electrons or the physical parameters of the emission region.
Therefore, the modeling of the SEDs in different periods allows to connect
the observational properties with the physical processes at work in jets. For
example in (author?) [229] and (author?) [233] the modeling of a large num-
ber of contemporaneous SEDs of 3C 454.3 and BL Lac allowed to estimate the
main parameters describing the emitting electrons and the emission region
and investigate their evolution in time which was crucial for understanding
of the observed spectral changes in them.

Motivated by the availability of multiwavelength data from CTA 102 obser-
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vations before, during and after the large outburst, for furthering our knowl-
edge of the emission processes dominating in the jet of CTA 102 we per-
formed an intense broadband study of CTA 102 using the data accumulated
during 2008-2022. We have systematically investigated the spectral and vari-
ability properties of the source emission in the optical/UV, X-ray and v-ray
bands. We performed a deep investigation of the origin of the source emis-
sion in various periods by generating as many SEDs of CTA 102 as possi-
ble that can be constructed with contemporaneous data and modeling them
within the leptonic scenario. The paper is structured as follows. The broad-
band data analyses are described in Section The multiwavelength vari-
ability is explored in Section The modeling of broadband SED is de-
scribed in Section We present the discussion and results in Section
and the conclusions in Section [6.6]

5.2 Multiwavelength observations of CTA 102

Exhibiting interesting multiwavelength properties, CTA 102 was frequently
observed in different bands. Below we report the data analyzed in this paper
or extracted from public archives which was used in the current study.

5.2.1 Fermi-LAT observations of CTA 102

Operating since 2008, Fermi-LAT provides an exceptional view of the y-ray
sky, imaging the entire sky every three hours [25]. In the current paper the
Fermi-LAT data accumulated between 04 August 2008 and 04 March 2022
in the 100 MeV300 GeV range were downloaded and analyzed using the
Fermi ScienceTools version 2.0.8 and P8R3_SOURCE_V3 instrument response
function. Events were extracted from a region of interest (ROI) with a 12°
radius centered on the source position (RA: 338.15, DEC: 11.73). As recom-
mended by the Fermi-LAT team, the cut evclass = 128 and evtype=3 was ap-
plied to select events with higher probability of being photons. Whereas, the
filter (DATA_QUAL > 0)&&(LAT_-CONFIG == 1) was applied to update
the good time interval based on spacecraft specifications. A maximum zenith
angle cut of > 90° is applied to reduce the contamination from Earth limb -
rays. The model file was generated based on Fermi-LAT fourth source cata-
log Data Release 3 [4FGL-DR3; [15] 7] which includes point sources within the
ROI and standard Galactic (gll-iem_ v07) and the isotropic (iso_.P8R3_SOURCE-
V3_v1) diffuse emission components. The spectral parameters of the back-
ground sources falling between 12° and 12°+5° were fixed to the values pub-
lished in the 4FGL-DR3 catalog, while the parameters of the other sources
(within 12°) and background models were left free. The best match between
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the source parameters and the data was obtained by applying standard binned
likelihood analysis with gtlike tool.

After analyzing the data accumulated in the whole time interval, light
curves were computed with different time bins to investigate the variability
in the y-ray band. Initially, the entire period was divided into three-day inter-
vals (1653 in total) and for each single period the flux, photon index (CTA 102
spectrum was modeled with power-law distribution) and the Test Statistics
[TS, defined as twice the difference between the log-likelihoods of the model
computed with and without including the source;[172] were estimated.

Next, for a deeper investigation of the y-ray flux variability, the light curve
was generated with the help of the adaptive binning method [155]. As dis-
tinct from the fixed time interval light curve where the longer bins will smooth
out the fast variation and in short time intervals the flux can be estimated only
in the bright state of the source, in the adaptively binned light curve the bin
width is defined by requiring a constant relative flux uncertainty above an
optimal energy, so the time bins are longer during low flux levels and nar-
rower when the source is in flaring state. This allows to track the evolution
of the y-ray flux in time, extract maximum possible information and identify
flaring periods [e.g., see (101} 230} 231} 269, 26, 46| 215].

The spectral changes in the 7-ray band were further investigated by pro-
ducing the source spectrum in different periods. For this purpose, the adap-
tively binned light curve is divided into piece-wise constant blocks [Bayesian
blocks 237] representing optimal segmentation of the data into time intervals
during which the flux is constant. By this approach, the considered period
is divided into 347 intervals with the same flux level, whether flaring or qui-
escent. The spectrum of CTA 102 in each of the selected period is computed
by applying unbinned likelihood analysis and running gtlike separately for 5
(when the source is in average or quiescent state) or 7 energy bins (when the
source is in flaring state) of equal width in log scale.

5.2.2 Swift observations of CTA 102

In the optical/UV and X-ray bands there are available a total of 146 obser-
vations of CTA 102 with Swift XRT/UVOT instruments. All the XRT ob-
servations were individually downloaded and analyzed using Swift_xrtproc
pipeline [119]. This tool developed within the Open Universe Initiative down-
loads the raw data and calibration files from one of the official Swift archives,
processes it using the XRTPIPELINE task for each snapshot and for the en-
tire Swift observation, applies pile-up correction when the source count rate
is above 0.5 counts s~! and generates source (from a circle with a radius of
20 pixels centered at the position of the source) and background (an annu-
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Figure 5.1 The multiwavelength light curve of CTA 102 between 2007 and
2022. a) Adaptively binned <-ray light curve (> 166.3 MeV) with the
Bayesian blocks, b) 3-day binned <-ray light curve, c¢) 2.0-10 keV X-ray flux,
d) 0.3-10.0 keV X-ray photon index, ¢) flux in V, B, and U filters, f) flux in W1,
M2 and W2 filters and g) V-band and R-band fluxes. The periods for which
the SEDs have been modeled are highlighted in gray.
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lar ring centered at the source) spectral files. It performs a spectral fitting
with XSPEC (version 12.12.0) on the ungrouped data using Cash statistics
[57], modeling CTA 102 spectrum as a power-law and a log-parabola. As a
result, the tool generates SED data and estimates the flux and photon index
in various bands. More details on Swift_xrtproc are given in (author?) [119].

The Swift-UVOT data in three optical filters (V, B, and U) and three UV fil-
ters (W1, M2, and W2) were downloaded and reduced using HEAsoft version
6.29 with the latest release of HEASARC CALDB. The source counts were ex-
tracted from a region of 5 arcsec radius centered at the source and the back-
ground counts from a region of 20 arcsec centered away from the source.
uvotsource tool was used to obtain the magnitude which was corrected for
reddening and galactic extinction using the reddening coefficient E(B — V)
from the Infrared Science Archivel[l

5.2.3 NuSTAR observations of CTA 102

NuSTAR with two focal plane modules [125], FPMA and FPMB, observed
CTA 102 in the hard X-ray (3-79 keV) band on December 30, 2016 for a total
exposure of 26.2 ksec. The NuStar data was processed with NuSTAR_ Spectra
script which is a shell script based on the NuSTAR Data Analysis Software
(NuSTARDAS) that automatically downloads calibrated and filtered event
files from the SSDC repository, generates scientific products and carries out
a complete spectral analysis. It uses nuproducts to generate the spectra from
source counts extracted from a circular region whose radius is set to a value
that is optimised depending on the source count rate (30" in this case), while
the background counts are from an annulus centered on the source. With
the XSPEC, the spectral analysis is performed adopting Cash statistics for
the energy range from 3 keV up to the maximum energy where the signal
is still present, typically between 20 and 79 keV. NuSTAR_ Spectra script is
presented and described in (author?) [175].

5.2.4 Archival optical data

In order to monitor the flux changes in the optical band, the light curves
from several public archives were used. Namely, the optical data (V- and
R- band) from Steward Observatory [246], V-band data from the All-Sky Au-
tomated Survey for Supernovae (ASAS-SN) E| [146] and the V-band data from
the Catalina Sky Survey [CSS;91] were downloaded from the public archives.

http:/ /irsa.ipac.caltech.edu/applications/DUST/
Zhttps:/ /asas-sn.osu.edu/
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5.3 Multiwavelength variability

The multiwavelength light curve of CTA 102 is shown in Fig. The adap-
tively binned light curve above 166.3 MeV in Fig. 5.1| panel a) shows the con-
tinuous observation of the source in the y-ray band and reveals the complex
flux changes. During the considered periods several outbursts are observed.
Until April 2011 the source flux was constant, not exceeding 10~7 photon cm 2
The first flare (when F, > 15 x F, ;;;4) occurred in April-June 2011 (MJD
55680-55730), when the flux increased up to (2.55 £ 0.62) x 10~° photon cm =251,
Other enhancements were observed between September-October 2012 (MJD
56180-56230) and between March-April 2013 (MJD 56380-56400). Yet, a major
flaring activity, when the source flux increased above 10~ photon cm=2s71,
was observed between December 2015- March 2016 (MJD 57370-57470). Then,

the source entered a prolonged out-bursting state between November 2016 -

June 2017 (MJD 57710-57910) when the highest flux of (2.64 +0.60) x 10~° photon cm=2 s~ !
above 166.3 MeV was observed on M]D 57738.5. Another brightening of the

source (although with lower amplitude) was observed between November
2017-March 2018 (MJD 58080-58180). During the considered period, the *y-

ray flux of CTA 102 was above 10~° photon cm~2 s~ ! for 121.1 hours in total.

The ratio between the highest and lowest fluxes is ~ 1137 which again shows

the high-amplitude variation of the y-ray flux. The overall trends revealed in

the «y-ray light curve generated by the adaptive binning method are also vis-

ible in the 3-day light curve (panel b) Fig. but, as expected, the intra-day

flux variability is smoothed out.

S_l.

Together with the y-ray flux, the photon index varies as well. The hardest
photon index is Iy, = 1.52 £ 0.12 observed on MJD 57752.5 when the source
was in bright y-ray state with a flux of (1.02 £ 0.20) x 10~° photon cm™2s~ 1.
The distribution of photon index estimated in all adaptively binned intervals
is shown in Fig. (light magenta). The mean of the photon index distri-
bution 2.31 is the same as the time-averaged photon index of the source in
4FGL DR3 (~ 2.3). However, there are 353 periods when the photon index
was significantly hard (< 1.9) which means that the peak of the HE compo-
nent moved to HEs. In Fig. the blue area corresponds to photon index
distribution only when the y-ray flux was 10~ photon cm~2 s~ ! which shows
that in some of the bright states the photon index of the source was also hard.

The X-ray flux (2 — 10 keV) variation in time is shown in Fig. panel c).
There is significant variability of the X-ray flux in different XRT observations.
During the prolonged flaring in the y-ray band, the source was also in an ac-
tive X-ray emission state, when the X-ray flux reached Fx_,;,[2 — 10keV]| =
(5.77 £ 0.63) x 10~ erg cm=2 s~1. The NuSTAR observation shows that the
source flux in the 3-10 keV band is (4.46 4 0.02) x 10~ erg cm =2 s~ in agree-
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Figure 5.2 The distribution of the 7y-ray photon index estimated in the adap-
tively binned intervals. The light red area shows the total distribution, while
the blue is only when the y-ray flux was above 10~ photon cm =2 s~ 1.

ment with the X-ray flux observed by Swift XRT on the same day (Fx_,qy[2 — 10 keV] =
(5.30 £0.47) x 10~ erg cm=2 s71). As the X-ray band corresponds to the ris-

ing part of the HE component, the flux in the 10-30 keV band increases being

(9.04 £ 0.05) x 10~ erg cm=2s71. Also, the Swift XRT and NuSTAR obser-

vations reveal similar photon indexes in the 0.3-10 keV and 3-30 keV bands,

1.25 £ 0.08 and 1.30 = 0.01, respectively.

In Fig. 5.1 panels e), f) and g), the flux variation in the optical/UV band is
shown. In the optical band, the source’s emission follows the same trend as in
the y-ray and X-ray bands. Namely, Swift UVOT, ASAS-SN, Steward (V and
R band) and CSS observations show that the flux was relatively constant up
to MJD 56000 and then increased several times around MJD 56200. How-
ever, long-lasting flaring activity was observed between MJD 57400-58000
when the flux in the optical band, as observed with all the considered in-
struments, was above 10~ erg cm =2 s~1. The highest flux of (6.38 4-0.19) x
10~ erg cm=2 57! was observed in the V-band on MJD 57751.84 by Swift
UVOT. The Swift UVOT observations show that between MJD 57718-57768
(November 2016-January 2017), the source was in an extreme bright state in
the optical/UV band when the flux was above 10719 erg cm =2 s~ 1. This is in
agreement with the results obtained from CTA 102 monitoring by the Whole
Earth Blazar Telescope (WEBT) [210]. The ASAS-SN monitoring of the source
shows that another flaring activity was observed on MJD 58741 and then the
source’s emission in the optical band was on its regular level.

5.4 Broadband SED modeling

One of the ways for investigation of the underlying physical processes in the
jet is through broadband SED modeling. The SEDs constrained with con-
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temporaneous or quasi-contemporaneous data contain valuable information
on the emitting particle spectrum and on the condition of the plasma inside
the jet. The evolution of the CTA 102 SEDs in time (SED/light curve anima-
tion) is shown here youtube.com/jFNkI_psAjo. These SEDs were generated
by plotting the y-ray spectra for each of the Bayesian blocks shown in Fig.
together with the data available in all other energy bands. In a visually effec-
tive way, the temporal changes in the CTA 102 spectra can be seen by going
from one to another interval. This animation shows the high-amplitude and
spectral changes in different periods, demonstrating dramatic changes of the
CTA 102 during the prolonged out-bursting period.

In FSRQs, such as CTA 102, a one-zone synchrotron/synchrotron-self Comp-
ton (SSC) with an external radiation component is expected to produce the
broadband emission. The origin of the external photons depends on the loca-
tion of the emitting region [243] and photons directly emitted from the disc
[86, 184], emitted from the BLR [240] or emitted from the dusty torus [36] can
inverse Compton up-scatter and explain the second component in the broad-
band SED. In the current study we assume that the emitting region is at 1017
cm distance from the black hole within the BLR and the external photons are
the photons emitted from the BLR. The SED modeling when different loca-
tions of the emitting region are considered is presented in (author?) [101] and
(author?) [228].

Here, we consider a one-zone leptonic model of jet emission, assuming the
accelerated electrons (protons) are injected in the spherical region of radius
R. This magnetized region with a field strength of B moves along the jet
with a bulk Lorentz factor of T'j; at an angle of 6 relative to the observers
line of sight. As the jet is almost aligned to the observer (small 6), the emis-
sion is Doppler boosting by a beaming factor of I'j; = J. It is assumed that
the spectrum of the injected electrons is described by a power-law with an
exponential cutoff energy distribution defined as

N(r)’e) = N 'Y;p Exp(_')’e/')’cut)/ Ye > Ymin (5.4.1)

where ¢yt and 7y, are the cut-off and minimum energy of the electrons,
respectively, and p is the power-law index of the electron energy distribution.
The normalization constant Ny defines the energy density of the electrons:
Ue = mec [ ¥eN(ve)dve.

In this scenario, the first peak in the SED is described by synchrotron ra-
diation as a consequence of the interaction of relativistic electrons inside the
emitting region with the magnetic field. Instead, the second peak (from X-ray
to HE <y-rays) is formed by the contribution of inverse Compton scattering of
synchrotron (SSC) and BLR emitted (EIC) photons. The BLR radius and lumi-
nosity of CTA 102 are Rp g = 6.73 x 1017 cm and Lprg = 4.14 x 10¥ ergs~!
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Figure 5.3 The multiwavelength SED of CTA 102 during MJD 56196.7-56202.3
constructed with the data from Swift UVOT, XRT and Fermi-LAT. The disc,
SSC, EIC-BLR and the sum of all components are in dashed pink, dot-dashed
orange, dot-dot-dashed purple and solid blue lines, respectively.

[204], respectively, and the BLR is modeled as a spherical shell with a lower
boundary of R, prr = 0.9 X Rprr = 6.06 x 107 cm and an outer boundary
of Rout, LR = 1.2 X Rprr = 8.08 x 107 cm. Assuming that the 10% of the disc
luminosity is reprocessed into BLR radiation, the disc luminosity would be
Lyisc = 4.14 x 10% erg s~1.

To model the broadband SED, a publicly available code, JetSet was used
[168, 254, 255| 256]. JetSet fits the numerical models to observed data and
is able to find the optimal values of parameters best describing the data.
The multiwavelength SED of CTA 102 constrained with contemporaneous
data observed during MJD 56196.7-56202.3 and modeled with JetSet is shown
in Fig. The dashed violet line shows the disc thermal emission ap-
proximated as a black body. The power-law index of the emitting electrons
is p = 1.61 while the minimum and cut-off energies are ,,;, = 51.3 and
Yeut = 685.6, respectively. The synchrotron emission of these electrons in the
magnetic field of B = 4.43 G extends up to 10'® Hz explaining the observed
data in the optical/UV bands. Then, the SSC component takes into account
the X-ray data (dot-dashed orange curve in Fig. dominating only up
to 10?2 Hz, failing to explain the y-ray data. Instead, the inverse Compton
upscattering of the BLR photons that have higher mean energy and number
density in the jet frame can explain the 7y-ray data (dot-dot-dashed purple
curve in Fig. [5.3). The modeling allows to estimate the jet parameters such
as size of the emission region, R = 2.03 x 10! cm and the Doppler factor
0 = 29.8. The size of the emission region corresponds to the flux variability
of the order of 1.3 hours, consistent with the rapid multi-band variability of
CTA 102.

The modeling of the single snapshot SED shown in Fig. [5.3|permits to iden-
tify the parameters of the emitting region and the jet for a given period. How-
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ever, in order to deeply investigate the multiwavelength emission processes
in CTA 102 something beyond the single-epoch SED modeling is required.
In (author?) [229] and (author?) [233] the multiwavelength emission from 3C
454.3 and BL Lac was investigated by modeling as many contemporaneous
SEDs as possible constrained during the considered periods. As compared
with the single snapshot SED modeling, the advantage of such an approach
is that it allows to follow the changes also in the parameters over time, thus
get a clue on the evolution of the processes that have lead to the emission in
different states (e.g., flares). In addition, such modeling has diagnostic ap-
plications, i.e., by fitting many SEDs it is possible to identify periods when
the source was characterized with peculiar emission properties that are not
possible to explain within the considered model.

In order to model the SEDs of CTA 102 in different periods, from the SEDs
generated for each Bayesian block there were selected all the periods with suf-
ticient multiwavelength data, i.e., when the optical/UV data at least in two
filters is available together with the 7y-ray and X-ray data. In Fig. the se-
lected periods are shown in gray. As a result high-quality SEDs in 117 periods
were assembled which represent various emitting sates of CTA 102 including
periods when it was in a prolonged flaring state in the 7y-rays. Therefore,
this allows to understand the physical processes dominating in the jet of the
source in its quiescent and flaring states. All the selected SEDs are modeled
within the same one-zone scenario described above.

5.5 Results and Discussion

In this section, the implications of the data analysis are discussed, and the
results from the broadband spectral fitting are presented. In the optical/UV,
X-ray and y-ray bands, CTA 102 exhibits complex flux changes showing mul-
tiple flaring periods. The highest amplitude changes are observed in the
HE <-ray band where the y-ray luminosity of the source varies from 8.50 x
10% ergs~! to 7.55 x 10°0 ergs~! (assuming a distance of 7.1 Gpc) which
makes CTA 102 one of the brightest sources in the extragalactic y-ray sky.
The visual inspection of the multiwavelength light curves in Fig. |5.1|shows
that fluxes in different bands change almost simultaneously. Possible correla-
tion or anticorrelation between the fluxes in different bands shows whether or
not the emission is produced by the same population of the particles and re-
lated mechanisms. In the case of one-zone leptonic scenario considered here,
when the optical /UV photons are from synchrotron emission of the electrons
while the emission in the X-ray and y-ray bands is from the inverse Compton
scattering of internal and external photon fields by the electrons in the same
emitting region, one expects correlation between the photons at different fre-
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Figure 5.4 The Multiwavelength SED modeling in different periods. Panel
a: Synchrotron, SSC and EIC components, blue, dot-dashed orange and dot-
dot-dashed purple lines, respectively, when the source was in an active state
in all the considered bands. Panel b: The same components in all other peri-
ods.

quencies as can be seen from Fig. [e.g., 152,159, 214].

5.5.1 Long-term broadband SED modeling

The one-zone leptonic model adopted here can adequately reproduce the ob-
served data in almost all the considered periods. The datasets considered
here, namely optical /UV, X-ray and <y-ray data, contain relevant information
on the source emission in each band, but together they put a constraint on
the shape of the emitting particle distribution. Except for the cases when the
source is in a very low emission state and the optical/UV emission is (partly)
dominated by the thermal emission from the disc, the decaying shape of the
optical/UV data directly constrains the HE tail of the synchrotron component
which controls the cut-off energy of the emitting electrons (y¢4). Instead, the
X-ray spectrum exhibiting rising shape allows to constrain p. Additional con-
straints on the 7, and p are provided from <y-ray observations: depending
on the shape of the y-ray spectrum, rising, steepening or flat, it defines either
the distribution of the particles or their cut-off energy.

The time evolution of the selected SEDs modeling is available here youtube .
com/OH1IyNN9PSM. In Fig. the SED modeling results are shown for each
case separating synchrotron (light blue), SSC (dot-dashed orange) and EIC
(dot-dot-dashed purple) components. The models are shown by separating
the periods when CTA 102 was in the active states in all the bands (panel a)
and in all the other periods (panel b). The low-energy component peaks, as
typical for FSRQs, is around ~ 10 Hz and is mostly defined by the syn-
chrotron emission of the jet electrons. Although the flux of the synchrotron
component varies largely, i.e., in the low state the peak flux can be as low as
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~ 1072 erg cm=2 s~ butit can increase up to ~ 10~ erg cm =2 s~! during the
flares, the synchrotron peak frequency remains relatively unchanged. How-
ever, in several occasions (e.g., between MJD 55228-56190 and MJD 58297-
58353) the disc thermal emission with a flux of ~ 6.86 x 10~ erg cm=2s71
exceeds the synchrotron emission from the jet (violet dashed line in Fig.
panel b). As one can see from Fig. in the mentioned periods the source
was in a quiescent state in all the considered bands, so it is natural that bright
accretion disc of CTA 102 overshines the synchrotron component. The rel-
atively constant peak frequency of the synchrotron component limits also
the highest energy of the synchrotron photons, and their inverse-Compton
scattering steepens in the hard X-ray/soft -ray bands, unable to explain the
observed 7-ray data (SSC; dot-dashed orange lines in Fig. [5.4). Instead, the
Compton dominance (the ratio of the high-to-low components luminosity)
and the 7y-ray spectra are naturally explained by inverse Compton scattering
of BLR photons (EIC; dot-dot-dashed purple lines in Fig. [5.4).

The models shown in panels a) and b) of Fig. demonstrate different be-
haviour of the CTA 102 emission in active and other states. The brightening
of the source substantially modifies different components affecting their flux
and spectrum. For example, when modeling the SED in the bright X-ray state
characterized by a hard X-ray photon index, the intensity of the SSC compo-
nent increases and its spectrum hardens extending the peak of this compo-
nent to higher energies (panel a) Fig. [5.4). However, for a harder photon
index (hence a lower p), v, should be lower not to violate the optical/UV
data. So, even in those bright and hard X-ray states the SSC component has
a decreasing shape in the GeV band, and again the Fermi-LAT observed data
are interpreted as inverse-Compton up-scattering of BLR emitted photons.
Similarly, the spectral variability in the MeV/GeV band affects the EIC com-
ponent. As an example, the SED of CTA 102 during MJD 57872.9-57875.6 is
shown in Fig. During this period, the MeV/GeV spectrum is character-
ized by a nearly flat spectrum extending up to 58 GeV. The modeling shows
that the distribution of the emitting electrons is described by p = 1.87 power-
law index and the cut-off energy of ., = 306.4. So, the inverse Compton
scattering of BLR photons can reach only 2 GeV unable to explain the ob-
served data in tens of GeV. The limit imposed by the emitting electron dis-
tribution prohibits the interpretation of GeV data within one-zone scenarios;
the observed data can be account for only when the photons with higher
mean energy are inverse Compton up-scattered on the same electrons. In the
emitting region, except for BLR, the electron can interact with disc photon
or the photons emitted from the dusty torus. The inverse Compton scatter-
ing of the disc photons will produce a peak comparable to that shown in
Fig. whereas in the case of the dusty torus photons with a lower mean
energy will produce a peak at lower frequencies. The emission in the > 2
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Figure 5.5 The multiwavelength SED of CTA 102 during MJD 57872.9-57875.6
when the y-ray spectrum was flat, extending up to 58 GeV. The same color
code as in Fig. is adopted. The light red dot-dot-dashed line shows EIC
torus component when the second emitting region is outside BLR.

GeV band is most likely produced from the second emission region contain-
ing more energetic electrons. As an example, in Fig. the GeV data are
modeled as emission from the second region which is assumed to be be out-
side the BLR. As the data are not sufficient to constrain the parameters, it is
assumed that this region i) has the same Doppler boosting factor (6 = 29.4)
as the one inside the BLR (constrained from the fit), ii) is characterized by a
significantly lower magnetic field (0.2 G as compared to 12.3 G estimated for
the other region) not to overproduce the X-ray data which are from the re-
gion within the BLR and iii) contains more energetic electrons with p = 1.80
and e = 1.10 x 10%. As the emitting region is outside the BLR, the dom-
inant photon field is IR photons from the dusty torus; the inverse Compton
up-scattering of these photons is shown with a light red dashed line in Fig.
which extends up to GeV bands and accounts for the observed data. In
principle, the second emission region can be a local structure in the jet where
the particles are re-accelerated (e.g., a local reconnection outflow in the jet in
a jet scenario [110] 111]) or there occurs an injection of fresh electrons. The
modeling presented above is to show that the observed data in some cases
(e.g., when the 7-ray spectrum is flat and extends to tens of GeV, two among
the selected SEDs) cannot be reproduced in one-zone scenarios, so that more
complex (e.g., two-zone) scenarios are required.

5.5.2 Energy distribution of the emitting electrons

The modeling of 117 high-quality SEDs of CTA 102 with diverse features al-
lows to investigate the properties of the jet and emitting particles over time.
In Fig. the distribution of p, Ymin, Yeut, B, Le and Lp obtained from the
modeling are shown. The wide distribution of the considered parameters
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Figure 5.6 The distribution of the parameters obtained from the fitting of all
data-sets composed with simultaneous data. a) The distribution of the emit-
ting electron power-law index, b) the distribution of <,,;, (green) and 7,
(orange), c) magnetic field distribution, d) Doppler factor distribution and e)
the distribution of L, (dark blue) and Lp (light blue).
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once more shows the complex changes having taken place in the jet of CTA
102. The power-law index of the emitting electron distribution varies be-
tween p = 1.17 — 3.25 with a mean of pyean = 2.08 (Fig. panel a). This
power-law index constrained by the X-ray and y-ray data varies following
the spectral changes in the X-ray and y-ray bands; when a steep falling spec-
trum is observed in the 7y-ray band, the emitting electron should also have
a steep spectrum, while p < 2.0 are expected in bright active states that are
characterized by a hard photon index. The distribution of 7,,;;, and ey is
shown in Fig. [5.6|panel b). Both parameters have a narrow distribution peak-
ing around Yyin mean = 104.6 and yeut,mean = 905.1, respectively. The narrow
distribution of 7., (between (1.60 — 48.16) x 10?) is probably due to stabil-
ity of vpeq but in general it depends also on p. The magnetic field estimated
in different periods (Fig. panel c), varies from B = 1.66 G to B = 13.69
G with a mean of Byesn = 5.96 G. For example, the highest magnetic field
of B = 13.69 G was estimated from fitting the SED observed between MJD
57754-57756 when the source was in an elevated optical/UV emission state.
So, the increase of the synchrotron component leads to an increase in B: large
magnitude change of the synchrotron component can be seen from Fig.

The distribution of § in different periods is shown in Fig. panel d). The
high values of § are mostly estimated during the flares in the y-ray band, for
example, the highest value of § = 47.2 was observed on MJD 57743.2 when
the source was in a y-ray active state. It should be noted that sometimes high
values of § have already been estimated for Fermi-LAT detected blazars [e.g.,
see273] and are usually used to model the bright blazar flares observed in HE
or VHE v-ray bands [e.g., see 124, 150]. When J increases, a lower electron
density is required to produce the same level of synchrotron radiation, so the
synchrotron photon density and the SSC component decrease but the external
photon energy density in the jet frame becomes larger leading to the increase
of the EIC component. For this reason, the enhancement in the y-ray band
results in higher 6.

The parameters distribution presented in Fig. 5.6/ does not differ from that
usually estimated for CTA 102 in different periods. For example, in (author?)
[101] by considering different locations of the emission region it is found that
SSC and EIC of BLR photons can explain the broadband SED in the low state
when p = 251 £0.11, ¢ = 1311.1 £195, B = 540+ 0.13 and § = 10.
Whereas in the active state, the data can be explained when these parameters
are: p = 1.81+£0.09, yeur = 724.1£78, B = 8.24 £0.18 and 6 = 30 [228]. Or in
(author?) [209] by assuming a log-parabolic electrons injection spectrum, it is
shown that in a pre-flare state the SED of CTA 102 can be modeled when the
injection index of the electrons is 1.9 and the curvature is 0.08 but in the flar-
ing states the index becomes 1.7 with a curvature of 0.02. The magnetic field is
estimated to be around 4 G. Moreover, it should be noted that there are other
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Figure 5.7 Upper panel: Electron energy distributions obtained from model-
ing of SEDs. Lower panel: The evolution of the energy spectrum of the elec-
trons injected in the emitting region. Red and green lines show the electron
spectrum in different steps and the final spectrum is shown in purple.

models which explain the flaring activity of CTA 102, e.g., those considering
the ablation of a gas cloud penetrating the relativistic jet and computing the
expected multiwavelength emission from the leptonic and hadronic interac-
tions, see (author?) [266] and (author?) [267]. Also, the parameters estimated
within these models are not significantly different from those presented in

Fig. 5.6}

5.5.3 Formation of electron spectrum

The electron spectrum given in Eq. is an ad-hoc assumption of the dis-
tribution of particle injected in the emitting region. This approach, however,
ignores the formation of the particle spectrum which is governed by differ-
ent cooling processes and gains through particle energization mechanisms.
From the theoretical point of view, the mechanisms usually considered for
the particle acceleration are shock acceleration [e.g., 247, 249, 28] or magnetic
reconnection [e.g., 272} 245,122]]. However, all the considered mechanisms to
some degree face difficulties to explain all the constraints imposed from the
multiwavelength SED modelings. Here we do not attempt to discuss the ex-
act mechanisms that have led to the particle acceleration and injection in the
emitting region but instead we investigate whether or not the distribution of
the electron spectrum necessary to model the broadband SEDs of CTA 102 can
be formed under the physical conditions considered above. A more straight-
forward approach to gain much information on the particle acceleration and
cooling mechanisms would be self-consistent consideration of particle spec-
trum from acceleration to cooling and comparing its radiative signature with
the multiwavelength data. This will be studied in a future paper.

Fig. [5.7lupper panel shows the distributions of the electrons estimated from
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the modeling of selected SEDs. This clearly demonstrates different properties
of the emitting particles and their evolution in time. In particular, the spec-
trum of the electrons sometimes is hard (p < 2.0) and extends above 7, > 10°
however steep and narrow distributions were also obtained. The power-law
index of the electron distribution directly points to the acceleration mecha-
nisms which is unknown while <y, is due to the interplay of acceleration and
cooling processes. In order to calculate the temporal evolution of the electron
spectrum, an integro-differential equation that takes into account the injec-
tion, cooling (considering all the radiative fields) and escape of the particles
should be solved [139]. This is done using JetTimeEvol class of the JetSet.
This class numerically solves the kinetic equation and allows to evolve the
particle distribution under any cooling process.

In the electron distribution the limiting factors constraining <y, are the ef-
ficiencies of the acceleration process (namely the acceleration/injection time
tinj) and the physical size of the accelerator. In other words, the electrons
will not be accelerated beyond the energies when the radiative cooling time
(3/4cor % 7%, where Uy is the sum of magnetic and photon fields) is
shorter than the acceleration time. In the one-zone scenario considered here
when the emission region is within the BLR, the electrons are cooled through
interaction with the magnetic and photon fields, so Uy, is synchrotron plus
photon energy density, i.e. Uy = Up + Ugssc + Ugrc. In order to discuss the
evolution of the particle distribution in time, we assume that power-law dis-
tributed electrons with p = 1.25 are injected into the emitting region where
the magnetic field is 4.1 G and § = 24.2. These are chosen to be similar
to the parameters estimated from the SED modeling observed during MJD
57715.6-57716.8 (see the SED modeling animation) when the source was in
an active emission state. In this case, the synchrotron cooling time for the
electrons with energy of 7, = 10% is tsyn,cool = 4 X 103 s. The evolution of the

energy spectrum of electrons with a luminosity of L, = 1.74 x 10 ergs~!
injected into the emitting region with a radius of 2.38 x 10! cm and without
escape is shown in Fig. |5.7|lower panel. The red dashed line corresponds to
the initial injection spectrum of the electrons. As the cooling time is inverse
proportional to the energy of the electrons, initially only the highest energy
electrons are cooled down, forming a turnover (cut-off) in the spectrum. In
time, this cut-off energy gradually moves to lower energies and when the in-
jection time is =~ 2.6 x 10% s the cut-off energy will be around 1.5 x 10% close
to the value estimated from SED modeling. In time, however, this cut-off
energy will move to lower ranges.

When the injected electrons start to cool, their radiative signature changes
in time. The SEDs corresponding to electron spectra given in Fig. lower
panel are shown in Fig. The SED of initially injected electrons (the sum
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Figure 5.8 The SED evolution in time after the injection of the power-law
electrons. The green dashed line shows the initial SED, the green solid lines
show the SED in different steps while the final SED is in solid blue. The
dashed blue line shows the SED for longer evolution of the system.

of synchrotron, SSC and EIC components) is shown with green dashed line.
This spectrum modifies in time when the injected electrons start to cool; the
green solid lines show the evolution of the sum of all component in time
which shows that the synchrotron and inverse Compton peaks move to lower
frequencies. By cooling, the highest energy electrons are transferred to lower
energies, so the number of low-energy (i.e., not cooled) electrons changes and
their synchrotron emission increases at lower frequencies (e.g., around 10'2
Hz). Similarly, the SSC component increases in the X-ray band, while EIC
dominates in the HE <-ray band. The blue line in Fig. is the final SED
produced from the electron population with a spectrum shown by a purple
line in Fig. 5.7|lower panel. It matches with that obtained from the modeling
of SED observed on MJD 57715.6-57716.8 when using electron distribution
given by Eq. For later periods, the resulting spectrum decreases in in-
tensity and moves to lower frequencies which is shown as a blue dashed line
in Fig. The resulting spectrum is more characteristic to source emission
when it is in quiescent state. Therefore, the electron spectra obtained from
the fitting of SEDs can be naturally formed in time.

5.5.4 Jet power

The modeling allows also to estimate the jet power carried by electrons (L,)
and magnetic field (Lg). The distribution of the luminosities computed as
L. = ﬂcRil"te and Lg = NCR%FZUB is shown in Fig. panel e). The mean
of L, and Lp is at 7.81 x 10* erg s~! and 2.07 x 10%° erg s !, respectively. The
distribution of Lp in the range 2.51 x 103 —3.48 x 10% erg s~! is broader than
that of L, between 1.20 x 10* — 4.21 x 10 erg s—!. The large variations of Lp
are mostly due to the high-amplitude changes of the synchrotron component
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in the SED of CTA 102. Instead, the high-amplitude increase of the y-ray flux
interpreted as EIC of BLR photons which would affect the electron content in
the jet is compensated by increasing 6. The distribution of L, and Lp in Fig.
panel e) shows that in some periods L./Lp < 1, i.e., the jet is magneti-
cally dominated. Such a trend is observed when the synchrotron component
(defined by optical /UV data) exceeds the SSC component (defined by X-ray
data).

The estimated parameters allow also to asses the total kinetic energy of the
jet, namely, assuming a proton-to-electron comoving number density ratio
of N,/N, ~ 0.1, the total kinetic luminosity defined as Ly, = L.+ Lp +
Ly co1a varies from 4.64 x 10* ergs=! to 3.71 x 10% ergs—1. Similarly, when
Ny/N, ~= 0.01 and Nj,/N, =~ 0.5, Ly;, varies from 2.72 x 10% erg s 1 to 3.66 x
10% ergs~1 and from 1.08 x 10% ergs! to 3.93 x 10% ergs~!, respectively.
The central black hole mass in CTA 102 is estimated to be 8.5 x 108 Mgy [268],
so the Eddington luminosity is ~ 1.1 x 10* ergs~!. Therefore, the kinetic
power of the jet estimated in various periods is lower than the Eddington
luminosity.

5.6 Conclusion

In this paper we studied the physical processes taking place in the jet of CTA
102 using the results from long-term (fourteen-year-long) multiwavelength
observations. We systematically studied the features of the source emission
in optical/UV, X-ray and y-ray bands. Generating the y-ray light curve with
the help of an adaptive binning method, the high-amplitude, multiple flaring
and complex variability of the source is investigated.

The broadband emission from CTA 102 was investigated by modeling 117
high-quality SEDs assembled during the considered period. This new com-
prehensive approach allowed to compare and contrast jet and emitting parti-
cle properties in different states of the source emission as well as follow the
dynamical changes of the physical processes governing in the jet. The one-
zone model, when the low energy emission is due to synchrotron radiation of
electrons while HE is due to inverse Compton scattering of both synchrotron
and BLR reprocessed photons, adequately explains the source emissions in
different periods, except the cases when the 7-ray spectrum is flat, extend-
ing to tens of GeV (2 out of 117 periods). It is found that during the flaring
periods the spectrum of the emitting electrons has a harder distribution and
they are effectively accelerated up to ¢, = (1 —4) x 103 as opposed to the
other periods when the electrons have narrow energy distributions. By mod-
eling also the jet kinetic power was assessed showing that it always remained
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102 from 2008 to 2022

below the Eddington power.
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6 Time-dependent lepto-hadronic
modeling of the emission from
blazar jets with SOPRANO: the
case of TXS 05064056, 3HSP
J095507.9+4+355101 and 3C 279

6.1 Introduction

The discovery of the first cosmic very high energy (VHE; > 100 GeV) neutri-
nos in 2013 by the IceCube experiment [128) 1, 2] has opened a new window
on VHE sources such as gamma-ray bursts (hereafter GRBs), active galac-
tic nuclei (AGNs) and tidal disruption events (TDEs). The lack of high con-
tidence association between these neutrino events and a particular type of
sources significantly complicated the interpretation of their origin. Poten-
tially, they are produced in the sources where ultra-high energy cosmic rays
(protons or nucleons with energy exceeding 10'° ¢V) are accelerated. If the
origin of these neutrinos remains an open question, the VHE neutrino event
IceCube 170922A [131] and its 3.5¢ association with the (simultaneously) flar-
ing blazar TXS 0506+056 [133} [189] made clear that high energy (HE; > 100
MeV) protons, neutrons and even possibly nucleons have an important role
to play in the dynamics and the radiation of relativistic jets [31] 241}, 24].
Blazars are a subclass of AGNs which have their jet aligned with or making
a small angle to the observer [257]. Blazars are among the most luminous and
energetic sources in the Universe. Based on optical emission lines blazars are
sub-grouped as flat spectrum radio quasars (FSRQs) and BL Lacs: the emis-
sion lines are strong and quasar-like in FSRQs and weak or absent in BL lacs
[257]. The emission from blazar jets, extending from radio to HE and VHE
y-ray bands [188], is characterized by rapid and high amplitude variability,
especially in the HE and VHE <-ray bands [e.g., (18, 13]. This variability
suggests that the emission originates from a compact relativistically moving
region. Since the y-ray emission has been detected even from blazars at very
high redshift, z > 3.1, [e.g., 196, 12, 235], they are unique objects to study
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the evolution of jet power, morphology and emission processes in different

cosmic epochs.

The broadband spectral energy distribution (SED) of blazars typically ex-
hibit a double hump distribution, the first one peaking at optical/UV or X-
ray bands (low energy component) and the other one in the HE or VHE y-ray
bands (HE component). The low energy component is usually explained by
synchrotron radiation of relativistic electrons in the jet magnetic field. The
origin of the HE component is still under debate, mostly between two main
scenarios. In leptonic scenarios, the HE component is due to inverse Comp-
ton scattering of low energy seed photons by the relativistic electrons in the
blazar jet [104] 162, 38]. The nature of the seed photons depends on the loca-
tion of the emission region and can be produced either inside or outside the
jet [e.g., 244]. In the alternative hadronic scenarios, synchrotron radiation
from protons, see e.g. (author?) [179], and secondaries generated in photo-
pion and photo-pair interactions produce the emission from the X-ray to the
HE <y-rays bands [160, 161}, 180]. In addition, inelastic pp scattering could be
involved when the highly energetic protons of the jet interact with a dense
proton target, such as clouds in the broad line region or surrounding stars
(e.g. (author?) [82,29] 20]).

Protons are unavoidably accelerated with the electrons in the jet, but a di-
rect test of their presence and energy cannot be done when only considering
electromagnetic data. Except for the cases when the leptonic models face se-
vere problems to account for the observed data, usually both leptonic and
hadronic models give equally good representation of the data [e.g., 43]. In-
direct test of proton content and a proof of the hadronic origin of the HE
and VHE emission can only be given by the observation of VHE neutrinos.
Indeed, when protons interact within the jet, the energy they lose is nearly
equally divided into electromagnetic and neutrinos components. The pro-
duced neutrinos escape the emitting region, carrying information about the
protons in the jet and their distribution function.

Multimessenger observations have long been considered the next major
breakthrough required for the study of extra-galactic objects. The recent as-
sociation of IceCube 170922A [131] with TXS 0506+056 provided the first ever
possibility to perform a direct multimessenger study of a blazar jet. In addi-
tion, an analysis of the IceCube archival data revealed a ~ 13 neutrinos excess
within a 110 day period, between September 2014 and March 2015, in the di-
rection of TXS 0506+056. Those two pieces of information together suggests
that TXS 0506+056 is indeed the source of those HE neutrinos. Moreover, a
second possible association between the muon track event IceCube 200107A
[129] and the blazar 3HSP J095507.9+355101 in a flaring state was reported
based on the small angular distance (0.62°) between 3HSP J095507.9+355101
and the best-fit position of IceCube 200107A [115, [195]. These two associ-
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ations provide unprecedented data allowing to constrain the hadronic pro-
cesses in relativistic jets.

In order to exploit multiwavelength and multimessenger data-sets, several
groups have developed numerical models to estimate leptons, hadron and
photon distribution functions, either under the steady state approximation
[23, 44, 61, 271], or in a fully time dependent approach [169, 198, 32, 259,
88, 187, 98, 137, [135] and use them to model the broadband SED of blazars
and other relativistic transients. Time-dependent modeling of blazars, both
leptonic and hadronic is required to understand the time evolution of particle
distribution functions, for instance during a flare, see e.g. [45].

Time-dependent hadronic modeling is challenging as many different par-
ticles are involved. The time evolution of the initial particle populations, as
well as that of the secondaries, should be treated with a set of kinetic equa-
tions, where the energy is conserved in a self-consistent manner, i.e., the en-
ergy lost by a particle is exactly transferred to the energy of other particles.
In this paper, we present and use a new fully time-dependent hadronic code,
SOPRAN standing for Simulator of Processes in Relativistic AstroNom-
ical Objects, which takes into account all relevant processes (leptonic and
hadronic) and allows to compute the SED in any given period. The code
solves the time dependent isotropic kinetic equations and preserves the to-
tal energy of the system as well as the number of particles where needed.
The code structure is modular such that processes can be easily added (or re-
moved). SOPRANO is implicit so numerical stability is achieved at all time.
The code is designed in a such manner that by changing the initial condi-
tions, the lepto-hadronic processes can be investigated in blazar jets, GRBs
and other relativistic astrophysical sources where protons are hypothesized
to be efficiently accelerated.

The paper is organised as follow. Section |6.2| gives a short description of
our kinetic code SOPRANO. The kinetic processes included in our numeri-
cal code and their cross-sections are detailed in Appendix|.1l The numerical
discretization in energy and in time is provided in Appendix |2, The analyt-
ical estimates of several key model parameters are provided in Section
whereas the code is applied to model the broadband SEDs of TXS 0506+056,
3HSP J095507.9+355101 and 3C 279 in Section The discussion is in Sec-
tion whereas the conclusion is summarized in Section Throughout
the paper, we use the definition X = X, x 10* where a quantity X is given in
cgs units. Moreover, the following cosmological constants are adopted: (),
=0.3,04 =0.7,and Hy =70 km s~ Mpc~! [95].

Thttps://www.amsdc.am/soprano
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Relativistic AstroNomical Objects

Investigation of hadronic processes in galactic sources, such as supernovae
remnants and pulsar wind nebulae, as well as extra-galactic objects, such as
AGNs and GRBs, has always been an interesting but challenging task. Pri-
marily, it is related with the desire to identify the sources in which cosmic
rays and ultra-high energy cosmic rays are accelerated, and to understand
the processes responsible for the broadband emission. Such studies are es-
pecially timely after the recent IceCube observations of cosmic neutrinos and
their association with blazars. Indeed, for the first time, it is possible to con-
strain the emission process using a different window than that of electromag-
netic observations.

In order to interpret the observed data and constrain the models that can
explain the observed VHE neutrinos, it is necessary to perform self-consistent
simulations of the time evolution of the distribution functions of all interact-
ing particles: protons, neutrons, photons, electrons and positrons, as well
as of the secondaries produced in photohadronic interactions, such as pions,
muons and neutrinos. This is a challenging task since i) there is a large num-
ber of distribution functions (fourteen even though some are trivial), ii) all
equations describing the time evolution of particle distribution functions are
coupled in a non-trivial and non-linear way by many complex processes that
iii) have very different time scales, requiring an implicit time discretization.
The high number of distribution functions is necessary to compute the cool-
ing and emission of charged secondaries, pions and muons. This requirement
also prevents the use of semi-analytical expressions for the production rate of
neutrinos, as given in e.g. [143]]

For blazars, the magnetic field is expected to be around or smaller than
1G for leptonic models [see e.g. 94, 106, 251, [100], while hadronic models
usually require the magnetic field to be larger, in the range of few tens to
few hundreds Gauss [220, 271], see however (author?) [148]. This magnetic
tield is too low to observe a substantial modification of the neutrino spec-
trum [49]. However, synchrotron cooling of secondaries produces photons,
which form pairs, which in turn will radiate, effectively shifting the spectrum
to lower-energies for which strong constraints are given by X-ray observa-
tories. In fact, X-ray observations are believed to be the most constraining
ones for hadronic models of blazars. In particular, they strongly challenge
any models attempting to explain the neutrino emission of TSX 0506+056
[142] 60| 97, 263].

With the goal to model the multiwavelength and multimessenger SED of
relativistic sources (e.g., AGNs and GRBs), we have developed a numerical
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code which computes the temporal evolution of particle distribution func-
tions by solving the relevant kinetic equations. This code, SOPRANO, relies
on two underlying assumptions : i) the space is homogeneous and ii) particle
distribution functions are isotropic. In its current version, SOPRANO uses
implicit time discretization to evolve the distribution functions of the follow-
ing particles:

1. photons,

electrons and positrons, considered as a single particle type,
protons,

neutrons,

charged (7", 77) and neutral pions (%) separately

muons

N o g ok » DN

neutrinos and anti-neutrinos, all species separately.
The processes considered for the above listed particles are:

1. synchrotron emission and cooling of all charged particles (protons, elec-
trons and positrons, charged pions and muons),

2. inverse Compton scattering of photons by electrons and positrons,
3. Bethe-Heitler photo-pair production and corresponding proton cooling,

4. photo-pion production and corresponding cooling of protons and neu-
trons,

5. pion and muon decay,
6. neutrino production.

Detailed expression for the interactions kernel and all terms appearing in the
kinetic equations for all particle species are given in Appendix

The energy discretization of the fourteen coupled partial differential equa-
tions is presented in Appendix |2\ It follows from the prescription of finite
volume allowing us to conserve particle number to machine accuracy for all
processes which conserve particle number. For instance, for pion decay, there
are as many muons and neutrinos created as pions that decay. Our numer-
ical implementation ensures that dn,/dt = —dn,/dt = —adn,/dt. Energy
conservation is also enforced by specific choices for the fluxes for diffusion-
like terms or redistribution of particles between adjacent energy cells. The
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ditticulty in our numerical implementation is in the computation of the 3-

to 5-dimensional integrals which approximate the rates on each energy bin.
Each of those integrals are computed to a relative accuracy of 10~# with lo-
cally adaptive Gauss-Kronrod method. They only need to be computed one
time for a given grid and since we do not change the energy grid, they remain
the same for all the results presented here.

The largely varying time-scale of the processes and the large energy span
of particle and photon grids require using an implicit scheme for the time
integration. The code uses a semi-implicit version of the backward Euler
method, that is to say that for the evaluation of photo-pion and photo-pair
collisional terms, the photon spectrum is assumed to be explicit, while the
proton and neutron distribution functions are solved for implicitly. This as-
sumption makes the kinetic equation for all hadrons linear by decoupling
their evolution from that of the photons and pairs. In practice, it means that
the rate of photo-pair and photo-pion interactions might be underestimated,
unless the time step is carefully chosen. We have studied how the time step
of the integration method should be chosen to minimise the impact on the
solution. Then, the kinetic equations describing the evolution of leptons are
solved fully implicitly. The product terms n,,n, and n,,n,, appearing in
Compton scattering and pair production make the problem non-linear and
the coupled kinetic equations are solved with the Newton-Raphson method.
We have checked that our code is able to properly account for particle cooling
as well as to reproduce semi-analytical examples. Those tests are presented

in Appendix

6.3 Model Setup: Analytical estimation of model
parameters

The broadband spectrum of blazars extends from radio to the HE or VHE
v-ray bands, covering a large 10%° Hz frequency range [e.g., [188]. The ob-
served nonthermal emission is produced in the jet and can be explained by
different models. The primary dichotomy is the split between leptonic and
hadronic models, depending on the type of particles (electron-positron pairs
or hadrons) initiating the emission. On the one hand, leptonic models are
solely based on the synchrotron emission of relativistic electrons at low en-
ergy, while the HE peak is explained either by synchrotron self-Compton,
hereinafter SSC, or by external Compton process. These models assume that
proton emission has a negligible contribution to the overall SED, and there-
fore lack the ability to produce a significant amount of VHE neutrinos (~
10'%eV) as detected by the IceCube observatory [128, [1]. In contrast, the so-
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called hadronic models assume that protons are also efficiently accelerated
in the jet and contribute to the multiwavelength spectrum either by the syn-
chrotron process, or by the radiation from the secondaries produced in photo-
pair and photo-pion interactions.

The modeling of the observed SEDs, be it leptonic, hadronic or lepto-hadronic,
is a regular approach and is a unique way to investigate the physical pro-
cesses taking place in jets. The particle spectra are defined by the acceleration
and cooling processes within the jet, which may vary from source to source.
In this work, we assume that particles are instantaneously accelerated and
injected in the emission zone where they radiate their energy. The particle in-
jection spectrum is usually assumed to be a simple power-law, a power-law
with an exponential cutoff or a broken power-law. Additionally, the emitting
region can contain broad external photon fields which interact with the rela-
tivistic particles in the jet. For instance, photons emitted by the dusty torus
or reflected by the broad line region play a crucial role in shaping the multi-
wavelength emission of FSRQs [e.g., order of minutes, 244, 242, [106]. More-
over an arbitrary distributed photon field can be considered as well, which is
necessary for complex scenarios such as the multi-zones or the spine-sheath
layer models [252]. SOPRANO is designed to work with arbitrary injection
particle spectrum as well as arbitrary external photon field, and proceed to
compute the evolution of particle spectrum. This makes SOPRANO an ideal
code to investigate the emission processes in different astrophysical environ-
ment.

Within the leptonic and hadronic interpretation of the blazar SEDs, it is
assumed that the emission is produced in a spherical blob of comoving size
R’ that moves towards the observer with a bulk Lorentz factor I' ~ &, where
0 is the Doppler factor. Accelerated leptons and hadrons are injected in the
emitting region, which is uniformly filled with a magnetic field of strength B.
The magnetic jet luminosity is

B2
Lg = mcR"?6*=—, 6.3.1
B = 7IC = (6.3.1)

where ¢ is the speed of light. We assume that protons are injected in the
comoving frame with a power-law spectrum:

Q,(7p) = Qo 7y " Yo < Ypmax- (6.3.2)

The normalization factor Q(),p is linked to the proton luminosity as

L,= nR’Z(SszC3/’pr;('yp)'yp, (6.3.3)
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where m, is the proton mass. We assume that the injection electron spectrum

is given by a power-law with an exponential cut-off :

QE)’Ye_ae exp <_ Te ) Ye,min < Ye < Vemaxs

e,cut

Qe(ve) = (6.3.4)

0 otherwise,

where v, i, is the minimum injection Lorentz factor. The electron luminosity
is then given by

L, = nR"?6*m,c? / Ye QL(7ve) d7ye, (6.3.5)

where m, is the electron mass. In general 7,y should be defined by the
equality of the acceleration and cooling time-scales. However, in order to
have a broad inference of the physical processes in the jet, e, is consid-
ered a free parameter which will be constrained by the data. The distribution
functions of protons and electrons evolve via cooling and via interaction with
photons, producing different signatures in the broadband spectrum. Our aim
is to identify those signatures and use them to constrain the emission mecha-
nism within the framework of different scenarios.

In one dynamical time-scale, t{’i ~ R’/c, electrons and positrons cool to
Lorentz factor

67T, C>

— 3pn—2p/—1

Ye,c
where o is the Thompson cross-section. The associated observed synchrotron
characteristic frequency is

48716c3m,q 14c 3172
Ve = W ~40x10 51B R/16 HZ, (637)
where g is the elementary charge. The frequency v, is usually associated to
the peak frequency of the low energy component in the SED. The injection
frequency corresponding to electrons with Lorentz factor -, i, is given by

4 qBo;,, :
meg;—7i§ﬂ~75xuﬂ%¢wQMAfﬁ. (6.3.8)
Another turnover in the synchrotron spectrum is at the self-absorption fre-
quency vssa. Synchrotron self-absorption dominates at low frequency, specif-
ically in the radio band, and introduces a cut-off like modification around the
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frequency vgsa [ 182]:

1 B/ 1/7 L/2/7
¢ ) sy (6.3.9)

/ ~ _
Vssa ™ 3 (mgc R4/7

where Lgyn is the synchrotron energy distribution peak luminosity.

The interaction between the photons of the low energy hump and the elec-
trons and positrons producing this hump via synchrotron radiation can pro-
duce the second peak in the broadband spectrum (SSC). The peak frequency
of this component depends on the the cooling regime of the electrons and on
the peak frequency of the synchrotron component. It is given by

2
v 276,minverm Ve, < Ve,m
Ic = 5
276,CV€,C Ven < Ve,

(6.3.10)

1.5 x 10**B017: yyina Hz,  Vee < Ve
43 x 10216, B7"Rit Hz, Ve < Vee

for fast and slow cooling respectively. Similarly, the ratio of luminosities of
the synchrotron Ls and the inverse self-Compton Ljc components can be ap-
proximated by

1—a,
2 0% ¢
ET’)’E,C ( e ) Ve > Ve,m

LSSC ~ Ye,min
Lsyn 2

§T'Y€,c’)’e,min Ve,o < Vem

(6.3.11)

where T = o7R 1/, is the opacity of the source for the Compton process and 7/
is the comoving electron density. It is computed assuming that the Thomson
regime is achieved for the peak, which might not always be the case.

For hadronic models (hereinafter HM), and more specifically for proton
synchrotron models, the HE component of the SED is dominated by the pro-
ton synchrotron radiation rather than by the inverse Compton scattering.
This model requires that a substantial number of protons are accelerated in
the jet to very large Lorentz factmﬂ In this case, the required magnetic field
is larger than in leptonic models, with B in the order of hundred Gauss. The

2In principle, the maximum proton energy 7, could be estimated by assuming an acceler-
ation time of the form t4.. ~ 'ypmpcz/ (ncgB), where 17 ~ 1 is the acceleration efficiency.
This time is then compared to the different cooling time scale to obtain an estimate of
Yp,max-
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peak frequency of proton synchrotron emission is at:

vl = 4.1 x 10**B2617} yuax,0 HZ, (6.3.12)

where we did not consider cooling. In general, hadronic models necessitate
much more energetic jets since they require a large magnetic field, as well
as a significant amount of energy in relativistic protons. We further discuss
these constraints in Section In addition to synchrotron loses, relativistic
protons of the jet also lose energy by photo-pion and Bethe-Heithler photo-
pair interactions with the photons.

For hybrid models, a subclass of hadronic models, the low and high energy
peaks are explained by leptonic processes and proton synchrotron emission
is required to be subdominant. The requirement on proton content is ob-
tained by maximizing the neutrino flux at PeV energies, which is constrained
by the radiation from the secondaries produced by the Bethe-Heithler and
photo-pion processes. Indeed, it has long been speculated that efficient neu-
trino production is associated with efficient Bethe-Heithler process, creating
a population of HE pairs, which can over-shine the tight constraints in the
X-ray band [e.g., order of minutes, 200].

In order to produce PeV neutrinos, protons should have a comoving energy
larger than E;, > 10'2/41 eV. Assuming for simplicity that the Bethe-Heithler

process creates pairs with Lorentz factor v+ = 7,/ ﬂ the pairs created by the
protons producing PeV neutrinos are in the fast cooling regime, see Equa-
tion (6.3.6). Therefore, the energy produced in the Bethe-Heitler process is
efficiently radiated by synchrotron radiation. For an electron or positron to
radiate in X-ray, its Lorentz factor should be

3ntvem 1 1
1keV 3
17 =\ g (5%6 ~5.7 x 10V}, /B, %4, °. (6.3.13)

NI—=

which is smaller than the Lorentz factor of the pairs from the protons produc-
ing PeV neutrinos. Therefore, synchrotron radiation from the Bethe-Heitler
pairs contributes to the X-ray band. We now estimates the Bethe-Heitler pair
spectrum. The Bethe-Heithler pair yield is

on4 . o o dos
—; (1) =2 /O dxnpy (x) /1 dypNp s (6.3.14)

where x = hv/(mc?) is the photon energy normalised to the electron rest

3This assumptions requires the inelasticity to be x, ~ 10~%. [170] computed the inelasticity
and finds that it steadily decreases from 1073 for increasing ypx, where x = hv/ (mgcz),
with & the Planck constant.
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mass. Under the head-on approximation and if the photon energy is small
enough to neglect proton recoil, the differential pair rate can be written as
[75]

doy xor 1 Tp

e 2 - <1<, (63.15)
where « is the fine structure constant. We further assume that the photon
spectrum is well approximated by 7, (e) = n,0e” "“?", which is realistic since
the synchrotron emission from the electrons forming the low energy bump
can be well approximated by a succession of power-laws with indexes a,, =
2/3,3/2, (xe + 1) /2, where we neglected self-absorption and specialised to
the fast cooling scenario, usually appropriate for HM. We also further assume
that protons do not cool substantially such that their distribution function is

Np = Npovp " for Yp < 7Yp,max, then the integral of Equation 6.3.14yields

ani «
7(71) ~ nco72

+
Xpp 0p — 1

prt2-ay 10 No_ api=ap=1 (6.3.16)

Therefore, the pair injection spectrum will be formed of three smoothly con-
nected power-laws with indexes app —ap — 1, where app = 2 /3,3/2, (xe +
1) /2. Since these pairs are in the fast cooling regime, their distribution func-
tion is well approximated by smoothly connected power-laws with indexes
q = app — ap — 2. From [224], the resulting photon flux is well approximated

by three smoothly connected power-laws F, « v~9/2.

In proton synchrotron models, when the proton injection index is a, ~ 2,
the specific spectral power vF, of the synchrotron emission from the Bethe-
Heithler pairs is nearly flat with indexes —2/3, —1/4, —(a, — 3) /4. The spec-
trum extends up to energies

2

m

Vi iax ~ (—'”E ) T2yl ~ 3.0 x 10%Byd172 9 Hz. (6.3.17)
Yp,max me

where we used Equation for the synchrotron frequency associated to
the highest energy protons with Lorentz factor 7y, uax. Yet, because the pair
synchrotron emission peaks at such a large frequency, its contribution to the
X-ray is likely to be small and not constraining for proton synchrotron mod-
els. However, this is not the case for hybrid models when the peak frequency
for synchrotron radiation from the pairs will be

Ve max ~ 3.0 X 10”B_1617; 7 Hz, (6.3.18)
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around the X-ray frequency, in agreements with the estimates trom [200]. Itis

clear that increasing the neutrino flux requires to increase the density of pro-
tons or of photons. This leads to an increase of the production rate of pairs,
and as a result, a larger synchrotron flux in the X-ray band, which becomes
critical for constraining this type of models [200, 97, 218].

6.4 Modeling of Blazar SEDs

The code SOPRANO, described in Section 6.2, is used to model the multi-
wavelength SEDs of TXS 0506+056, 3HSP J095507.9+355101 and 3C 279. Two
of these sources, TXS 0506+056 and 3HSP J095507.9+355101, coincide in space
and time with the IceCube 170922A and IceCube 200107A events, respec-
tively. The other source, 3C 279, shows a prominent flare in the «y-ray band.
It is assumed that protons and electrons are injected in the emitting re-
gion with energy distributions given by Equations and (6.3.4), respec-
tively. We also assume that the injection power-law indexes are such that
®, = a&p. Once injected in the emitting region, particles interact with the
magnetic field and with the photons, producing secondary particles, which
themselves interact, radiate and decay, shaping the broadband SED. The low
energy component is interpreted as the synchrotron emission of the primary
electrons while the HE component is formed by joint contributions of in-
verse Compton scattering of primary electrons and of synchrotron radiation
from the protons, as well as secondary particles from photo-hadronic inter-
actions. The system of kinetic equations is evolved for one dynamical time
scale t;yn ~ R’/c considering the magnetic field to be constant, and taking

into account all relevant processes for particles interactions.

6.4.1 Modeling of TXS 05064056 SED

After the observations of neutrinos from the direction of TXS 0506+056 [131,
133]], hadronic processes in its jet have been extensively studied. The mul-
tiwavelength emission and neutrino production were discussed for the p7y
[19,1141] 181},159,096| 221}, 202] and pp [225,[154] interaction scenarios. The cur-
rent modeling consensus is that the applied one zone models predict, albeit
low, but still consistent results with the observation of one neutrino event in
2017. However, the neutrino flare in 20142015 cannot be explained when both
the neutrinos and the electromagnetic emission are produced from the same
region.

Panels a) and b) of Figure[6.1|show the SED of TXS 0506+056 when the neu-
trino event was observed. The multiwavelength data from (author?) [131]
are modeled within a HM scenario in panel a). The corresponding model
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Figure 6.1 The multiwavelength SED of TXS 0506+056 during the neutrino
emission in 2017 (upper panels) and during the neutrino flare in 2014-2015
(lower panels) modeled within the hadronic and lepto-hadronic hybrid sce-
narios. The solid blue line in all plots represents the sum of all components
which has been corrected for EBL absorption considering the model of (au-

thor?) [89].
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Table 6.1 Parameter sets used for modeling the SEDs of TXS 0506+056, ob-
served in 2017 and during the neutrino flare in 2014-2015. The electon, proton
and magnetic luminosities are also given.

TXS 0506+056
2017 2014-2015 |
Hadronic Lepto-hadronic | Hadronic Lepto-hadronic
5 20 20 15 10
R/10% cm 2.5 10 1 100
B[G] 80 0.57 35 0.65
Yemin 100 1000 2 x 102 9 x 103
Yecut 2.4 x 103 4.5 x 104 10* =Yemax
Ve max 3 x 10* 6 x 104 8 x 104 8 x 104
(e 2.1 2.0 2.0 2.0
ap = 2.1 2.0 2.0 2.0
Yp,min 1 1 1 1
Vpmax 10° 10° 2 x 108 1.2 x 10°
Lo (ergs™1) 22 x10% 9.3 x 10* 2.8 x 10* 5.3 x 10*
L (ergs!) 6.0 x 10% 49 x 108 10% 1.6 x 10%
Lp(ergs™) 21x10Y 2.6 x 10™ 3.4 x 10¥ 4.9 x 102

parameters are given in Table The sum of all components, represented
by the blue line in the top left panel of Figure satisfactorily explains the
observed data. The model over-predicts the radio data, but when taking the
synchrotron self-absorption into account via Equation (6.3.9), which is signif-
icant below the energies ~ 1072 eV ( ~ 3 x 10'! Hz) the model is in agree-
ment with the data. Under the guise of our modeling, the data up to the soft
X-ray band are produced by synchrotron emission of electrons, which are
in the fast-cooling regime. Indeed the magnetic field is required to be high,
B = 80G, to explain the HE peak with proton synchrotron emission, shown
by the red dashed line in panel a) of Figure with a contribution of muon
synchrotron emission at HEs, represented by the gray dashed line. The con-
tribution of pion synchrotron emission is negligible and does not contribute
substantially to the flux observed by the MAGIC telescopes [19]. The emis-
sion in the transition region between the low and high energy components,
in the X-ray band, is dominated by proton synchrotron emission, with little
contribution from the cascade emission of the secondary pairs produced from
the absorption of VHE <y-rays and by the emission of pairs from the Bethe-
Heithler process.

The modeling parameters given in the first column of Table [6.1| are in the
range of similar estimations for blazars in general and for TXS 0506+056 in
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particular. A Doppler factor 6 = 20 and a radius R’ = 2.5 x 10" cm were
used in our modeling. This is in agreement with the limits on the variability
time of 10°s presented in [142] and in [190]. We note that when § = 10 or 15,
the data can also be well reproduced by the model. The radius, which defines
the density of interacting particles and photons, is a crucial quantity in defin-
ing the type of model. The initial injection power-law index of the emitting
electrons is a, = 2.1, a value that can be formed by shock accelerations, e.g.
[35]. Due to the high magnetic field, B = 80 G, electrons are in the fast cooling
regime and their distribution function is a power-law with index «a, + 1. The
initial electron distribution extends up to ¢, = 2.4 x 10° (~ 1 GeV) which
is representative of the acceleration and cooling time scales. Instead, protons
cool less efficiently and they could be accelerated up to much higher energies,
ie. Ymax = 107 (9.4 x 107 eV), see the discussion in Section

Previous modelings of TXS 0506+056 have shown that hybrid models can
be good alternatives to proton synchrotron or leptonic models [59,97]. They
are found to be favourable from the point of view of neutrino observations.
The SED of TXS 05064056, now modeled within the framework of a hybrid
lepto-hadronic scenario, is shown in panel b) of Figure[6.1} The model param-
eters are given in the second column of Table The blue dashed lines rep-
resent the time evolution of the spectrum in selected numerical steps, which
builds and forms the overall SED, represented by the solid blue line after one
dynamical time scale.

The synchrotron component peaking between 1-10 eV is up-scattered by
the relativistic electrons to produce the HE and VHE component. The mag-
netic field in the emitting region is B = 0.57G significantly lower than for
the proton synchrotron modeling. Therefore, electrons with Lorentz factor
Yemin = 103 are not substantially cooled in one dynamical time scale. The
electron distribution function is a broken power-law with an exponential cut-
off, 4, % and 7, %! expl—"e/Ye,cut), with a break at Lorentz factor .. =
7 x 10%, where we used Equation (6.3.6). In order for the neutrino spectrum
to peak around the energy of the observed neutrino (290 TeV), the comoving
proton distribution function should extend at least up to ypmax = 106(51_ L
This Lorentz factor is lower than what is usually used in pure HM models.
For this hybrid model, protons do not directly contribute to the observed
SED. Their radiative signature is due to the emission of the secondaries of
photo-pion and photo-pair interactions. Their contribution dominate in the
X-ray band, which constrains the proton luminosity and as a consequence
the neutrino luminosity. For example, if one increases by 1.5 times thepro-
ton luminosity, the model would overshoot the X-ray data, as shown by the
dotted-dashed blue line in panel b) of Figure

We now present our results of the SED modeling obtained during the his-
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torical neutrino tlare of TXS 0506+056. Unfortunately, when 13 £ 5 neutri-

nos were observed between October 2014 and March 2015 [133], the mul-
tiwavelength coverage is scarce. Yet, the flux upper limit of F < 9.12 x
10712 erg cm~2 571 derived from Swift BAT observations [218] introduces sub-
stantial difficulties for a one-zone modeling. Indeed, the predicted number
of neutrino events cannot be matched to the IceCube observations. (author?)
[218] and (author?) [222] have shown that only few neutrino events could be
detected under different optimistic considerations for the emitting region and
for the target photon field (internal or external to the jet). Matching together
the observed multiwavelength data and the neutrino data seems to require
two zone models with more free parameters [218, 222].

To accommodate the X-ray limit and try to account for the neutrino flux
during this flare, two different assumptions on the proton distribution func-
tion are made. On the one hand, radiation from the secondaries can be con-
strained to be dominant in the MeV band, in which there are no observational
constraint. On the other hand, radiation from the secondaries could be dom-
inant in the GeV band and produce the second HE hump. The SEDs of these
two models are respectively shown in panels c) and d) of Figure with
data from (author?) [222]. Those two models lead to two very different sets
of parameters for the emitting region, see column 3 and 4 of Table The
first model requires a large radius R’ = 10Ycm and a slowly moving jet with
Doppler factor 6 = 10, while the second model necessitates those parameters
to be R’ = 10'°cm and 6 = 15. The required magnetic field also significantly
differs between these two models with B = 35G for the first model, to be com-
pared to B = 0.65G for the second one. The first model tends to reproduce the
neutrino flux, albeit produces the peak at lower energies. The second model
puts the neutrino peak at larger energy, but is not able to reproduce the ob-
served neutrino number. In both interpretations, it is clear that the upper
limit in the X-ray band imposes strong constraints on the photon spectrum,
which in turn limits the proton content in the jet. Considering larger proton
luminosity would lead to over-estimate both the observed <y-ray flux and the
X-ray upper limit.

6.4.2 Modeling of 3HSP J095507.94+355101 SED

The blazar 3HSP J095507.9+355101 is another interesting source to study within
a hadronic scenario. Indeed, it is a nearby blazar at redshift z = 0.55703 [193],
and it lies in the error region of the neutrino event IC 200107A [113]. The mul-
tiwavelength campaign, which started after the neutrino detection in January
2020, showed that 3HSP J095507.9+355101 was in a bright X-ray emission
state with a synchrotron peak frequency of 5 x 107 Hz [115]. This is a typical
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Table 6.2 Parameters used to model the multiwavelength SEDs of 3HSP
J095507.9+355101 and 3C 279. The electron, proton and magnetic luminos-
ity is also displayed.

3HSP J095507.9+355101 3C279 |
January 8th | January 10th

Hadronic Lepto-hadronic Hadronic | Lepto-hadronic Hadronic
5 15 30 15 30 55
R/10% cm 0.3 10 0.3 10 0.32
B[G] 45 0.11 45 0.08 70
Ve min 104 100 5x 103 100 1
Ye,cut 6 x 10° 2 x 10° 2 x 10° 7 x 10° 2.4 x 102
Ve max 9 x 10° 6 x 10° 5 x 10° 6 x 10° 4 x 10?
e 1.9 2.0 1.9 2 1.8
ap = e 1.9 2.0 1.9 2 1.8
Vp,min 1 1 1 1 1
Ypmax 9 x 108 10° 9 x 10° 10° 2.1 x 108
L, (ergs™') 1.2 x10% 1.6 x 10* 7.3 x 108 2.1 x 10 1.9 x 10*
Lg (ergs™1) 1.5 x 10% 4.1 x 10% 1.5 x 10* 2.2 x 10%2 5.7 x 10%
Ly (ergs™1) 3.2x10% 8.0 x 10% 3.2 x 10% 1.8 x 10°! 1.3 x 10%

value for extreme peak blazars [74]. It is the first time that the jet of an ex-
treme blazar is associated with a neutrino event, straightening the assump-
tion that the jets of this blazar type are potential sites for cosmic rays and
even ultra-high energy cosmic ray acceleration [191]. The multimessenger
emission from 3HSP J095507.9+355101 was interpreted within various lep-
tonic and lepto-hadronic models by [203] and [195]. (author?) [203] showed
that a change of the X-ray flux above 1 keV does not significantly affect the
neutrino flux. The expected number of neutrinos during the 44-day period is
6 x 10~* with a low probability of ~ 0.06 % to detect one or more neutrinos.
Alternatively, (author?) [195] investigated the effects of the external photon
fields to enhance the neutrino production.

The SED of 3HSP J095507.9+355101 is shown in Figure where the mul-
tiwavelength data are from (author?) [115]. Optical, UV and X-ray data were
acquired on the 8, 10" and 11" of January. However, since the data taken
on the 8" and 11" of January seem to have the same flux and spectral shape
[203], we only model the data from the 8", The lack of available multiwave-
length data does not allow to constrain the low and high energy peaks, which
hardens the estimation of the model free parameters. A hint of a 20 — 30 min-
utes variability has been found in the NICER and NuSTAR data, but only
at the ~ 3.5 0 level [195]. Therefore, the compactness of the emitting region
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Figure 6.2 The multiwavelength SEDs of 3HSP J095507.9+355101 on the the
8" and the 11" of January (panels a) and b) on the top raw) and on the 10"
of January (panels c) and d) on the bottom raw). The data are taken from
(author?) [115,203]]. The observed spectrum including all processes is shown
by the solid blue line. All models (solid blue lines) have been corrected for
EBL absorption considering the model of (author?) [89].
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cannot be constrained. (author?) [203] investigated the blob radiusDoppler
factor relation for a wide range of photo-pion production efficiency and for
several set of parameters. In order to keep the generality, in the current study,
the SED of 3HSP J095507.9+355101 is modeled for two different parameter
configurations. For the HM, we consider R’ = 3 x 10 cm and 6 = 15, while
for the lepto-hadronic model we assume R’ ~ 10'® cm and § = 30.

In our hadronic modeling, the HE component is mainly due to the syn-
chrotron emission of protons, shown by the red dashed line in panel a) of

Figure Protons are assumed to have an energy distribution N, « 7, 19

and to be accelerated up to ypmax = 9 x 10°, corresponding to 8.4 x 107
eV. At VHEs, the largest contribution is due to muon synchrotron radiation,
represented by the gray dashed line in panel a) of Figure The high syn-
chrotron peak at ~ 10* eV can be reproduced when ¥, ¢yt = 6 X 10° and
B = 45 G. The minimal energy of the accelerated electrons is relatively high,
Yemin = 104, but still in the range of parameters usually estimated for ultra-
high-frequency-peaked blazars, see e.g. (author?) [62]. For the hybrid lepto-
hadronic modeling, shown in panel b) of Figure the emitting electrons
should be accelerated up to y,cut = 2 X 10° so the SSC component extends to
the GeV band to explain the observed data. In this model, a lower magnetic
tield of 0.11 G is required because of the larger radius of the emitting region
(R" = 10'® cm). The emission of the secondary pairs from protons accelerated
up t0 Yp,max = 10 dominates in the sub-MeV band.

The hadronic and hybrid modeling of the SED observed on the 10 of Jan-
uary 2020, is displayed in panel c) and d) of Figure respectively. Since
the peak of the low energy component, defined by the X-ray data, is at lower
energies than for observations performed on the 8/ of January, the model-
ing requires a three times smaller cutoff energy, i.e. Yecut = 2 X 10° and
Ye,cut = 7 X 10° for the hadronic and lepto-hadronic modelings, respectively.
The other parameters are given in Table and are similar with these ob-
tained from modeling the data observed on the 8! of January.

6.4.3 Modeling of 3C 279 SED during the 2015 flare

The emission from the powerful FSRQs 3C 279 at redshift z = 0.536 has been
detected in all possible spectral bands. Its broadband emission is charac-
terized by high amplitude variability almost in all energy bands [e.g., order
of minutes, [17] and in particular in the HE y-ray band, which present the
fastest variability. On the 16 of June 2015, Fermi LAT observations showed
that 3C 279 was in an exceptionally bright state. The flux increased up to
3.6 x 1075 photon cm~2 s~! with a flux doubling time on the order of 5 min-
utes [13]. IceCube performed a time-dependent neutrino signal search corre-
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Figure 6.3 The multiwavelength SED of 3C 279 during the exceptional flaring
activity in 2015. The contribution of different particle emission is shown by
dashed lines whereas the thick solid line represents the observed spectrum,
corrected for EBL absorption considering the model of (author?) [89].

lated with this -ray flare but no evidence for a signal was found [4]. We use
SOPRANO to model the SED of 3C 279 during its flare to infer the neutrino
flux. We consider a HM and explain the second peak with proton synchrotron
emission. The parameters of our modeling are given in Table

Figure|6.3/shows the multiwavelength SED of 3C 279 taken from (author?)
[41], alongside with the results of our modeling. During the brightening,
the X-ray emission of the source appears with a hard photon index < 1.50,
smoothly connecting with the INTEGRAL data, described by a power-law
with index 1.08 [41]. In the HE <-ray band, the spectrum presents a power-
law with photon index 2.21 with a turn over [194]. We make the hypothesis
that the HE component is produced from a single mechanism. In our mod-
eling it is interpreted as proton synchrotron emission, represented by the red
dashed lines in Figure This interpretation requires that protons are ac-
celerated up to ypmax = 2.1 X 108, see Table The compactness of the
emitting region implies a high efficiency for photo-pion and photo-pair in-
teractions, which inject energetic secondary pairs. The contribution of these
pairs dominates above ~ 10 GeV and peak at ~ 100 GeV, as can be seen by
the blue dashed line in Figure The synchrotron radiation of the primary
electrons peaks at ~ 0.1 eV and its HE tail accounts for the observed opti-
cal/UV data. These data constrain the cut-off energy to be relatively low,
Yecut = 2.4 % 102, otherwise, for B = 70 G and § = 55, the synchrotron radi-
ation would overshoot the observed flux in optical and UV bands. A similar
hadronic modeling for this flare is presented in [41] and in [201].
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6.5 Discussion

The primary class of objects to be studied in the multimessenger context are
blazars which are associated with neutrino events observed by IceCube. Even
if the associations are not at the 50 significance level, the observations by
IceCube put some constraints on the physical processes taking place in rela-
tivistic jets. Using the hadronic time-dependent model constrained by their
neutrino emission, the broadband SEDs of two blazars, namely TXS 0506+056
and 3HSP J095507.9+355101, respectively associated to the neutrino events IC
170922A and IC 200107A, are studied. We also analysed the SED of 3C 279
during its 2015 y-ray flaring period. For each source, we present several mod-
elings assuming that different components dominate in the HE y-ray band.
For the sources studied in this paper, we find that the proton synchrotron
model, the secondaries emission model and the hybrid lepto-hadronic model
can explain the observed SEDs under sensible assumptions for the particle
energy distributions.

Some of our modelings require a compact emitting region, with R’ < 10"cm.
In principle, the maximum energy of the particles, and specifically of the pro-
tons, is limited by requiring their Larmor radius, givenby rp, ;. = y,m,c*/(qB),
to be smaller than the emission region. All our models are consistent with
this requirement, and therefore protons can be accelerated to the maximum
energy as given in Tables [6.1]and The strongest constraints are obtained
for the hadronic model of 3HSP J095507.9+355101 for which the protons with
Ypmax = 9 X 10® have Larmor radius r; = 6.3 x 103cm, while the emitting
region has size R = 3 x 10'cm. The maximum particle energy can also be
limited by synchrotron cooling. Specifically, [83] balanced acceleration time-
scales for shock and gyroresonant acceleration with cooling time scale via the
synchrotron process to find that the electrons can be accelerated up to

Y 4 % 107B7 2. (6.5.1)

For all our modelings, we have ¥, ax < 70"*. Only the lepto-hadronic mod-
eling of 3HSP J095507.9+355101 is marginally consistent with this limit. Such
constraints are highly dependent on the acceleration mechanism and vary for
alternative scenarios, such as particle acceleration by magnetic reconnection
or in shear layers.

The power-law index of the accelerated particles, assumed to be equal for
protons and electrons, is found to be in the range « = 1.8 — 2.1, a value in
agreement with prediction of shock acceleration theories [e.g., order of min-
utes, [145] 249]. This index is defined by the acceleration processes, and we
note that protons and electrons could have different indexes. In fact, if par-
ticles are accelerated by shocks, the properties of their acceleration depend
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on the direction of the shock with the magnetic tield: quasi-parallel shocks

accelerate both ions and electrons, while quasi-perpendicular shocks only ac-
celerate electrons [51, 52} 53, 197, 123]. It is worth noting that magnetic re-
connection could be the mechanism accelerating particles in blazar jets, see
e.g. (author?) [109], in which case it is also expected that the power-law of
accelerated electrons and protons be slightly different [e.g., order of minutes,
120]).

An important quantity allowing to compare and contrast the models is the
luminosity carried out by electrons, protons and the magnetic field. They
are respectively computed with Equations (6.3.1), and and are
given in Table 6.1 for TXS 0506+056 and Table[6.2] for 3HSP J095507.9+355101
and 3C 279. In all our models, the total luminosity of the jet is defined by the
proton content. This is expected since our models are designed to produce a
high neutrino flux. Specifically, in the case of TXS 0506+056, for the proton
synchrotron model, shown on panel a) of Figure the required luminosity
for the jet is Lyot = Lp + Lo + Lp = 2.7 x 10 ergs~1. The energy budget
in the emitting region is dominated by the particles (L, + L.)/Lp ~ 3.5, yet
the system is closed to equipartition. For this model, the required luminos-
ity exceeds by one order of magnitude the Eddington luminosity of ~ 4 x
10%erg s~! for a black hole mass of 3 x 108 M, as estimated for TXS 0506+056
using the absolute R-band magnitude [190]. This is in agreement with previ-
ous studies suggesting that in the case of proton synchrotron models or mod-
els producing a high neutrino flux, the required jet luminosity exceeds that
of the Eddington limit [264]. Within a lepto-hadronic model, matching the
neutrino flux with the neutrino event of TXS 0506+056, displayed on panel
b) of Figure requires the jet luminosity to be ~ 10 erg s~1, significantly
exceeding that of the Eddington luminosity. Although the Eddington lumi-
nosity is not a strict limit and super-Eddington luminosities were previously
reported [134], this value is extremely large. On the other hand, for the neu-
trino flare in 2014-2015, when assuming that the emission from the secondary
pairs solely dominates in the X-ray and vy-ray bands, an unrealistically high
luminosity of ~ 10 erg s~ is obtained. Indeed, matching the high neutrino
flux with the large radius (10!” cm) imposed by the modeling in this case,
requires a large protons density, hence the too large proton luminosity. In the
alternative interpretation, when the emission from the secondary pairs domi-
nates in the GeV band, a modest luminosity of 3.4 x 10*” erg s~ is estimated.

For 3HSP J095507.9+355101, the situation is identical to that of TXS 0506+056.
For the HM, a luminosity of 3.2 x 10% ergs~! is estimated while the lepto-
hadronic modeling requires the jet luminosity to be ~ 10°! erg s~!. The black
hole mass of 3HSP J095507.9+355101 was estimated, using two different meth-
ods, to be 3 x 108 M, [193] or ~ 8 x 108 M, [195]. Therefore, the luminosity
estimated from the hadronic modeling is compatible with the Eddington lu-
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minosity (4 — 10) x 10% erg s~1. In principle, the proton contribution to the
overall jet luminosity can be decreased by assuming that protons have a softer
energy distribution, a, > 2.0, different than that of the electrons. However,
this introduces a new free parameter for the modeling, and the difference for
the proton luminosity would only be a factor of a few.

For 3C 279, the hadronic interpretation of the SED observed in 2015 is nat-
ural, considering the difficulties encountered by the leptonic models. Indeed,
when considering external inverse Compton scenario, the interpretation of
the observed large Compton dominance (~ 70, the luminosity ratio of the
high- and low -energy components) requires a strongly matter dominated jet
[22]. In the alternative hadronic modeling, the data from the X-ray band to
the y-ray band can be well reproduced by proton synchrotron emission, pro-
vided they are efficiently accelerated up to energy 2 x 107 eV with a power-
law index —1.8. The modeling requires a relatively high jet total luminosity
~ 10% erg s~!, which exceeds the Eddington luminosity (~ 104 erg s~1) for a
black hole mass of 8 x 10® M, [185]. However, this required luminosity is not
a strong argument to disfavour the hadronic origin of 3C 279 emission during
the 2015 flare considering that the source was in an exceptionally bright state.

Having estimated the model parameters of each blazar SEDs, the corre-
sponding neutrino flux can be derived. The flux of muon neutrino, F,, (E,,),
in all considered scenarios is shown by the light blue line in Figures
When available, the neutrino flux is compared with the limit imposed by
the IceCube detector. This flux can be transformed to the expected observed
number of neutrinos in the IceCube detector using its averaged effective area
Acff(Eu), which is mostly a function of the incident neutrino energy. For
3HSP J095507.9+355101 and 3C 279, the average area from (author?) [3] was
cosidered, while for TXS 0506+056 we used the area released after the ob-
servation of IceCube-170922A ﬂ The effective area increases with energy and
reaches its maximal value for energies above several hundreds of PeV. The
expected number of muon neutrinos and anti-neutrinos is computed through

Emllx,l/
Ny 5, = oxp / " £, (Ey,) Aef(Ey,) dEy, (6.5.2)

min,vﬂ

where the minimum and maximum energy of the neutrinos are Enmin,v, = 100

GeV and Emax,v, = 10° GeV, respectively, chosen to correspond the limits for
the effective area. The expected number of neutrino events depends on the
duration of the source activity, t,y,, over which the neutrinos are emitted. The
neutrino oscillation, within the quasi-two neutrino oscillation assumption, is

4https:/ /icecube.wisc.edu/science/data-releases/
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taken into account by

N = 0.575N,, + 0.425N,,, (6.5.3)

where N]‘/’fs is the observable distribution of muon neutrinos, while, va and
N,, are the emitted muon and electron neutrino distributions [93].

The expected number of neutrinos during the 6 months flare of TXS 0506+056
is 0.43 and 0.23 for the hadronic and the lepto-hadronic scenarios, respec-
tively. During the 2014-2015 neutrino flare, our most optimistic model predict
3.0-3.3 neutrinos for a 6 months exposure time (note however that the Ice-
Cube observational window was ~ 110 days). However, this lepto-hadronic
modeling requires the jet luminosity to reach unrealistic values, 4.9 x 10°?erg s,
significantly exceeding the Eddington limit. By slightly varying the model
parameters, a higher neutrino event count can be estimated, but it always re-
mains below the 13 £ 5 events mark. The neutrino flux directly depends on
the proton content in the jet, which is limited by the upper limit of the X-ray
luminosity. Our results are in agreement with previous estimations for TXS
05064056 and confirm that within a one-zone scenarios, 13 + 5 events from
the direction of TXS 0506+056 cannot be explained [218)} 222].

In the case of 3HSP J095507.9+355101, the muon neutrino rate, Ny, +7, /texp,

is within 6 x 10™% — 4.8 x 1072 per day. This implies that under this rate of
emission, the expected number of neutrinos to be detected by IceCube in a
time corresponding to the duration of the flare is very low. By exploring
different parameter sets, (author?) [203] concluded that in the most promising
scenarios, there is a ~ 1% to ~ 3% to observe one neutrino over the time
characteristic of the long-term emission of 3HSP J095507.9+355101 (years).
As the neutrino emission seems to coincide with extreme behaviour of 3HSP
J095507.9+355101 in the X-ray band, in principle, a large number of neutrinos
could be expected if such an activity continues for a longer period. However,
this is not the case for 3HSP J095507.9+355101. Similarly, when considering
the flaring activity of 3C 279, a neutrino daily rate as high as 0.15 per day is
estimated. However, for a relatively short period of the source activity, from
minutes to one day, no neutrino events in the IceCube detector are expected,
in agreement with [4].

6.6 Conclusion

Extensive multiwavelength data campaigns from radio to TeV energy bands
and simultaneous observations of VHE neutrinos by increasingly more pre-
cise experiments pave the way towards a better understanding of highly en-
ergetic sources, both in terms of emission mechanism and dynamics. The un-
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derstanding of the broad SED and neutrino emission requires detailed time-
dependent numerical models of the interactions between leptons, photons
and hadrons. We have presented a new kinetic model of photo-hadronic and
leptonic interactions aiming at studying the emission of optically thin (for
Compton scattering) scenarios of relativistic sources (e.g., AGNs and GRBs).
Our numerical solution of the kinetic equations for protons, neutrons, pions,
muons, neutrinos, pairs, and photons conserves the total energy of the system
as well as the number of particles where required. The code takes as an in-
put the spectral injection rate of the particles (e.g., electrons and/or protons),
and compute the time evolution of all relevant particles, including the secon-
daries, as they interact and cool, allowing the computation of the broadband
emission spectrum at any given period.

In this paper, we have applied SOPRANO to model the SEDs of three
blazars, two of which are potentially associated to neutrino emission ob-
served by IceCube. We have assumed different models for the production
of the HE component and compute in all cases the expected number of muon
neutrinos. The time-dependent nature of the code allowed to follow the evo-
lution of all particles in one dynamical time scale and then assess the proton
content in the jet by using the radiative spectrum of either secondaries or ini-
tial particles. This is necessary for the estimation of the expected number of
neutrinos. Such time-dependent treatment of the particle evolution enabled
us to constrain different scenarios of neutrino production by using the limits
imposed by the observations in different bands.
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equations

In the current version of SOPRANO, the isotropic kinetic equations for pho-
tons, electrons and positrons (considered as one species, see below), protons,
neutrons, charged and neutral pions, muons, neutrino and anti-neutrino of
all relevantﬂ flavors are evolved in time. For the photon distribution func-
tion, we assign 7,, to be the number of photons per unit volume per hertz.
We further define N; to be the number of particles of i species per unit vol-
ume per unit Lorentz factor of particle i. Here, i can be all leptons and all
hadrons. Finally, we define N,, as the number of neutrinos of i flavour per
unit volume per GeV. In our numerical approach, all hadrons and leptons
are considered relativistic with ; > 1. This appendix gives an overview of
the kinetic equations, of the cross-sections and of the kinetic equations used
in SOPRANO for all considered interactions. In Appendix |2, we detail the
numerical prescription.

.1.1 Kinetic equations for all particles

Here, we summarize all terms appearing in the kinetic equations for all par-
ticle species. We denote Q, S and C as the source, sink and cooling terms,
respectively. The contribution of inverse Compton scattering is denoted by
Rjc for the photons and it is a cooling term for the leptons. Detailed ex-
pressions for the interaction kernels are given in the next subsections of this
appendix.

e Photons are produced by the synchrotron radiation of all charged parti-
cles and by the decay of neutral pions, 77yp. They are absorbed by pair
production and redistributed in energy by inverse Compton scattering.
We neglect the absorption of photons in the photo-pion and photo-pair
processes. We did not consider synchrotron self-absorption and are
planning to include it in the next version. The resulting kinetic equa-
tion takes the form

on h .
a_f = =S sete- + Qny + Ric + ) Synch (.1.1.1)
i€[p,p*,m* e*]

where the last sum runs on all charged particles.

o Leptons (electrons and positrons) are considered as a single species. They
are created by muon decay, Bethe-Heitler photo-pair production and

57 neutrino cannot be produced by photo-hadronic interactions.
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two photons recombination. They also undergo synchrotron cooling
such that the final kinetic equation reads as

ON,+
ot

= Qur + Qpyoete + Qyymere + Cic + Coynch- (1.1.2)

Protons are loosing energy by synchrotron emission, photo-pair and
photo-pion interactions. Protons are produced through photo-hadronic
interactions between photons and neutrons, and are turned to neutrons
for a substantial fraction of photo-pion interactions. The kinetic equa-
tion takes the form

oN
a_tp = Cpry%pn + pr%ﬁg* + Csynch - S'yp%nn + Q’yn%prb (-1~1-3)

Neutrons are produced in photo-pion interactions and turned to protons
by the same process. The kinetic equation takes the form

oN,
a—tn - —Sn'y—>p7-[ + Qp’y—ﬁlﬂ,’ + Cn'y—mr[- (114)

In the current version of the code, we do not include neutron decay.
Indeed, for the very large particle Lorentz factor involved, neutrons
would escape the source before decaying. In principle, neutrinos pro-
duced by neutron decay should contribute to the observed overall sig-
nal. But since we are considering models in which the neutron number
is always much smaller than the proton number, we can safely neglect
this contribution. Note that numerically investigating a model similar
to that of [24] would require a proper treatment of neutron decay.

Charged pions, 4 and 7_, are produced by photo-pion interactions.
Then, they cool via synchrotron emission and decay. The kinetic equa-
tion for both species takes the form

N,
ot

= va—m + Qny—m —Sp+ Csynch- (-1-1-5)

The kinetic equations were solved independently for 7+ and 7~ since
the branching ratio in photo-pion production is different for negative
and positive pions. This impacts the production ratio between the dif-
ferent neutrino species further.

Neutral pions have a kinetic equation similar to that of charged pions but
without synchrotron cooling.
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e Muons are produced from the decay of charged pions. They lose energy

by synchrotron radiation and decay. Therefore, the kinetic equation is

ot

= Qr. — Sus + Copnen- (.1.1.6)

o Muon and electron neutrinos and anti-neutrinos are produced in the decay
of pions and muons. We consider the two flavours independently, but
neutrino and anti-neutrinos of the same flavour are combined.

oN
Y = Qr + Q- (1.17)

For each of the processes, the details of the terms Q, S, C and R are given in
the next subsections of Appendix|.1| together with the cross-sections used in
SOPRANO.

.1.2 Synchrotron emission and cooling

In SOPRANQO, all charged particles lose their energy by synchrotron radia-
tion as soon as a magnetic field is specified. Our current treatment does not
include synchotron self-absorption, which will be added in a future update.
For each charged particles, we describe the evolution of the distribution func-
tion due to synchrotron loses by a diffusion equation in energy space

aNl' . 1 0 %
ot mic2oy; (Nl /0 Jsynen (Vs %)dV>, (1.2.1)

while the photon kinetic equation is given by an integro-differential type
equation:

on 0 ]
ph ' ']synch ) '
= ——/1 Ni(vi) == (v, vi)di. (12.2)

The synchrotron emissivity js,cp, is given in the relativistic approximation by

. V3¢°B (72
Jsyncn(v) = 72 / sin(6,)F(X)d6, (.1.2.3)
micz Jo
with X =v/v,,
ve= 225 Gnge,), (1.2.4)

. =
47t " mye
and

F(X) =X [ Kss()dg (125)
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with Ks,3 the modified Bessel function. This expression fails when the parti-
cle Lorentz factor tends towards one, in which case expression suitable with
cyclo-synchrotron should be used [158| [166]. Therefore, in our numerical
models, synchrotron emission due to mildly-relativistic particles is inaccu-
rate. In practice, this parameter space is not relevant for blazars or for opti-
cally thin emission models of GRBs.

.1.3 Inverse Compton scattering.

For the rate of Compton scattering of an electron with Lorentz factor -y inter-
acting with an isotropic distribution of photons of energy x; = hvy/ (m.c?),
we consider the relativistic approximation given by [136]

_ dN 3¢ o7 1 (4x179)?
R(7,x1 = x2) = dtdn, 4 12 {2qln(4) +(1+29)(1—9)+ Em(l 9|
(.1.3.1)
where x; = hvy/ (m,c?) is the energy of the scattered photons, and
*2 (13.2)

T 4x17? (1 — %)’

is limited to g < 1 and g > 1/(49?). This approximation to the exact cross-
section is often used for blazar modeling. It it is accurate for large electron
Lorentz factors, relevant for those objects. This approximation also implies
that electrons can only lose energy and photons can only gain energy. There-
fore, it is not suitable to describe the heating of electrons by the photon field.

For the relativistic electrons considered in SOPRANO, the kinetic equation
takes the form of a diffusion equation

0 1 0
g (Ne:t) - Wa_% (PCNe:I:) ’ (133)

where the power radiated by Compton scattering is
P(y) = mecz/ dx1dxoR (77, x1 — x2) npp(x1) (x2 — x1). (.1.3.4)
X1 J X

On the other hand, we preserve the full integro-differential expression for the
photon kinetic equations since for each inverse Compton scattering off rela-
tivistic electrons, photons gain a large amount of energy compared to their
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initial energy :

h .
—(x) = / doydxiR(7, x1 — x2) Nox (7)1, (x1) — 1 (x2) / dydx1R(7, x — x1) Np= (7
Y JxX Y Jx
(1.3.5)

The first term represent the redistribution of photons of energy x; to x, and
the second term represent the redistribution of photons of energy x; to all
other possible energies.

.1.4 Pair production

For the pairs, the kinetic equation of the photon-photon annihilation process
reads

oN,
o= || mpem(2)osy e (%0 o Ndxidxe (14)
X1 J X2

For the photons, the kinetic equation can be written

h
T (31) = —11. (1) / Mo (42)08, oo (1, 22)dc2, (14.2)
X2

where
0

Oyt = 2 L Oy (X1, X2, 7)dy. (.1.4.3)
For the cross-section, we use the formula given by [40]. It is recall here for
convenience

ahy
, (144

L
Xcm

U2y —set (x1,%2 = 7) =

3 or¢ <V E* — dgy +H++H_)

2.2
4x1x2 4

where the center of mass energy a., is given by

Cem = 1/ %, (.1.4.5)

94



.1 Physical processes in Soprano and their kinetic equations

and

(  E=x14+x

cx = (r1p—7)*—1
dy = xiz + x1x0 £ y(x2 — x7)

“?;1%:\/1/2\/7(]5—’)’)—1—1:&\/[W(E_r),)_i_l]Z_Ez (.1.4.6)

oc%lm = min (y/X1X2, &L,,)

thLm = max (1,&2,,,)

\
Finally for ¢ # 0, the H functions are defined by

d 2 1 —1 \/ 2
He=— Kem . ( + 4 ) 4z <2 X2 > L + X1X2 + c+ 0%, <“cm i
8/ X1x2 + c+ag,

X1xy  Cx 4 C+ 4 C+ Qg
(.1.4.7)
where
1
In (occ,m/cjE + 4/ x1x2 + cioc%m) cty >0,
vV C+
I = (.1.4.8)
1 ) C+
arcsin ((xcm ——) c+ <0,
C+ X1X2

while for c+ = 0, we have

o3 Qemd L 1 o2 o 1 1
H, = (= =% ) +( cm 4~y ) . (149
* ( 12 8 ) (x1x0)°"2 6 2 ) vmm A

.1.5 Bethe-Heitler pair production

Photo-pair production, also called Bethe-Heitler process, is the creation of an
electron positron pair by the interaction between a proton and a photon. The
cross section of this process is given by the formula 3D-2000 of [177], see also
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[39] and [143]], which we recall here tor convenience:

2 72129 _ 2F2 +1 5E2 —2E.E_+3 2 k2
d“o _ KLTop—P+ —4:Si].’12(9) -+ + — + + P- + 2E4
dE_dy 2k3 p2 At pr Az T2A2 p2 A

2 2 (E2 2y 7 2 ~ 2 2
+ Y (2 gy P=Er  2ER(EZ+ER) - (7B +3E4E-+EL)+1  k(E- —
p-P+ A* A2 /
(.1.5.1)
0 (2 3k Kp-K)\ 2y
p+T \ A2 A_ T2A_ A |7
where
By =k-E- p+=\/pi—-1 p-=/E2 -1 (15.2)
2 ELE +pip_+1
= /K2 +p2 — _~ + P+P
T—\/k +p2 = 2kp— cos(6) Y = p2_ ln( ! )
(.1.5.3)
1 Et +P+) <T+P+)
= ——In{—"- 5. =1In(=—"P*+),
T (E+—p+ " T—p,
(.1.5.4)

The kinetic equation for the production of pairs is given by

0 dN,

(N, —c dE,N, . 155
ot ( et (ryt’f)) Yty >Yette p-Yp dE, ( )
The pair spectrum is given by [143]]
AN, 1 /oo 2ypx /w—l dE_dwdx ﬂph(x)
= — )2 )2 X 2 Eg W(w/ E—/C)/
dEe 2,)/% = (vf'yéi"g) w:(’yzlg;ie) 7:?’;:156 p_ xz
(.1.5.6)

where € is the photon energy in unit of electron rest mass energy. The kinetic
equation for the protons is obtained from consideration of energy conserva-
tion

T (1.5.7)
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where the power emitted by Bethe-Heitler is given by

dN
Pgy = /')’emecz d:i (.1.5.8)

.1.6 Photo-hadronic interaction : pion production

Photo-pion production is the interaction between a proton and a photon mostly
producing pions. This interaction can be divided into four channels : reso-
nance, direct production, multi-production and fragmentation. In the follow-
ing, we neglect the contribution from fragmentation and plan its inclusion
for future studies. For the sake of presentation, in this subsection only, we
change the energy unit of the photon distribution from frequency v to energy
€ in GeV. Following [127], the spectral production rate of each pion species
(nt, 1~ and 71°) can be written as

dN
dtn - ZMIT[Y /ed’)’pdeNp”thlT(’Yp,V — V), (.1.6.1)
IT p

where the index IT spams all resonances, the two direct production channels,
and multi production channels. In this equation M!T is the multiplicity of
each interaction. This coefficient takes a different value for each interaction
and each pion species. Finally, the rate of interaction is given by [143]

=— _ — 1.6.2
RT = gyfet oy 7 [y 9y B0 (162

where the threshold energy €y, is constrained by the kinematics of the reac-
tion, €, is the energy of the photon in the frame comoving with the proton,
1 is the cosine of the comoving (in the proton rest-frame) angle between the
photon direction and the axis representing the direction of the proton in the
lab frame, the differential represent the angular distribution of the reaction
and ¢ is the pion energy obtained from the kinematics. For a detailed discus-
sion, on the kinematics, see (author?) [31,33] and (author?) [127].

Photo-pion production : resonances

For the cross-section of the nine resonances considered in this work, we con-
sider the Breit-Wigner approximation

IT(

o (&) = , (.1.6.3)
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where s = m; + 2mye, 1s the total energy in the center ot mass. The pa-
rameters ¢!T, BIT T!IT and M!T are given by (author?) [178, 127] and in the
review of Particle Data Group [276]. The nine resonances used are the ones of
(author?) [178]. Contrary to the simple model used by [127], we include the
angular dependence of the A meson decay for R; type resonances, as given
by table 3 of [178].

Photo-pion production : direct production
For the direct production, we use the parametric cross-sections given by [178]]

) (€, — 0.29)? (e, —0.37%)
onn(er) = 92.79(e,,0.152,0.25,2) + 40 exp ( T or )~ 15exp 0002 )
(.1.6.4)

oar(€r) = 37.7B(e,,0.4,0.6,2), (.1.6.5)

where the function g is 0 if €, < €y, and

A—u —A
PB(Er, €y Emars @) = (M) ( er ) (1.6.6)

€max — €th €max

otherwise. Here, A = wae€yqx /€, We also include the angular dependence
coming from the distribution of the t-Mandelstam variable as explaned in
[178].

Photo-pion production : multi-pion production

For the multi-production channel, it is not possible to resort to simple inte-
gral expressions. Therefore, we use the approximation developed by [127].
It provides a simple and convenient form for the pion spectrum, while the
multiplicities are approximated from results of Sophia [178].

For completeness, we give here the expressions of the pion spectrum:

ON
% = ZNP (CIT> / dyn ( 2l ) M (y), (.1.6.7)
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where
(0 2y < el
o Iy T
7= @y~ o) Emin = <Y < Emax (1.6.8)
O-IT ’ ”
\ (4]/2) (eilnlz;x - 671;1];;1 ) 67113,;3( < Zy.

The parameters for the 14 interactions making the approximation are given
in Table 6 of [127].

.1.7 Particle decay

We consider the decay of charged pions

Tt = ut +uv,,
{ NG (1.7.1)
T Uy,
of neutral pions
0 — 27, (.1.7.2)
and of muons
e vty
o e (1.7.3)
pt—et + v+ vy,
The kinetic equation of the decaying particle is given by
ON: ,
i N (.1.7.4)
ot TiYi

where T; is the mean-life time of the particle which decays, and +; its Lorentz
factor. The kinetic equation for the daughter particle is given by

ON; © N
] i
e— ; p— F . . . . . .

ot (E]) /Ei>Ej T (Ei, E])dEu (.1.7.5)

where F(E;, E;) is the spectrum of particle j at energy E; produced by a parent
particle of energy E;.
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The neutrino spectrum tfrom charged pion decay is given by [153]

1 1 E
F(Ep, E) = — H (1 — Ty — —") , (.1.7.6)

where r; = (my/mz)?.
The photon spectrum obtained from neutral pion decay is given by

2
F(Eny Ey) = 5 (1.7.7)

7T

where the factor 2 comes from the fact that two photons are created in the
decay.

For the electron and neutrino spectra, we do not use the expression given
by [270], but resort to the simpler relativistic approximation of [153]

2 — 6x% + 4x3
F,(Ey,, Ey) = —F (.1.7.8)
I3
5 2 4.3
3 —3x°+3x
FV;[(EV}[/ E],l) = Pe(Ee, Ey) =3 Ey 3 ’ (.1.7.9)

where x = E;/E, for each particle species i.

.1.8 Photon and particle escape

When dealing with a one-zone model, since the emitting region is assumed
to be shaped like a blob, all effects due to photon transport are neglected.
Moreover, since we are considering optically thin plasma, photons cannot
accumulate in the emission region for an arbitrarily large amount of time.
Indeed, they would escape the region in which they are produced in a time
of the order of the crossing time

esc %

e~ 3o (.1.8.1)

where R is the comoving size. In principle, charged particles could remain
longer inside the emitting region. Therefore, particle escape can be treated by
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adding a term to the kinetic equation of the form

ON;, N;
8tl _ iitfﬁf (.1.8.2)
an h n
P Y
ot t?h (.1.8.3)

where ¥; = tf“ / t;f;f is a parameter that is specified for each runs. It represents
the time increase it takes for a particle to escape the system as compared to
a photon. In other words, particle escape is used to crudely represent the
finiteness of the emitting region. In this work, we did not consider particle
escape. Instead, we evolve the distributions until a comoving time equal to
the dynamical time scale.

.2 Numerical discretization and prescription in
SOPRANO

In order to numerically integrate the kinetic equations presented in Section
a numerical grid for the energy of all particles is introduced. In this work,
SOPRANO uses a grid of bins equally space in logarithmic of the energyﬁ
Table |.3| gives the grid characteristics for each types of particle, that is to say
the number of energy bins, together with the minimum and maximum ener-
gies. For the energy discretization, we use the approach of the discontinuous
Galerkin method, that we restrain to first order for this papeﬂ On each en-
ergy cell I, we approximate the distribution function by a polynomial, while
we use for basis the Legendre polynomial basis. Therefore, on each energy
cell I, the distribution function is approximated by

N{ (t,x) = Njp(t)Lg(x) (2.1)

®Note that our numerical method does not require a uniform grid. Since, it is based on finite
volume, we can refine the grid in one or several energy bands of interest (static mesh
refinement). In this way, we can provide more detailed results in those specific bands,
while the rest of the domain is coarse for faster numerical estimation. This numerical
technique will be used in future works, in which we will study the shape of the spectral
peaks.

"We have implemented some of the processes with reconstruction up to order 2, but this
numerical technique is not included in the current paper
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Parficle | Number of energy cells [ Minimum of the grid | Maximum of the grid |

Photons : 150 v =10"2Hz v =10 Hz
Leptons : 130 Yor = 1.2 Y5 x 1013
Hadrons : 100 =12 v, = 101

Neutrinos : 100 E, =107° GeV E, = 101 Gev

Table .3 Characteristics of the numerical grids used by SOPRANO for the
numerical models of this work. The cells are equally space in logarithmic
scale.

where the first order Legendre polynomial on the energy cell I is

1 1
Ll = = (2.2)
el =X [[1]]

Here x;,(1/7) are the energy boundaries of cell I and where we introduced
the additional notation ||I|| = (x711/2 — X]_1/2). In the following we will use
interchangeably N} = N/.

We seek the weak formulation of all kinetic equations presented in Ap-
pendix |1l on each energy interval I. For this, we multiply both sides of any
of the kinetic equation by Ly and integrate over I. After simplification, we
obtain a system of differential equations for all N/,. This specific discretiza-
tion and the structure of the kinetic equation allows us to retrieve a numer-
ical method which conserves energy and the number of particles when they
are conserved. Time discretization is achieved via implicit first order Euler
method. leptonic processes, which involved terms of the form n;n;. Below,
we give details on the numerical discretisation on a couple of example and
give additional details for specific processes when needed.

For the sake of the example, consider the synchrotron process and its asso-
ciated kinetic equations. Without synchrotron self-absorption, the treatment
of synchrotron losses and photon production is heavily simplified. We start

by the photon given by Equation Multiplying both side by Lé and in-
tegrating gives

I

on oh

]synch
ot h\/||T Z\/HT / /

where N; represent any charged particle. We follow the same procedure for
the charge particle equation and after an integration by part, the kinetic equa-

d dvi, (.2.3)
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.2 Numerical discretization and prescription in SOPRANO

tion can be put into the form

aNK K1 K oL K1 K 1
/ L synchN L } dy; = a_% [PsynchNi LO} dyi — ﬁ [FK_,_% - FK_%] .
(.2.4)

In this last expression, only the second term is non-null. In order to obtain
an expression for the numerical fluxes Fx 1/, on the right-hand side, we con-
sider the energy lost by particles and that gain by the photons. The total
energy gain by the photons is

aE v —5 ]s nch v, 'Yz
Zoph n L]hvdu = <1 g // y dvdv,
ot ot (Z/ L 2||]1| Z«/HK

]
(.2.5)

where the last equality is obtained after using Equation Turning to the
energy lost by the charged particles, we have

2 2
OE; ’ aN}< 7i,l<+% N ,)/i,K—%
= m . 2.6
ot HC D ot 2/]K]| (2.6)

Inserting the expression for the time derivative of the distribution function
coefficients, and reorganising the summation it comes

2 2 2 2 2 A2 2
JE; S LT S Vigr1 ™ Vig-g Vikel " Tik-r Vike
— = m;c” | — F 1+ F€+1+Z —
ot 2(')’1',7 — ;1) "2 2('71,§+% - 'Yi,g_%) 2K ('71',1(4_% - 71’,[(—%) (')/i,KJrf
(.2.7)

where in this specific equation ¢ represent the number of cells of the grid for
particle species i. We assume that no particle diffuse out of the energy grid.
This gives Fz = F_% = 0. Inverting the summation order in Equation

and identifying the term gives the expression of the fluxes

NS Vikes — Viged v —v? :
1 Vik+3 T Vik+] J+3 J—% Jsynch (v, 7i)
?K+% = 2 2 .2 X — - dydv.
m;c 'Y Jr1 ,YIK % B Vik+3/2 (Yi,KJr% i V]Jr% U]*% J JK+1
Vik+17Vik-1 Tik+3 " Vikel

(.2.8)

This choice of the flux preserves the total energy of the system, while the
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particle number conservation is ensured by the structure ot Equation [.2.4]

However, this choice of numerical discretization leads to numerical diffusion,
see in which the current scheme is compared to the classical Chang and
Cooper scheme [63]].

For the Compton scattering process, the weak formulation is trivially ob-
tained and does not require the use of integration by part, since the kinetic
equation does not take the form of a diffusion equation. For all other pro-
cesses, their respective kinetic equation takes either the same form as that
of synchrotron mechanism or of Compton scattering. Therefore, all energy
discretization can be easily obtained following the same procedure outlined
above. We note, that we use redistribution of particles in integro-differential
equation type to preserve simultaneously total particle number (when re-
quired by the process) and total energy.

Before discussing the temporal discretization, we note that the equation are
non-linear in the distribution function for Compton scattering, pair produc-
tion, photo-pion and photo-pair processes. We decided to linearize the kinetic
equations of photo-pion and photo-pair processes by assuming that the target
photon-field is equal to the one at the previous time step, effectively making
those process linear in the distribution functions. For all leptonic processes,
we preserve the non-linearity of the kinetic equations and solve at each time
step a non-linear system via the Newton-Raphson method. Since the gradi-
ents can be computed analytically, we do not need to use numerical estimates
for the Jacobian. The temporal evolution of the distribution function is per-
formed with the first order implicit Euler method.

One time step of the code takes the following form

1. solve the linear kinetic equation to obtain the protons and neutrons
spectra at time t + dt, assuming that the photon distribution function is
given at time ¢ for photo-pion and photo-pair processes. The pairs and
photons created in those two processes and by the proton synchrotron
process are saved to be use as a source term in the leptonic computation.

2. compute the decay and cooling (when required) of pions and muons.
The pairs and photons created in the muon and pion decay, as well as
their synchrotron radiation are saved to be used as source terms in the
leptonic computation.

3. perform the non-linear implicit leptonic computation with the source
terms computed in the two previous steps.
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Figure .4 Comparison between the (author?) [63] scheme and SOPRANO
for Compton scattering and synchrotron radiation in two different regimes,
whose parameters are given in Table |4} Left — inverse Compton dominates.
Right — synchrotron cooling dominates. The plots show the time evolution
of the electron (top) and photon (bottom) distribution functions up to dy-
namical time scale, in the comoving frame. Electron number conservation

is satisfied to machine accuracy (1071%) while the energy is conserved to an
accuracy better than 10711,

.3 Code tests and examples

.3.1 Synchrotron and inverse Compton cooling for electrons

In this section, we present two tests performed for the synchrotron and in-
verse Compton radiation processes. First, the results from SOPRANO are
compared to the results obtain with our implementation of the [63] scheme,
which is widely spread and used in time-dependent application, see e.g. (au-
thor?) [68]98]. We consider a situation in which electrons are continuously in-
jected into the radiating zone in the form of a power-law between 7,,;, = 10°
and Ypax = 9 x 10°. The properties of the radiating zone are such that for one
test, inverse Compton cooling dominates over synchrotron cooling, while for
the other test it is the opposite. The parameter are summarized in Table
Figure |4] shows the results. It is clear that the agreement between the
Chang and Cooper scheme and SOPRANO is very good for both the elec-
tron and the photon distribution functions. We notice that SOPRANO is more
diffusive at low energy below the peak of the electron distribution function.
This is mostly because of the scheme used to preserve the total energy of the
system in SOPRANO, which induces extra diffusion. However, despite these
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IC dominance Syn dominance

R/107 cm 1 1
B[G] 0.005 0.1
Ye,min 10° 10°
Yemax 9 x 10° 9 x 10°
X 2.7 2.7
U,/ Ug 10° 0.1

Table .4 Parameters used for our numerical comparison between SOPRANO
and the Chang and Cooper scheme [63]. The corresponding evolution of the
photon and electron distribution functions is given on Figure

differences for the electron distribution function, the photon spectra are in
very good agreement.

.3.2 Proton cooling on black-body photons by photo-pair and
photo-pion interaction

We start by computing the proton cooling time in photo-pion production. [24]
presented a simple model for the cross-section and inelasticity for the photon-
pion interaction. The model is such that the product of the cross-section with
the inelasticity is constant for all energies larger than the threshold energy in
the center of mass frame. It gives a simple estimate of the cooling time for
a proton of Lorentz factor 7, interacting with an isotropic photon field with
the spectrum of a black-body withe temperature 6. From [85], it reads

_ 87rcaK93 — w?
t 1(')/p / yei/p (.3.1)

where A, is the Compton wavelength, cK ~ 70ub and

€t
= . 3.2
2'yp9 (:3.2)

In Figure [5 we present the mean free path in Mpc as a function of proton
Lorentz factor for an hypothetical radiation field with temperature 10*T¢p3,
with the temperature of the cosmic microwave background Tcpp = 2.725K.
To obtain this plot, we considered a J-function in each of the proton energy
grid bins. We see that the agreement is quite good. We remark that the contri-
bution of the multi-production channel has a sharp increase at large Lorentz
factor. This is not physical and is a grid effect. Indeed, the proton cooling is
computed by summation over all created pions. Because both the pion and
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Figure .5 Right : Proton mean free path as a function of their Lorentz factor
for the photon-pion process. The photon temperature is T = 10*T¢p. Blue :
mean free path computed by using Equation|.3.1|for the lower boundary cen-
ter and upper boundary of an energy cell. The Lorentz factor is normalized
by v = em/(2kpd) ~ 3.2 x 107. Right : Proton mean free path as a func-
tion of the Lorentz factor for the photo-pair process. Green - SOPRANO. Blue
with the approximation of (author?) [69]. For easy comparison, the proton
Lorentz factor is also normalized by 7y,.

proton energy grid have the same maximum Lorentz factor, protons at the
highest energies in our grid do not interact substantially, since they cannot
create pions of the correct energy.

We now turn to the photo-pair process. The energy loss rate for this process
can be written as

dE 0 € €
E = Oéfrgcmecz/z d(—:?’lph (E) (PG_(Z (33)

[69] gives a convenient approximation for the differential cross-section ¢(¢),
see their appendix. It is therefore easy to compute the energy loss pathlength
r = c[(dE/dt)/E]~!. A comparison between this semi-analytical approach
and our numerical discretization is given by the right part of Figure |5 We
see that the agreement is excellent.

.3.3 Decay time

We show in this subsection how particles decay in our code with the exam-
ples of pion decay. We inject pions with a specific Lorentz factor and simulate
the evolution of the system as they decay, producing neutrinos and muons.
The initial pions Lorentz factor are v, = 107, 108, 10°. In this section only,
we assume that muons cannot decay. Figure |.6|shows the evolution of the

107



6 Time-dependent lepto-hadronic modeling of the emission from blazar jets

with SOPRANO: the case of TXS 0506+056, 3HSP J095507.9+355101 and 3C
279

==~ > 7=

_ ~ e S 'Y
o 02 N NS
. S RN
€ -0.4 7 AN 7 )
5 / N /7 \
c -06 J 4 \
o —= 10g(Na), Va = 1€7 7 \.7 N
S 08| == log(Ny), va = 1e8 / A\ \
t 10g(Nx), ¥n = 1€9 A \
© 10 : / ) \
Q — 10g(0.5(N, + N,)), va = 1e7 4 / \ \
2 _ B , ) \
2 ., 10g(0.5(N, +N,), yu=1e8 . , \ |
- 10g(0.5(Ny + Nv)), Yn = 1e9/- '/' \‘ \‘

-1.4{ — log(No) '/' 4 \ \

=17

-135( %ﬂf“’vv*””',y 1e9

No — (Nn + 0.5(Ny + Nv))
— N, "=
o

No — (N + 0.5(N, + Ny))
_— g

_ Eo— (En+ Eu+E))
Yn=1€8 — —F

+ Vo= 1€9

log(t)

Figure .6 Top - evolution of the pion, neutrino and muon numbers as a func-
tion of time for the pion decay process. The vertical lines correspond to the
decay time of the corresponding particle Lorentz factor. Obviously the decay
time is properly respected. Bottom - temporal evolution of the particle num-
ber conservation and energy conservation. The total energy conservation is
only shown for i = 107, but similar results are obtained for other particle
energy.

pion, neutrino and muon numbers as time evolve. The muon and neutrino
number is obtained by summing over their respective distribution function.
The same figure also shows the evolution of particle number and total energy
of the system, which can be seen to be satisfied to accuracy better than 1013
after 4 x 10° iterations.
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