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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 2021, also
with MAGIC collaboration.

* The strange case of the transient HBL blazar 4FGL J1544.3-0649

We present a multifrequency study of the transient y-ray source 4FGL J1544.3-
0649, a blazar that exhibited a remarkable behaviour raising from the state of
an anonymous mid-intensity radio source, never detected at high energies,
to that of one of the brightest extreme blazars in the X-ray and <y-ray sky. Our
analysis shows that the averaged y-ray spectrum is well described by a pow-
erlaw with a photon index of 1.87 £ 0.04, while the flux above 100 MeV is
(8.0 £0.9) x 10~? photon cm~2 s~!, which increases during the active state of
the source. The X-ray flux and spectral slope are both highly variable, with
the highest 2-10 keV flux reaching (1.28 +0.05) x 10~ erg cm=2s~1. On sev-
eral observations the X-ray spectrum hardened to the point implying as SED
peak moving to energies larger than 10 keV. As in many extreme blazars the
broadband spectral energy distribution can be described by a homogeneous
one-zone synchrotron-self-Compton leptonic model. We briefly discuss the
potential implications for high-energy multi-messenger astrophysics in case
the dual behaviour shown by 4FGL J1544.3-0649 does not represent an iso-
lated case, but rather a manifestation of a so far unnoticed relatively common
phenomenon.

* Modelling the broad-band emission of 3C 454.3




2 Brief description

The results of a long-term multiwavelength study of the powerful flat spec-
trum radio quasar 3C 454.3 using Fermi-LAT and Swift XRT/UVOT data
are reported. In the -ray band, Fermi-LAT observations show several ma-
jor flares when the source flux was > 10~° photon cm~2 s~1; the peak y-ray
flux above 141.6 MeV, (9.22 +1.96) x 10> photon cm~2 s~ ! observed on MJD
55519.33, corresponds to 2.15 x 10°Y erg s~! isotropic y-ray luminosity. The
analysis of Swift XRT and UVOT data revealed a flux increase, although with
smaller amplitudes, also in the X-ray and optical/UV bands. The X-ray emis-
sion of 3C 454.3 is with a hard spectral index of I'y = 1.16 — 1.75, and the
flux in the flaring states increased up to (1.80 + 0.18) x 10~ Pergcm 2571,
Through combining the analyzed data, it was possible to assemble 362 high-
quality and quasi-simultaneous spectral energy distributions of 3C 454.3 in
2008-2018 which all were modeled within a one-zone leptonic scenario as-
suming the emission region is within the broad line region, involving syn-
chrotron, synchrotron self-Compton and external Compton mechanisms. Such
an extensive modeling is the key for constraining the underlying emission
mechanisms in the 3C 454.3 jet and allows to derive the physical parameters
of the jet and investigate their evolution in time. The modeling suggests that
during the flares, along with the variation of emitting electron parameters,
the Doppler boosting factor increased substantially implying that the emis-
sion in these periods has most likely originated in a faster moving region.

* X-ray spectra, light curves and SEDs of blazars frequently observed by
Swift

Blazars research is one of the hot topics of contemporary extragalactic as-
trophysics. That is because these sources are the most abundant type of ex-
tragalactic -ray, sources and are suspected to play a central role in multi-
messenger astrophysics. We have used swift_xrtproc, a tool to carry out
an accurate spectral and photometric analysis of the Swift-XRT data of all
blazars observed by Swift at least 50 times between December 2004 and the
end of 2020. We present a database of X-ray spectra, best-fit parameter values,
count-rates and flux estimations in several energy bands of over 31,000 X-ray
observations and single snapshots of 65 blazars. The results of the X-ray anal-
ysis have been combined with other multi-frequency archival data to assem-
ble the broad-band Spectral Energy Distributions (SEDs) and the long-term
lightcurves of all sources in the sample. Our study shows that large X-ray
luminosity variability on different timescales is present in all objects. Spec-
tral changes are also frequently observed with a “harder-when-brighter” or




“softer-when-brighter” behaviour depending on the SED type of the blazars.
The peak energy of the synchrotron component (V,es) in the SED of HBL
blazars, estimated from the log-parabolic shape of their X-ray spectra, also
exhibits very large changes in the same source, spanning a range of over two
orders of magnitude in Mrk421 and Mrk501, the objects with the best data
sets in our sample.

¢ Investigation of the correlation patterns and the Compton dominance
variability of Mrk 421 in 2017

A detailed characterisation and theoretical interpretation of the broadband
emission of the paradigmatic TeV blazar Mrk 421, with special focus on the
multi-band flux correlations. The dataset has been collected through an ex-
tensive multiwavelength campaign organised between 2016 December and
2017 June. The instruments involved are MAGIC, FACT, Fermi-LAT, Swift,
GASP-WEBT, OVRO, Medicina and Metsdhovi. Additionally, four deep ex-
posures (several hours long) with simultaneous MAGIC and NuSTAR obser-
vations allowed a precise measurement of the falling segments of the two
spectral components. The very-high-energy (VHE; E > 100GeV) gamma
rays and X-rays are positively correlated at zero time lag, but the strength
and characteristics of the correlation change substantially across the various
energy bands probed. The VHE versus X-ray fluxes follow different patterns,
partly due to substantial changes in the Compton dominance during a few
days without a simultaneous increase in the X-ray flux (i.e. orphan gamma-
ray activity). Studying the broadband spectral energy distribution (SED) dur-
ing the days including NuSTAR observations, we show that these changes
can be explained within a one-zone leptonic model with a blob that increases
its size over time. The peak frequency of the synchrotron bump varies by 2
orders of magnitude throughout the campaign. Our multi-band correlation
study also hints at an anti-correlation between UV /optical and X-ray at a sig-
nificance higher than 3c. A VHE flare observed on MJD 57788 (2017 Febru-
ary 4) shows gamma-ray variability on multi-hour timescales, with a factor
10 increase in the TeV flux but only a moderate increase in the keV flux. The
related broadband SED is better described by a two-zone leptonic scenario
rather than by a one-zone scenario. We find that the flare can be produced by
the appearance of a compact second blob populated by high energetic elec-
trons spanning a narrow range of Lorentz factors, from o/ . = 2 x 10* to
YVhax = 6 x 10°.




2 Brief description

* First detection of VHE gamma-ray emission from TXS 1515-273, study
of its X-ray variability and spectral energy distribution

We report here on the first multi-wavelength (MWL) campaign on the blazar
3C 454.3, undertaken in 2019 and extending from radio to very-high-energy
gamma rays (VHE). Up until now, this blazar had not been the subject of
any detailed MWL observations. It has a rather hard photon index at GeV
energies and was considered a candidate extreme high-synchrotron-peaked
source. MAGIC observations resulted in the first-time detection of the source
in VHE with a statistical significance of 7.6¢. The average integral VHE flux
of the source is 6 &= 1% of the Crab nebula flux above 400 GeV. X-ray coverage
was provided by Swift-XRT, , and . The long continuous X-ray observations
were separated by ~9h, both showing clear hour scale flares. In the data,
both the rise and decay timescales are longer in the soft X-ray than in the
hard X-ray band, indicating the presence of a particle cooling regime. The
X-ray variability timescales were used to constrain the size of the emission
region and the strength of the magnetic field. The data allowed us to deter-
mine the synchrotron peak frequency and classify the source as a flaring high,
but not extreme, synchrotron peaked object. Considering the constraints and
variability patterns from the X-ray data, we model the broad-band spectral
energy distribution. We applied a simple one-zone model, which could not
reproduce the radio emission and the shape of the optical emission, and a
two-component leptonic model with two interacting components, enabling
us to reproduce the emission from radio to VHE band.

* Multiwavelength variability and correlation studies of Mrk 421 during
historically low X-ray and -ray activity in 20152016

We report a characterization of the multi-band flux variability and correla-
tions of the nearby (z=0.031) blazar Markarian 421 (Mrk 421) using data from
Metsdhovi, Swift, Fermi-LAT, MAGIC, FACT and other collaborations and
instruments from November 2014 till June 2016. Mrk 421 did not show any
prominent flaring activity, but exhibited periods of historically low activity
above 1TeV (Fuipey < 1.7x10712 ph cm~2s71) and in the 2-10keV (X-ray)
band (F_jgrev <3.6x10~ " ergem—2s71), during which the Swift-BAT data
suggests an additional spectral component beyond the regular synchrotron
emission.The highest flux variability occurs in X-rays and very-high-energy
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(E>0.1TeV) ~-rays, which, despite the low activity, show a significant posi-
tive correlation with no time lag. The HRy,y and HRtey show the harder-when-
brighter trend observed in many blazars, but the trend flattens at the highest
fluxes, which suggests a change in the processes dominating the blazar vari-
ability. Enlarging our data set with data from years 2007 to 2014, we mea-
sured a positive correlation between the optical and the GeV emission over
a range of about 60 days centered at time lag zero, and a positive correlation
between the optical/GeV and the radio emission over a range of about 60
days centered at a time lag of 431“2 days.This observation is consistent with
the radio-bright zone being located about 0.2 parsec downstream from the
optical/GeV emission regions of the jet. The flux distributions are better de-
scribed with a LogNormal function in most of the energy bands probed, in-
dicating that the variability in Mrk 421 is likely produced by a multiplicative
process.

* VHE gamma-ray detection of FSRQ QSO B1420+326 and modeling of
its enhanced broadband state in 2020

QSO B1420+326 is a blazar classified as a Flat Spectrum Radio Quasar (FSRQ).
In the beginning of 2020 it underwent an enhanced flux state. An extensive
multiwavelength campaign allowed us to trace the evolution of the flare. We
search for VHE gamma-ray emission from QSO B1420+326 during this flaring
state. We aim to characterize and model the broadband emission of the source
over different phases of the flare. The source was observed with a number of
instruments in radio, near infrared, optical (including polarimetry and spec-
troscopy), ultraviolet, X-ray and gamma-ray bands. We use dedicated optical
spectroscopy results to estimate the accretion disk and the dust torus lumi-
nosity. We perform spectral energy distribution modeling in the framework
of combined Synchrotron-Self-Compton and External Compton scenario in
which the electron energy distribution is partially determined from accelera-
tion and cooling processes. During the enhanced state the flux of both SED
components drastically increased and the peaks were shifted to higher ener-
gies. Follow up observations with the MAGIC telescopes led to the detection
of very-high-energy gamma-ray emission from this source, making it one of
only a handful of FSRQs known in this energy range. Modeling allows us to
constrain the evolution of the magnetic field and electron energy distribution
in the emission region. The gamma-ray flare was accompanied by a rotation
of the optical polarization vector during a low polarization state. Also, a new,
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superluminal radio knot contemporaneously appeared in the radio image of
the jet. The optical spectroscopy shows a prominent Fell bump with flux
evolving together with the continuum emission and a Mgll line with varying
equivalent width.

¢ Observation of the gamma-ray binary HESS J0632+057 with the H.E.S.S.,
MAGIC, and VERITAS telescopes

The results of gamma-ray observations of the binary system collected dur-
ing 450 hours over 15 years, between 2004 and 2019, are presented. Data
taken with the atmospheric Cherenkov telescopes H.E.S.S., MAGIC, and VER-
ITAS at energies above 350 GeV were used together with observations at X-
ray energies obtained with Swift-XRT, Chandra, XMM-Newton, NuSTAR,
and Suzaku. Some of these observations were accompanied by measure-
ments of the Ha emission line. A significant detection of the modulation
of the VHE gamma-ray fluxes with a period of 316.7 + 4.4 days is reported,
consistent with the period of 317.3 + 0.7 days obtained with a refined analysis
of X-ray data. The analysis of data of four orbital cycles with dense observa-
tional coverage reveals short timescale variability, with flux-decay timescales
of less than 20 days at very high energies. Flux variations observed over the
time scale of several years indicate orbit-to-orbit variability. The analysis con-
tirms the previously reported correlation of X-ray and gamma-ray emission
from the system at very high significance, but can not find any correlation of
optical Ha parameters with X-ray or gamma-ray energy fluxes in simultane-
ous observations. The key finding is that the emission of in the X-ray and
gamma-ray energy bands is highly variable on different time scales. The ra-
tio of gamma-ray to X-ray flux shows the equality or even dominance of the
gamma-ray energy range. This wealth of new data is interpreted taking into
account the insufficient knowledge of the ephemeris of the system, and dis-
cussed in the context of results reported on other gamma-ray binary systems.
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¢ Sahakyan, N., Modelling the broad-band emission of 3C 454.3, Monthly
Notices of the Royal Astronomical Society, Volume 504, Issue 4, 2021,
pp-5074-5086.

¢ Sahakyan, N. and Giommi, P., The strange case of the transient HBL
blazar 4FGL J1544.3-0649, Monthly Notices of the Royal Astronomical
Society, Volume 502, Issue 1, 2021, pp.836-844.
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¢ Ruffini, R....... Sahakyan, N......, The morphology of the X-ray afterglows
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* MAGIC Collaboration, Acciari V., AnsoldiS.,.... Gasparyan, S.,...Sahakyan
N.,.... Search for Very High-energy Emission from the Millisecond Pul-
sar PSR J0218+4232, The Astrophysical Journal, Volume 922, Issue 2,
id.251, 2021, 14 pp.
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4 Modeling the Broadband
Emission of 3C 454.3

4.1 Introduction

Blazars are a subclass of active galactic nuclei with a jet pointing or mak-
ing a small angle with respect to the observer [144]. These jets are strong
sources of electromagnetic radiation ranging from radio to high energy (HE;
> 100 MeV) and very high energy y-ray bands (see (author?) 104/ for a recent
review). This emission is characterized by rapid and high-amplitude vari-
ability in almost all wavelengths, the most extreme being at y-ray band [e.g.,
order of minutes, 9|, 53,52}, 100, 31, 116, 130, 74, 135]. Blazars are dominant
sources in the extragalactic y-ray sky and have been observed even at very
high redshifts [e.g.,[7,[129]. The recent studies of 4FGL J1544.3-0649 reveal the
possible existence of transient blazars; being undecteable in the X-ray and -
ray bands, 4FGL ]J1544.3-0649 for a few months rose to be one of the brightest
known X-ray blazars [128]. If 4FGL J1544.3-0649 does not indeed represent
an isolated case but rather a common phenomenon, this would have a non-
negligible role in the multimessenger astrophysics.

The broadband spectral energy distribution (SED) of blazars is character-
ized by two broad humps, one at optical/UV /X-ray bands and the other in
the HE y-ray band (see (author?) (104 for a recent review). It is believed that
the first peak (low energy component) is mostly due to synchrotron emis-
sion from relativistic electrons, whereas the origin of the second component
is highly debatable. Within conventional leptonic scenarios, this component
is produced when the synchrotron emitting electrons inverse Compton up
scatter the photons of internal [synchrotron self Compton (SSC) 58| 25, [90]
or external [external inverse Compton (EIC) 24} 59, 136] origin. The nature
of the external photon fields depends on the distance of the emitting region
from the central black hole [137] and can be dominated either by the photons
directly emitted from the accretion disk [47, 46] or disk photons reflected from
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the broad-line region [BLR; [136] or IR photons emitted from the dusty torus
[24]. Recently, after associating TXS 0506+056 with the IceCube-170922A neu-
trino event [76, 75, [105], it is more evident that the HE component could
be initiated by the interaction of energetic protons when they are effectively
accelerated in the blazar jets. The HE component can be either from pro-
ton synchrotron emission [97] or from secondary particles from pion decay
[87, 188, 97, 98, 29]. In the latter case, blazars are also sources of very high
energy neutrinos [16} 81,99 105,122}, 120, 37, 123, 54].

Based on the properties observed in the optical band, blazars are classified
as Flat Spectrum Radio Quasars (FSRQs) when the emission lines are stronger
and quasar-like or BL Lacs when these lines are weak or absent [144]. Alterna-
tively, blazars are FSRQs when the luminosity of the broad emission lines (or
accretion disk) measured in Eddington units is Lgir/Lggq > 5 X 104, other-
wise they are BL Lacs [61},132]. Depending on the position of the synchrotron
component peak (vs), the blazars are further classified as low synchrotron
peaked (LSP) sources, when vs < 10'* Hz, intermediate synchrotron peaked
(ISP) and high synchrotron peaked (HSP) sources when 10'* < v5 < 10" Hz
and vs > 10%° Hz, respectively [107, 2]. However, sometimes the synchrotron
peak of HSPs can reach ~1 keV, (~ 2 x 10 Hz) or beyond, showing an ex-
treme behaviour [e.g. 68| 43| 22]. Such behaviour was first observed during
the flare of Mkn 501 when the synchrotron peak reached ~ 100 keV [110], and
then many such objects were identified in the X-ray observations. For exam-
ple, during the flares of 1ES 1218+304 the X-ray spectral index hardened to
I' < 1.80, shifting the peak towards higher energies [124]. In this classifica-
tion, FSRQs usually have a synchrotron peak at vs < 10'* Hz, so they are
LSPs.

The BL Lac and FSRQ SEDs demonstrate different properties. In FSRQs,
the strong external photon fields which are weak or absent in the case of BL
Lacs, modify the HE component: these external photons are seen relativis-
tically boosted in the comoving frame of the jet and can dominate over the
internal synchrotron photon fields, giving rise to the EIC component [e.g.,
55,127]. Therefore, in FSRQs the luminosity of the second component is usu-
ally larger, i.e. shows a larger Compton dominance [136] due to the presence
of external seed photons. The shape of this component depends on the distri-
bution of up-scattering photons which in its turn is defined by the distance of
the emitting region from the central black hole. So, the modeling of the SED
or features in the -ray spectrum (e.g., break or cut-off) can help to localize
the emission region [e.g., 112} [13, [125].
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4.1 Introduction

3C 454.3 is a typical FSRQ at z = 0.859 harboring a black hole with a mass
estimated to be 1.5 x 10° M, [152, 184]. This source was extensively studied
in the multiwavelength band over the last two decades [e.g., 66]. However,
after the prominent optical outburst in 2005 with a peak optical brightness
of R = 12 mag, the source remained active showing several bright flares, it
has become a target of multiwavelength studies [115, 114,102, 3] 4} 8, 78, [14].
This multiwavelength campaigns provided unprecedented information on
this source. For example, (author?) [26] studying the multiwavelength data
observed during the high flux state in July 2008, showed that the emissions
in IR, optical, UV, and <y-ray bands are well correlated while the X-ray flux is
correlated with none of these fluxes. These features in the multiwavelength
variability can be naturally explained within the EIC scenario. However,
(author?) [27] found that the optical, X-ray and <y-ray fluxes correlate dur-
ing the extreme brightening of 3C 454.3 in the first week of December 2009.
In the y-ray band the source was first detected by EGRET on the Compton
Gamma-Ray Observatory [73] and then extensively monitored by AGILE and
Fermi large area telescope (Fermi-LAT) since 2007. The AGILE observations
have shown that the 3C 454.3 was in active y-ray state in several occasions
[50,102}148]). In 2010 during the exceptional bright y-ray flare Fermi-LAT de-
tected a flux above ~ 10> photon cm~2 s~ from 3C 454.3 which corresponds
to ~ 10°0 erg s~! isotropic luminosity, making 3C 454.3 one of the brightest
y-ray sources in the sky [3]. During the flaring of 3C 454.3, different extraor-
dinary changes in terms of spectral and temporal properties were reported in
the multiwavelength context and especially in the y-ray band. For example,
(author?) [4] found that the y-ray spectrum of 3C 454.3 steepens above ~ 2
GeV and it is better explained by a broken power-law with photon indices of
~ 2.3 and ~ 3.5 below and above the break, respectively. This turnover in the
spectrum was interpreted by the spectral break in the electron distribution;
however, (author?) [51] interpreted the break to be due to the inverse Comp-
ton scattering of accretion disk and BLR photons.

In this paper, the evolution of the multiwavelength SED of 3C 454.3 during
2008-2018 as well as the spectral changes in different bands are investigated.
These changes in the SED are expected to arise from the variation of the pa-
rameters of the emitting electrons or the physical parameters of the emission
region [108], so, they directly define the physical processes taking place in the
jet as well as the state of the plasma in it. For this reason, in the period from
2008 to 2018, as many SEDs of 3C 454.3 as possible that can be constructed
with contemporaneous data from the radio to HE bands have been modeled
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within a leptonic scenario. More explicitly, these SEDs are modeled assum-
ing the low energy component is due to synchrotron emission whereas the
second component is due to SSC and/or EIC by the same electrons. Through
such modeling the jet parameters are estimated for different periods allowing
to investigate their variation which could help to investigate the changes in
the jet of 3C 454.3 as well as to understand the origin of the flares. 3C 454.3
was selected because of i) the availability of rich multiwavelength data (e.g.,
more than 465 observations with Neil Gehrels Swift Observatory (hereafter
Swift) and continuous monitoring by Fermi-LAT) and ii) its large amplitude
variability in almost all wavelengths.

In the current paper the origin of the multiwavelength emission from 3C
4543 is investigated using the multiwavelength data accumulated during
2008-2018. The paper is structured as follows. Section 4.2 presents the multi-
wavelength data analyzed in the current study. The evolution of SED in time
is presented in Section The modeling of SEDs is presented in Section
and the discussions in Section[4.5] The conclusion is given in Section [4.6]

4.2 Multiwavelenth Observations

3C 454.3, being among the brightest y-ray blazars, was frequently monitored
in different energy bands. Here, the emission of 3C 454.3 in the optical/UYV,
X-ray and 7y-ray bands is investigated using the data from Fermi-LAT, Swift
UVOT and XRT telescopes.

4.2.1 Fermi-LAT data

Fermi-LAT on board the Fermi Gamma-ray Space Telescope is a pair-conversion
telescope sensitive to y-rays in the energy band from 20 MeV to 500 GeV.
Scanning the entire sky every ~ 3 hours, it provides the deepest view of the
y-ray sky [17].

In the current study, the publicly available Fermi-LAT data accumulated
between August 4, 2008 and August 4, 2018 are used. The Pass 8 (P8R3)
Fermi-LAT events in the energy range from 100 MeV to 500 GeV extracted
from a 12° region of interest (ROI) around the y-ray position of 3C 454.3 (RA
= 343.497 and Dec = 16.149) have been analyzed using Fermi ScienceTools
(1.2.1) and the P8R3_ SOURCE. V2 instrument response functions (IRFs).
With the help of gtselect tool the front and back events of type 3 and event
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Figure 4.1 The multiwavelength light curve of 3C 454.3 between May 01, 2007
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class 128 coming from zenith angles smaller than 90°, to reduce contamina-
tion by photons from Earth’s atmosphere, were selected. Instead, the good
time intervals are selected with gtmktime tool using the filter expression
(DATAQUAL >0) and (LAT CONFIG==1). The events are binned within
a 16.9° x 16.9° square region with a stereographic projection into 0.1° x 0.1°
pixels and into 37 equal logarithmically spaced energy bins with the help of
gtbin tool. Then, an exposure map in the ROI with 22° radius was computed
using tasks gtltcube and gtexpmap. The background point sources from the
Fermi-LAT fourth source catalog [4FGL; 11] within ROI+5 from the position
of 3C 454.3 were all included in the model file with the same spectral models
as in the catalog. The normalization and spectral parameters of the sources
within the ROI were set as free parameters, while that of the sources outside
ROI were fixed to the catalog values. The model file contains the standard
templates describing the diffuse emission from the Galaxy (gll_iem_v07) and
the isotropic y-ray background (iso- PSR3_ SOURCE_ V2_v1). The normal-
ization of both components is considered as a free parameter in the analysis.
Initially, the binned likelihood analysis is applied to the full time data set us-
ing the gtlike tool.

In the light curve calculations (shorter periods), the flux and photon index
are estimated applying unbinned likelihood analysis. The photon indexes of
all sources except 3C 454.3 are fixed, only keeping free the normalization of
the sources within the ROI. As no variability is expected from background
models, their normalization was fixed. Since the likelihood fitting is per-
formed for short periods, the spectrum of 3C 454.3 was modeled as a power-
law (PL) with the normalization and photon index as free parameters. The
significance of the source emission in each interval is evaluated using test
statistics defined as TS = 2log(Lq/Lg), where Ly and L; are the likelihoods
of the model without source (null hypothesis) and the alternative likelihood
(with source), respectively.

3C 454.3 is a well known strongly variable y-ray blazar, so the light curve
is computed in two different ways. Initially, the light-curve with 3-day bin-
ning was calculated (Fig. [4.1| panel b), but at this fixed time binning the fast
variation of the flux will be smoothed out and the true increase or the vari-
ation of the flux cannot be investigated. In the case of short time intervals,
the flux can be estimated only in the active state when the source is bright.
Thus, in order to have a deeper and detailed view of the y-ray flux variation,
the light curve was generated with the help of the adaptive binning method
[85]. In this case, the bin width is defined by requiring a constant relative flux
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Figure 4.2 The distribution of the y-ray flux estimated in adaptively binned
intervals. The red line shows the fit with three Gaussian functions.

uncertainty, so the time bins are longer during low flux levels and narrower
when the source is in flaring state. The light curve generated by this method
is a powerful tool for investigation of the flux variations in short time scales
and identification of flaring periods as well as it contains maximum possible
information on the flux variation [e.g., see /55,126, 153, 18, 30, [117].

The adaptively binned light curve with 20% uncertainty and above Ey =
141.6 MeV [for Ej see 85] is in Fig. panel a) showing the complex be-
havior of 3C 454.3 in 2008-2018. The source is so bright that the flux and
photon index were estimated in 11698 time intervals providing a possibility
to investigate the y-ray flux changes also in hour scales. The source exhib-
ited several substantial y-ray flaring events during the considered period.
In the low state (e.g., MJD 55800-56140) the <y-ray flux is of the order of
~ 5x 1078 photon cm—2 s~ however, during the flares the flux was above
10~° photon cm™2 s~1. The major y-ray flaring activity was observed during
MJD 55517-55522 when the highest y-ray flux of (9.22 4-1.96) x 10~ photon cm=2s~!
above 141.6 MeV was observed on MJD 55519.3 with 15.60 significance which
is 1844 times higher than the lowest y-ray flux. Interestingly, there are in to-
tal 1657 time intervals when the source flux was above 10~° photon cm=2 51
which were observed in different periods, showing that from time to time the
source was in a powerful y-ray emitting state. Fig. |4.2|shows the distribution
of the y-ray flux of 3C 454.3 estimated in 11698 intervals. The distribution
shows three peaks which characterize different states of the source. The fit
of these peaks with three Gaussian functions is shown with red line in Fig.
The first peak is at 1.71 x 1076 photon cm =2 s~ 1 which is the average y-ray
flux of the source. The other two peaks are at 9.32 x 10~ photon cm=2 s~ ! and
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55600.

3.9 x 1072 photon cm~2 571, respectively, when the source was in an active 7-
ray emitting state. Especially interesting are the periods when the flux ex-
ceeded the third peak; for example, in 72 intervals the source was in a hyper-
active state when the «-ray flux varied within (5.01 —9.22) x 102 photon cm™
corresponding to an apparent isotropic 7y-ray luminosity of (0.88 — 5.69) x
10°° erg s—!, which is the range of the highest y-ray luminosity observed
from blazars so far. It is interesting to note that the 3C 454.3 flux was >
10> photon cm=2s~! for 30.8 days in total (~ 0.84 % of the considered ten
years). This once more confirms that 3C 454.3 is extremely variable in the
y-ray band.

The evolution of the y-ray photon index in the considered ten years was
also investigated. Unlike the fast y-ray flux variation, the photon index does
not vary significantly. It is hard to investigate the photon index variation
when adaptive bins are considered, as the time intervals are short and the
photon index is estimated with large uncertainty; the simple x? test results
in x2/dof ~ 1.01 with a probability of P(x?) = 0.12, implying a relatively
constant photon index. Instead, in the light curve with 3-day bins, the accu-
mulation time is enough for precise estimation of the photon index showing
that it varies as well. Considering only the intervals when TS > 16, the hard-
est photon index of 1.87 £ 0.04 was observed on MJD 56559.16 + 1.5 with
47.50. The source flux was (2.54 & 0.15) x 10~¢ photon cm=2s~!, implying
the source was in an average y-ray emitting state. Furthermore, the y-ray
photon index correlation was investigated. The correlation of the photon in-

2 .—1

s

30



4.2 Multiwavelenth Observations

dex and the flux is expected when the accelerated electrons are cooled down;
the photon index is controlled by acceleration or cooling times, and depend-
ing on which of them is dominating, the photon index at the peak flux either
softens or hardens [82]. Photon index hardening is observed for some blazars
and radio galaxies when they get brighter [e.g., see 5, [1} 18, 18]. In the long
time scale, any trend will be smoothed out because of the mix of different
flux levels, so the spectral variability and flux correlation was investigated
using the data around the major -ray flare (MJD 55400-55800). The <y-ray
photon index versus flux estimated in 3-day bins is presented in Fig. 4.3( (left
panel) and the possible correlation is investigated using the linear-Pearson
correlation test. The test yielded r, = —0.41, implying a negative correlation
between the flux and photon index, i.e., the flux increases with decreasing
(hardening) photon index. It should be noted that a very moderate harder
when brighter trend was measured using daily bins for the period covering
the outbursts in 2009 December and 2010 April [8].

4.2.2 Swift XRT

The Swift satellite with three instruments on board, the UV and Optical Tele-
scope [UVOT, [121], the X-Ray Telescope [XRT, [34] sensitive to the 0.3-10.0
keV band, and the Burst Alert Telescope [BAT, 20] sensitive to the 15-150 keV
band is an ideal instrument for simultaneous observation of blazars in the
X-ray, Optical, and UV bands. 3C 454.3 was monitored by Swift 465 times
during 2005 - 2016. In the current study the data collected by XRT and UVOT
instruments has been analyzed.

The XRT data were taken both in photon counting mode (PC) or windowed
timing mode (WT) with the single exposure ranging from 0.22 to 14.35 ks
for a total exposure of ~ 0.76 Ms. All the XRT data were processed using
Swift xrtproc which is an automatic tool for XRT data analysis developed
within the Open Universe initiative['| ((author?) [64], Giommi et al. 2021, sub-
mitted). The raw event files (Levell) were reduced, calibrated and cleaned
via the XRTPIPELINE script by applying the standard filtering criteria and
the latest calibration files of CALDB. The source counts were extracted from
a circular region of a radius of ~ 20 pixels (47") centered on the position of 3C
4543, while the background counts are taken from an annular ring centered

at the source, with inner and outer radii of ~ 51 pixels (120") and ~ 85 pixels

1ht’cps: / /openuniverse.asi.it
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(200", respectively. For some observations, the source count rate was above
0.5 counts s~! and the data were significantly affected by the pile-up in the
inner part of the point-spread function. These pile-up effects were removed
by excluding events within the circle the radius of which is defined by the
count rate and varying within 3-6-pixels. The ungrouped data were loaded
in XSPEC (vesiopn 12.11) for spectral fitting using Cash statistics [35]. The in-
dividual spectra were fitted adopting absorbed PL and log-parabola models
with the galactic absorption column density of 6.78 x 1020 cm 2 H

Fig. d) shows the 2.0-10.0 keV X-ray flux variation during 2007-2016.
The X-ray variation over different observations is evident, the lowest flux be-
ing (7.47 +0.59) x 10~ 2erg cm =2 s~ ! and the highest (1.80 £0.18) x 10~ %erg cm =251,
The source was observed many times around the major y-ray brightening,
showing the X-ray flux increased between MJD 55517-55520 when in seven
observations the flux was above ~ 10~ ¥ergcm=2s71. Another period of
bright X-ray emission was observed in MJD 55166-55174 when again the X-
ray flux was > 10" Yergcm=2s71. The X-ray flux varies albeit with lower
amplitude also during the y-ray flaring period in MJD 56800-57800.

Fig. e) shows the variation of X-ray photon index measured in the
0.3 — 10 keV band. The X-ray photon index is around ~ 1.5 and does not
show substantial variation over different observations. However, occasion-
ally harder or softer indexes are observed; the softest index of 1.75 - 0.04 was
observed on MJD 56829.60 while the hardest, 1.16 4= 0.20, on MJD 54831.70.
The photon index variation versus the flux is investigated using the data
around the flares at MJD 55130-55250 and MJD 55400-55600. In the latter case,
the linear-Pearson correlation test shows no correlation, while a negative cor-
relation (r, = —0.60) is found during the first flare (Fig. right panel).
Along with the increase of the flux, the photon index hardens to ~ 1.35.

4.2.3 Swift UVOT

Simultaneously with XRT, 3C 454.3 was observed with the UVOT instrument
in six filters, V (500-600 nm), B (380-500 nm), U (300-400 nm), W1 (220-400
nm), M2 (200-280 nm) and W2 (180-260 nm). All the single observations
were processed. The source counts were extracted from a circular region of
5" around the source, while the background - from a 20" region away from
the source not containing any significant pixel. The source magnitudes and

2h’ctps: / /heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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4.2 Multiwavelenth Observations

Table 4.1 Results of the y-ray spectrum fitting with different models (PLEC
and LP).

Period Flux! I'/a Efut B
54719.82 - 54730.50 394+044 215+0.05 4.034+1.00 --
54808.37 - 54850.18 0.824+0.05 221+0.06 3.6140.96 -
54955.18 - 54990.41 0.85+0.12 2.13+0.06 3.204+0.81 -
55051.41-55065.48* 1.27+0.05 2.144+0.07 -- 0.18 +
55104.72 - 55118.41 3.104+£0.09 2254+0.06 3.13+0.79 - -
55160.50 - 55166.10 784+020 213+004 5.05+1.18 --
55177.89-55182.82* 6.94+022 2.08+0.04 -- 0.11 +
55213.93 - 55223.36 506+0.13 222+0.05 3.34+0.76 - -
55246.42 - 55264.45 3.06£0.07 225+0.05 3.83+094 --
55280.79 -55288.24* 5794+0.19 2.194+0.04 -- 0.11 £
55303.44 - 55308.62 7484019 2.17+0.05 4.1141.08 --
55371.82 - 55414.87 153+£0.04 220+005 2.754+0.52 -
55414.87 - 55422.58 2714+030 2.07+£0.09 1.67+043 -
55464.76 - 55480.30 229+038 2.03+0.08 1.70+0.35 -
55480.30 - 55494.20 3.71 +£0.41 227 4+0.05 4.06t1.03 - -
55494.20 -55500.87* 5804+0.18 2.23+0.05 -- 0.12 £
55502.06 - 55510.51 1054 +£0.17 2.13+0.02 10.55+2.13 -
55517.05 - 55518.06 4896 +1.03 2.01+0.03 8.81+1.97 -
55518.06 - 55518.68 6237 +1.27 211+0.03 6.284+1.42 -
55519.59 - 55520.19 7359 +1.79 2.09+0.04 6.404+1.68 -
55520.19 - 55520.80 52294+134 198+0.04 691+157 - -
55521.30 -55523.00* 2494 +0.72 2.10+£0.04 -- 0.09 +
55523.00 - 55525.35 21.234+0.45 214+0.04 6.76 +1.65 -
55529.04 - 55530.56 20.314+0.57 2.13+0.04 582+1.61 -
55541.35 - 55542.68 1488 £0.48 2.09+0.06 3.754+1.03 -
55543.94 - 55545.30 17.02+£049 2.08+0.05 4.23+1.10 -
55549.00 - 55553.46 1828 £0.30 2.15+0.02 9.17+1.83 -
55587.20 - 55628.06 2934+0.07 230+£0.03 576=+1.15 -
56657.96 - 56744.44 0.95+0.03 224+0.08 4.694+2.05 -
56829.85 - 56832.09 1195+0.31 1.84+0.03 14.94+4+3.54 --
56857.26 -56863.64* 2.12 +£0.15 1.89 £ 0.08 -- 0.22 £
57267.66 - 57278.13 284 +0.16 212+0.06 3.06+0.80 --
57287.48 -57301.85* 298 +0.10 2.23+0.05 - 0.12 +
57326.85 -57333.30* 3254+0.16 2.06£0.07 -- 0.19 +
57400.81 - 57409.39 433+0.12 1994+0.05 290+0.54 --
57431.33 -57456.50* 1.26 £0.21 2.78 £ 0.10 -- 0.16 £
- - - - - ; 7+1.34 - -
57562.21 - 57562.71 16.42 +0.76 1.77 +£0.08 .86 +1.11 -
57563.01 - 57564.33 1718 £050 1.87+0.04 5.52+1.17 -
57607.08 - 57635.05 2374+021 220+0.04 541+124 -
57743.77 - 57763.90 1.64+0.05 213+0.05 3.66=+0.88 -

! The flux in units of 10~° photon cm™
! The cut-off energy in GeV.
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4 Modeling the Broadband Emission of 3C 454.3

fluxes were extracted using uvotsource. Magnitudes are corrected for the
galactic extinction [134] which were then converted to fluxes using the central
wavelength values for each filter from (author?) [111].

Fig. panels f) and g) show the light curves in optical and UV bands
(separating V, B, U and W1, M2 and W2 filters for clarity). On the low state
the optical /UV flux of the source is at the level of (7 —8) x 10712 erg cm=2s71
which increases above ~ 3 x 10~ erg cm=2s~! during the flares. The flux
increased in all six filters with different amplitudes: the highest flux of (1.16 -
0.03) x 10719 erg cm=2 s~! was observed on MJD 53507.85 before the Fermi-
LAT operation (not shown in Fig. £.I). This coincides with the exceptional
optical outburst observed in spring 2005 [149]. The flux increased almost
to the same level, (1.03 + 0.03) x 1010 erg cm~2s71, also in B band on MJD
56832.89. During the 7y-ray major brightening around MJD 55500 and the
flare in MJD 56800-57800, the UV flux in all bands substantially increased,
being above ~ 5 x 10~ erg cm=2s71.

The visual inspection of the light curves shown in Fig. |4.1|suggests that the
flares in different bands are nearly correlated or appear with small legs. A
cross correlation analysis of the 3C 454.3 emission in different bands has been
performed in (author?) [14] where a detailed comparison of the emission in
various bands is provided [see Table 2 and 3 in [14].

4.3 Evolution of Spectral Energy Distribution

The data presented in the previous section provide a detailed view of the
long-term emission of 3C 454.3. The temporal evolution of the SEDs is inves-
tigated by generating SEDs with simultaneous or quasi simultaneous data.
The SEDs are constructed in the following manner: for each interval the y-ray
data are plotted together with the Swift UVOT, XRT or, if available, archival
data extracted from the ASI Space Science Data Centre (ASI/SSDC) El The
archival data observed both at low and high frequencies are included, allow-
ing to constrain the SEDs from 10° Hz to 10?° Hz. The intervals are selected
based on the 7-ray data as the source is being continuously monitored since
2008. Yet, in the ideal case, the y-ray spectral points should be generated for
all adaptively binned intervals and compared with the Swift observations.
However, for short intervals, in the y-ray band the spectrum will extend only

3h’ctps: / /tools.ssdc.asi.it/SED/
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4.3 Evolution of Spectral Energy Distribution
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Figure 4.4 The «y-ray SEDs of 3C 454.3 in different periods. Panels a) and b)
PLEC and LP spectral modeling (blue shaded area) versus PL model (gray
shaded area), respectively. Panels c) and d) the periods with hard y-ray spec-
tra. The spectral points have been obtained by running gtlike tool for smaller
energy intervals.

35



4 Modeling the Broadband Emission of 3C 454.3

up to moderate energies of ~ 1 GeV not enough for theoretical modeling.
So, in order to overcome the problem of low statistics, the adaptively binned
light curve is divided into piecewise constant blocks (Bayesian blocks) by op-
timizing a fitness function [133]. This gives the optimal segmentation of the
data into time intervals during which the data are statistically consistent with
a constant flux. These blocks provide an objective way to detect significant
local variations in the light curve. In this way, the y-ray emitting intervals
with the same flux level (weather flaring or constant) will be selected and
separated. These intervals are shown in Fig. c panel. By this statistical
method, the selected intervals will be longer, allowing to calculate the y-ray
spectra up to reasonable energies necessary for theoretical modeling.

The Bayesian block algorithm applied to the adaptively binned light curve
produces 388 intervals each with a constant flux level. Similarly, Bayesian
blocks are computed also for the 3-day binned light curve, which in general
produces similar results although with less intervals. In order to have a more
detailed view of the SEDs evolution, the blocks from adaptively binned light
curve are considered. The spectrum in each Bayesian block is computed by
applying unbinned likelihood analysis assuming the spectrum of 3C 454.3 is
a PL with the normalization and index as free parameters. Then, the SEDs
are calculated by fixing the source PL index and running gtlike separately for
4 to 7 energy bins (depending on the source significance) of equal width in
log scale.

The resultant SED evolution in time (SED/ligh curve animation) can be
found in youtube . com/wNLV j3W6ZFg showing dramatic changes in the broad-
band spectrum of 3C 454.3 during 2008-2018. The flux amplification is nearly
of two orders of magnitude in the optical/UV bands while in the X-ray band
it is of two-three orders of magnitude. The major changes are observed in
the y-ray band when the flux changes by four orders of magnitude. Simi-
lar changes of the flux in the optical/UV and X-ray bands show that, per-
haps, in these bands the same component is contributing, whereas in the -
ray band another component is dominating. This fits well in the synchrotron
and SSC/EIC scenario for the broadband emission from 3C 454.3.

4.3.1 Gamma-ray spectrum evolution in time

The periods when the y-ray spectrum deviates from the simple PL model
(red bowtie) can be identified in the time evolution of the multiwavelength
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Figure 4.5 The cut-off energy versus the y-ray flux (left panel) and photon
index (right panel).

SEDs. In order to identify whether the curvature is statistically significant,
alternative fits with functions in the form of dN/dE ~ E_* X E xp(—E,/Ecut)

(power-law with exponential cut-off [PLEC]) and dN /dE ~ (E/Ep,)~ (a+plog(Ey/ Ey))
(log-parabola [LP]) were applied. These models are compared with PL mod-
eling by applying a log likelihood ratio test where the significance is 2(Lpgee/cp —
Ly ). In the 388 Bayesian blocks, there are 41 intervals when the significance
of the curvature was > 5¢. These periods are given in Table d.T|for each inter-
val, providing the v-ray flux, photon index, cut-off energy or B if the model
is LP, detection significance and curvature significance.

In all the periods, both PLEC and LP provide a statistically better represen-
tation of the data and only in nine periods (marked with *) only LP modeling
was preferred over the simple PL model. In all the periods, the detection sig-
nificance of the source was > 40 ¢, convincingly high to test the curvature. In
these periods the <y-ray spectrum is soft with a photon index of 1.98 — 2.30,
except for five intervals when it was < 1.90. Fig. a) and b) panels show
the 3C 454.3 spectra during two periods (with a high significance of the cur-
vature) where the PLEC and LP are compared with PL model. Interestingly,
curved spectra were observed also when the source was in active and hyper-
active states (MJD 55502-55554 in Table. The spectrum in the hyperactive
state with a flux of (7.36 + 0.18) x 10~° photon cm~2 s~ ! is shown in Fig.
b).

The cut-off energy variation versus the -ray flux and photon index is
shown in Fig. No strong cut-off energy variation is found as compared
to the flux, i.e., the flux varies by a factor of ~ 90, whereas the cut-off energy
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4 Modeling the Broadband Emission of 3C 454.3

only by ~ 5. Similarly, as the photon index occasionally can be as hard as
~ 1.77, the break energy remains relatively constant. This is in agreement
with the previous studies of 3C 454.3 [e.g., 3, [8]. The highest cut-off energy of
Ecut = 14.95 £ 3.54 GeV has been observed on MJD 56829.85-56832.09 when
the source was in a bright y-ray emission state with a flux of (1.19 £ 0.03) x
107> photon cm~2 s~1 and the y-ray photon index was 1.84 + 0.03.

Interestingly, there are periods when the 7y-ray spectrum substantially hard-
ened shifting the peak of the second emission component towards higher en-
ergies. The spectrum of 3C 454.3 in such two periods in shown in Fig.
panels c) and d). In the first period (panel c), even if the y-ray spectrum is
initially hard, it starts to curve above a few GeV, and the LP model better
explains the data. On the other hand, the y-ray spectrum measured dur-
ing MJD 56558.21-56561.37 is with a photon index of 1.84 4= 0.04 and extends
above ~ 10 GeV with 51.50¢. Additional periods with harder 7-ray photon
index of 1.88 £ 0.06, 1.89 £ 0.07 and 1.89 £ 0.06 were observed during MJD
56834.20-56834.91, 56916.17-56916.64 and 56827.09-56827.52, respectively. Al-
though, these are short intervals as compared with the period in Fig. d)
and the spectra were measured up to ~ 10 GeV, the hardening of the spec-
trum is evident.

4.4 Origin of multiwavelength emission

The multiwalength data obtained in Section {4.2| provide unprecedented de-
tailed information on the emission spectrum of 3C 454.3 over different years.
Yet, the large amount of the available data allows to investigate not only the
emission in different states but also, through theoretical modeling, the evolu-
tion of different components of the SEDs. By modeling single snapshot SEDs
constrained by (quasi) contemporaneous data, the main parameters describ-
ing the jet can be estimated, whereas modeling of the SEDs of the same source
observed in different periods can provide a clue on the changes in the jet over
different periods. Such an interpretation of the data is the backbone of any
model aiming to self-consistently explain blazar emission. Thus, in all the
periods shown in the SED/light curve animation when the data in the opti-
cal/UV, X-ray and <y-ray bands are available (362 periods) have been modeled
and the corresponding parameters estimated.

The double-peaked SED of 3C 454.3 is modeled within a homogeneous
one-zone leptonic scenario where the low energy component is interpreted
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4.4 Origin of multiwavelength emission

as synchrotron emission of relativistic electrons, while the second compo-
nent is due to inverse Compton up-scattering of various photon fields. The
seed photons come from the jet itself [SSC model e.g., 90, 25] and those from
the accretion disk [external Compton scattering of direct disk radiation, EC
disk; 46| or those reflected from the BLR clouds [EC BLR;[136] or those of the
dusty torus [24], depending on the location of the emission region along the
jet. However, the observed high energetics of 3C 454.3 as well as the short
time variability in the y-ray band suggest that the emission region is located
close to the blazar central black hole where the dominant photon fields are
those from the accretion disk and BLR. Similar assumption was made in (au-
thor?) [147], and (author?) [51] demonstrated that the combination of those
two photon fields can explain the sharp break in the SED of 3C 454.3 and it
gives a better fit to the quasi-simultaneous radio, optical/UV, X-ray and -
ray data.

In this scenario, the emission is produced in a spherical blob of the jet with
a size of R filled with uniform magnetic field B that moves with a Lorentz
factor of I' at a small angle to the observer. The emission from the blob is
enhanced by § ~ I for small angles. The emission region is filled with a pop-
ulation of non-thermal electrons which have a broken power-law distribution
in the form of

N/,Ylfpl ,.)// ) S ,)// S ,.)/l
N(r)//) = { NZ Z P2—P1,)//7p2 f)/’/ﬂZ; ’)/i) br ’ (441)
r T

where p; and p; are the low and high indexes of electrons correspondingly
below and above the break energy <, ., 7,,, is the minimum electron en-
ergy in the jet frame. N/ is connected with the total energy of electrons

U, = m,c? f;’,r:'l’::x’)/’ N(7") dvy’ which scales with the magnetic field energy

density B2 /8.

It is assumed that the emission region is within the BLR, at a distance of
107 cm. (author?) [27] derived that for 3C 454.3 the BLR is located at a dis-
tance of ~ 6 x 107 cm. Therefore, the BLR is modeled as a spherical shell
with a lower boundary of R;, ~ 4.9 x 10 cm and an outer boundary of
Rout = 1.2 X R;;; ~ 5.9 x 10" [49] and which reflects 10% of the disk lumi-
nosity L. The disk emission is approximated as a mono-temperature black
body.

In order to reduce the number of free parameters, it is assumed that the
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4 Modeling the Broadband Emission of 3C 454.3

emission region size is R = 5 x 10'° cm which corresponds to hour scale vari-
ability as observed in the 7-ray band. Next, in order to constrain the source
parameters (e.g., the disk luminosity), the SED observed in MJD 54808.37-
54750.83, where the disk contribution in the optical/UV band (blue bump)
can be seen, is modeled. The fitting is performed with the open source pack-
age JetSet [91)143] [142]].

The SED well reproduced by the applied model is shown in Fig. 4.6|(upper
panel). The sum of all components is shown in blue, while the disk compo-
nent is in magenta peaking at 3.02 x 10* K (6.3 x 10'* Hz) with the luminosity
of Lyix = 4.57 x 10% erg s~! similar to the values usually estimated for 3C
454.3. The X-ray emission is dominated by the contribution from SSC (green)
while the EC of disk and BLR components (light blue and red, respectively)
dominate at higher energies. The fitting resulted in 6 ~ 16.9 which is typical
for the bright blazars and v/, ;, = 5.88 implying that all electrons are cooling
in the emitting region. The PL indexes of electrons change from 1.34 to 3.51
at the break energy of 240.7.

When modeling the SEDs in other periods, the disk luminosity and tem-
perature are fixed to the values obtained from the fitting of the SED in MJD
54808.37-54750.83. The other model parameters (N,, p1, P2, Vipins Vi 0 and
B) have been then estimated by fitting the SEDs. The SEDs modeling an-
imation is available here youtube.com/dAqVjp05Nb4. The synchrotron/SSC
components account for the data up to the X-ray band and, in principle, SSC
could extend to HEs. However, as demonstrated in (author?) [51]], the SSC
component cannot explain the sharp break observed in the 7y-ray band and
in such case the strong contribution from BLR photons should be neglected.
Considering inverse Compton scattering of only BLR photons, which have
a narrower distribution than the SSC component starts to decrease and can-
not explain the Fermi-LAT data. Instead, the HE spectrum can be well re-
produced when considering the joint contribution from EC of disk and BLR
photons. The EC disk component dominates in the sub-GeV band, while the
contribution of EC BLR is significant at HEs. However, the y-ray data can be
explained also when considering the joint inverse Compton scattering of BLR
and torus photons [e.g., see [79].

The modeling of the SED during the bright period in MJD 55519.59-55520.19
is shown in Fig. (middle panel). In this active emission state, the source
flux from radio to X-ray bands increased nearly by an order of magnitude
while in the 7-ray band by nearly two orders of magnitude. As compared
with the results of the modeling of the SED in MJD 54808.37-54750.83, the pa-
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Figure 4.6 Upper panel: The multiwavelength SED during MJD 54808.37-
54750.83. Fermi-LAT, Swift XRT and UVOT data are in red, blue and light
blue, respectively. The VLBI radio data are from (author?) [147]. Middle
panel: The multiwavelength SED during the bright period in MJD 55519.59-
55520.19. Lower panel: The summary of all components from the modeling
of all SEDs with contemporaneous data collected during 2008-2018.
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rameters describing the emitting electrons did not vary substantially (e.g.,
p1 = 119, po = 3.77 and v}, = 271.7 were estimated in MJD 55519.59-
55520.19), but a higher § ~ 50.8 was estimated. This implies that the flaring
activity was caused by the changes in the bulk Lorentz factor of the emitting
region.

The evolution of model parameters is shown in Fig. The photon in-
dexes (panel a and b) are defined by different data sets and vary in the range
of py = 0.77 =197 and p, = 2.71 — 5.98. The emission in the X-ray band
is due to inverse Compton up-scattering of synchrotron photons in the Tho-
moson regime and the PL index of the emitting electrons is defined by the
X-ray data. Similarly, the y-ray data which are due to inverse Compton scat-
tering of disk and BLR photons are defining p,. The modeling shows that
the p1-p2 > 1.4, so the index change is significantly larger than that expected
from the standard cooling break. The break energy (panel d in Fig. [£.7) is
in the range of 107.07 — 1220.58 defining the low and high energy peaks to
be at ~ 3 x 10'2 Hz and 10*? Hz, respectively, which is characteristic for FS-
RQs. The minimum electron energy varies in the range of 2.03-48.88 which is
shown in panel e) of Fig. @ Along with p; this minimal energy is defined
by the SSC modeling of the X-ray data.The magnetic field in the jet is in the
range from 1.43 to 9.19 G (lower panel of Fig. §.7) and the amplitude of its
variation is lower than that of the parameters describing the emitting elec-
trons. This implies that the observed flares are likely due to the changes in
the emitting electrons rather than in the emitting region plasma.

4.5 Discussion

The broadband monitoring of 3C 454.3 in 2008-2018 reveals an interesting and
complicated behaviour in all the considered bands. The highest amplitude
flares are observed in the y-ray band when the flux in several occasions was
above 10~° photon cm~2 s~! which corresponds to an apparent isotropic -
ray luminosity exceeding 10> erg s~ (for the 5.49 Gpc distance to 3C 454.3).
In these active states, in the proper frame of the jet, the total power emitted
in the y-ray band would be Ley, = L,/26* ~ 10 (6/20) 2 erg s~! which
by nearly an order of magnitude exceeds the disk luminosity L; in agreement
with the results of (author?) [62].

The y-ray photon index of 3C 454.3 varies as well; occasionally the photon
index can be as hard as 1.87 &= 0.04 measured during a 3-day period. During
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Figure 4.7 The evolution of model free parameters estimated by modeling
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this period, the highest energy event with E, = 14.92 GeV has been observed
in MJD 56559.89 within a circle of 0.006° around 3C 454.3, with the probabil-
ity of 0.99987 being associated with it (computed with gtsrcprob tool). Such
hardening of the y-ray spectrum is unusual for FSRQs which are character-
ized by a soft y-ray photon index (e.g., the mean of FSRQ photon index distri-
bution is 2.2 in 4FGL). However, during the <y-ray flares, occasional harden-
ing of the the -ray photon index of FSRQs have been already observed [e.g.,
see (101, 55, 125, 109} 15]. In some periods the y-ray spectrum of 3C 454.3
deviates from the simple PL model and PLEC and LP models give a better
explanation to the overall spectrum. Such modification of the spectrum was
observed when the y-ray emission of the source was in an average or active
emitting state, but unlike the strong changes in the flux (~ 90 times), the cut-
off energy is within 2 — 10 GeV.

In the X-ray band 3C 454.3 behaves like a classical FSRQ with a hard X-ray
photon index of ~ 1.5. Unlike the changes in the X-ray flux, which can in-
crease up to 10 1%rg cm™2 571, the photon index is relatively constant. The
linear-Pearson correlation test reveals a negative correlation (r, = —0.60) be-
tween the flux and photon index during the flare at MJD 55130-55250. In
the optical /UV band 3C 454.3 is in an active state after the large outburst in
2005: in several occasions the flux was as high as 1071 ergcm 2571 The
available optical/UV data allows to shape the peak of the low energy com-
ponent to be around 10'® Hz and unlike the increase of the flux it remains
relatively constant. In the past, short transition of the low energy component
to higher frequencies during the flares was observed in several FSRQs [e.g.,
see36,45,(131),169,44]]. For 3C 454.3, in this band either the contribution of the
disk is observed or, when the synchrotron jet emission dominates during the
flares, it corresponds to the falling part of the low energy component which
consequently defines the HE tail of the electron distribution. This implies
that even during the flares, the processes limiting the maximum energy of
the accelerated electrons (e.g., cooling or a limit from the accelerator size) do
not change and produce the same effect on the electron acceleration.

The multiwavelength SEDs observed in various periods during the con-
sidered ten years are well modeled within one-zone leptonic model taking
into account the inverse Compton scattering of synchrotron, disk and BLR
photons. The adopted model with physically realistic parameters can satis-
factorily reproduce the observed SEDs; the models obtained in 362 periods
are in Fig. (lower panel) which shows the multiwavelength behaviour
of 3C 454.3 in 2008-2018. It is evident that the broadband emission varies
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significantly, except for the radio band which is most likely produced from
electrons in more extended regions. This is more evident when comparing
the SEDs in the upper and middle panels of Fig. where two different
emission states of the source are shown. Unlike the changes in the flux, the
peak of both components remains relatively stable. Within the adopted sce-
nario, this could be interpreted by strong cooling of the electrons, i.e., due to
the existence of dense photon fields (internal and external), the injected par-
ticles cool down, limiting their maximum energy, thus affecting the emission
of photons. The different rising and decaying spectra of both components are
most likely related with the initial injection (cooling) of electrons.

The modeling reveals that the emitting electrons initially are distributed
with a hard PL index with a mean of p1 0, = 1.27 which substantially hard-
ens to p2,mean = 3.87. The break energy varies in the range of 107.08 — 1220.58
and is defined by the interplay between the particle acceleration and cooling
times. The electron cooling time is defined as

_ 3mec(1+42z)

t = 4.5.1
cool 40'T u;fot ’)’é ( )

where u}; = up + ussc + ugisc + uprr. The densities of disk and BLR photons
are constant whereas 1 and uggc, which depend on the synchrotron and SSC
components, vary in different periods (Fig. |4.6|lower panel). Thus, the small
variation of the break energy (see Fig. [4.7) is defined by the changes in up and
ussc. Yet, in the vast majority of cases the ratio of ugsc/up is > 1 implying
that the SSC cooling cannot be neglected, so the nonlinear effects are impor-
tant for the formation of particle distribution, i.e., y;, and p,. Because of these
nonlinear effects the difference between p; and p; is larger than that expected
from traditional cooling break (Ap = 1). Alternatively, large Ap could be due
to the nature of the injection process or due to the inhomogeneities in the
source [119].

In the modeling, some SEDs can be modeled only when considering very
hard electron spectra; p; is 0.77 — 1.97. This index depends on the combi-
nation of the data in the X-ray and y-ray bands and sometimes because of
their hard photon indexes, p; < 1 is required. In the fast electron cooling
regime, a much softer 2 spectrum will be formed below 7, whereas in
the slow cooling regime the hard spectrum of electrons may be due to their
initial injection. However, the PL index of < 1.0 is challenging for many par-
ticle acceleration scenarios. The diffuse shock acceleration of particles can
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Figure 4.8 Upper panel: The distribution of Doppler boosting factor. Lower
panel: The distribution of the jet luminosity in the form of electrons (red) and
magnetic field (blue).

form a spectrum as hard as —1 depending on the parameters of the shocks
[e.g.,140]. Similarly, a very hard electron spectrum will be formed in the rel-
ativistic magnetic reconnection [154, 72} 138, [151] only under extremely high
magnetization conditions (> 100).

The distribution of Doppler boosting factor is presented in the upper
panel of Fig. which has a peak at 6 ~ 20 which is characteristic for
bright FSRQs [60]. However, in some periods substantially higher values
for 6 are estimated: there are 26 periods when § > 35. As can be seen
from Fig. (panel c), high § were estimated around MJD 55500 when
the source was in a bright 7-ray emission state. For example, the highest
6 = 54.8 was estimated in MJD 55518.68-55519.10 when the <-ray flux was
as high as (5.97 4 0.14) x 1072 photon cm~?s~! and that in the X-ray band-
(1.59 £0.07) x 10~ erg cm=2s~1. So, in this period the emission region has a
larger Doppler boosting factor which results in a strong increase in the Comp-
ton dominance (hence an increase of the HE component) as the external pho-
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ton density in the comoving frame of the jet depends on the Doppler boosting
factor. This faster moving emitting region could be either re-accelerated dur-
ing the propagation or could be newly injected and emits close to the central
source. Another possibility for the Doppler boosting factor increase can be
due to geometrical effects, i.e, when the jet regions may have different orien-
tations; e.g., jets in a jet [63] or twisted inhomogeneous jet model [113]. So,
during the flares the photons may be produced in a region viewed at smaller
angles as compared to the entire jet, which increases the Doppler boosting
factor.

The modeling provides also information on the power of the jet. The dis-
tribution of the jet luminosities in the form of magnetic field and electron
kinetic energy computed as Lg = mcR2[?Ug and L, = 7cRIT?U, is given
in Fig. (lower panel). L, is in the range of (0.79 — 9.35) x 10% ergs~!
while L in (0.12 — 5.07) x 10* erg s~!, implying the system is not far from
the equipartition condition. The peak of L, is around 3 x 10* er¢gs~! and Lg
is at 1.2 x 10* ergs~!. For the majority of SEDs, the jet is slightly particle-
dominated with L,/Lg > 1 and only in a few periods when the low en-
ergy components exceed the X-ray flux L./Lp < 1. The total jet luminos-
ity defined as Lit = Le + Lp + Ly + Lygq [57], where L, and L, are the
power carried by the cold protons and the produced radiation, respectively,
is < 2.08 x 10% erg s—!, being smaller than the total Eddington luminosity of
1.9 x 10% erg s~ for the black hole mass of 1.5 x 10° M, in 3C 454.3.

4.6 Conclusions

In this paper the broadband emission from 3C 454.3 during 2008-2018 is in-
vestigated. In this period the source was in active emission state displaying
extraordinary flares in the y-ray band. In several occasions the y-ray flux
exceeded 5 x 107> photon cm~2 s~ ! corresponding to an apparent isotropic
y-ray luminosity of > 10°° erg s~1. Similarly, the source was active (although
with lower amplitude) also in the X-ray and optical/UV bands.

The multiwavelength SEDs of 3C 454.3 (in 362 periods) constrained with
contemporaneous data collected during 2008-2018 have been modeled within
a one-zone leptonic scenario taking into account the inverse Compton scatter-
ing of synchrotron, disk and BLR reflected photons. Through the modeling,
the main parameters describing the jet in different periods have been esti-
mated providing an insight into the jet evolution in 2008-2018. It is shown
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that during the large y-ray flares the Doppler boosting factor substantially
increased which points that the emission during the flares comes most likely
from a region which either moves faster or has a different geometrical orien-
tation.
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5 The strange case of the transient
HBL blazar 4FGL J1544.3-0649

5.1 Introduction

Blazars are a special type of active galactic nuclei (AGN) hosting a relativistic
jet that happens to be pointing very close to the observer’s line of sight [e.g.
23|, [103]. The emission in these sources is dominated by non-thermal radia-
tion across the electromagnetic spectrum, often exhibiting large variations on
timescales ranging from years to a few hundred seconds. Blazars are usually
grouped into BL Lacertae (BL Lac) objects and Flat Spectrum Radio Quasars
(FSRQs), based on their properties in the optical band: the optical spectrum
of FSRQs shows broad emission lines while that of BL Lacs is featureless,
shows narrow lines or features of the host galaxy [145].

Blazars are the most luminous and energetic persistent emitters in the known
Universe, dominating in the extragalactic y-ray sky. Among the total ~ 5,800
sources in the Fermi Large Area Telescope (Fermi-LAT) fourth source catalog
of y-ray sources [4FGL-DR?2 ; 6, 12, 19, 86] ~ 3,100 are blazars, 47 are radio
galaxies, and 19 are other types of AGNs. Interestingly, y-ray emission has
been detected also from blazars at very high redshifts [e.g., [7,[129] which en-
ables the study of the evolution of the most luminous relativistic jets over
cosmic time.

The broadband spectral energy distribution (SED) of blazars has a charac-
teristic double hump shape. The low energy peak (radio to UV /X-ray) is
usually explained by synchrotron emission of relativistic electrons propagat-
ing along the jet, although recent models developed to explain the emission
of high-energy neutrinos in blazars assume that this component may be due
to proton synchrotron radiation, at least during flares [94]. The second SED
component extends to High Energies (HEs; > 100 MeV)), its origin being de-
batable. In the leptonic scenarios, this component is interpreted as inverse
Compton upscattering of synchrotron photons (Synchrotron self Compton
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5 The strange case of the transient HBL blazar 4FGL ]J1544.3-0649

[SSC] (author?) [89, 25, /58]) or of external photons (external inverse Compton)
[136,48]. On the other hand, in hadronic models the HE component is mainly
due to proton synchrotron emission [10}, 97] or pion decay [87, 88, 97, 98| 29].
In the latter case, blazars are also sources of Very High Energy (VHE; > 100
GeV) neutrinos [76, 75} 16, 181, 99, 105}, 122, 120, 137, 54].

Depending on the peak of the low energy component (v —s) blazars can be
further grouped into three subcategories, namely low-energy peaked blazars
(LBLS; Vpeak—s < 10'* Hz), intermediate peaked blazars (IBLs; 104 Hz <

Vpeak—s < 10" Hz) and high-energy peaked blazars (HBLs; Vjea—s > 101
Hz) [107, 2]. Observations in the X-ray band reveal that sometimes the syn-
chrotron peak of HBLs can reach energies of ~1 keV, (~ 2 x 10'7 Hz) or even
larger, showing an extreme behaviour [extreme HBLs, e.g.168| 43, 22]. For ex-
ample, during the flares of Mkn 501 the synchrotron peak reached ~ 100 keV
[110] or during the flares of 1ES 1218+304 the X-ray spectral index hardened
to I' < 1.80 shifting the peak towards higher energies [124]. The third catalog
of high energy peaked blazars [3HSP,38] includes several objects in this cate-
gory. Recent observations in the HE and VHE <-ray bands have revealed an
additional class of BL Lac objects VHE -y-ray spectrum of which is character-
ized by a hard intrinsic photon index of up to 1 TeV after correction for the
extragalactic background light (EBL) absorption effects (BL Lacs extreme in
y-rays; (author?) [28, [141]).

The BL Lacs having featureless optical spectra have been traditionally discov-
ered in radio or X-ray surveys [e.g.,[70]. Currently, the y-ray data from Fermi-
LAT observations combined with the data at the lower energy bands [e.g.,
infrared, IR, [92]] are a powerful additional method; nearly 38% of detected
blazars are BL Lacs in the fourth catalog of AGNs detected by Fermi-LAT
[38, 11]. Nearly all these y-ray emitting BL Lacs have detected radio coun-
terparts, which makes radio observations crucial also for the understanding
of their physics. In this regard of a particular interest is the identification
of radio-weak BL Lac objects, i.e., BL Lacs from which radio emission is de-
tected in follow-up observations but which do not have counterparts in the
major radio surveys. A handful observations of radio-weak BL Lac objects
will have an impact on our understanding of AGN unification as well as on
BL Lac associations based on the radio surveys [93, 38].

In May 2017 Fermi-LAT detected a new <y-ray source (4FGL J1544.3-0649) not
associated with any previously known <y-ray object; it was bright in the y-ray
band in two consecutive weeks after the discovery [41]. The X-ray follow-up
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observations by Neil Gehrels Swift Observatory [56], (hereafter Swift) found
a new bright X-ray source at a position corresponding to the optical transient
ASASSN-17gs detected at V = 17.3 mag on May 25 [41]. The MAXI team [80]
also reported a detection of this source on May 12-13 at a flux level similar
to that observed by Swift, with a flux increase of a factor ~2 in the period
May 21 to May 25. The spectroscopic redshift of the host galaxy, 2MASX
J15441967-0649156, was estimated to be z = 0.171 using the MDM 2.4m Hilt-
ner telescope [40]. The source has a counterpart in the radio band with flux
densities of 46.6 mJy at 1.4 GHz [NRAO VLA Sky Survey; 42], 35.8 m]y at
3 GHz [Very Large Array Sky Survey, epoch 1;[71] and 67 m]y at 150 MHz
[TIFR GMRT Sky Survey; [77]. In addition, (author?) [32] monitored 4FGL
J1544.3-0649 with the Effelsberg-100 m single dish radio telescope for a four-
month follow-up after the brightening in the -ray band. These data imply a
flat radio spectrum very similar to that of most blazars, and a radio luminos-
ity of ~ 5 x 10% erg s—1, at 1.4 GHz, more than a factor 10 larger than that of
Mrk 501 and Mrk 421. Considering the post-burst data at 5 GHz, the radio to
X-ray flux ratio is log (F1 4 gz /F1 kev) = -4.3 typical of HBL Blazars. Follow up
XMM-Newtown (XMM) observations showed that the source exhibits strong
variability both in the X-ray flux and spectral shape on timescales of ~ 10 ks
and the X-ray spectrum is described by a broken power-law [146]].

The transient nature of 4FGL ]J1544.3-0649 makes it a unique object and an in-
teresting target for broadband studies. Understanding of the changes in the
jet of 4FGL J1544.3-0649 which led to its brightening in the X-ray and -y-ray
bands can shed light on the physics at work in the BL Lac jets. In this regard,
the many monitoring observations of 4FGL J1544.3-0649 with Swift provide
unprecedented data both in the optical/UV and X-ray bands while that of
Fermi-LAT in the 100 MeV-500 GeV band allowing to shape the low and high
energy components in the SED of 4FGL J1544.3-0649 and investigate its evo-
lution in time. Also, this broadband data can be used for theoretical modeling
allowing to derive the main parameters characterizing the jet of 4FGL J1544.3-
0649.

The purpose of this paper is to investigate the origin of the broadband emis-
sion from 4FGL ]J1544.3-0649 and the astrophysical multi-messenger impli-
cations of the dual behaviour of this source. The paper is organized as fol-
lows. The Fermi-LAT and Swift data extraction and analyses are described
in Section In Section [5.3| the origin of the multiwavelength emission is
investigated, and the discussion and conclusion are given in Section
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5 The strange case of the transient HBL blazar 4FGL ]J1544.3-0649

5.2 Data analyses

5.2.1 Fermi-LAT observations of 4FGL J1544.3-0649

The y-ray data used in this work was collected by Fermi-LAT from August
2008 to July 2020 (from MJD 54683 to MJD 59058). The Pass 8 SOURCE data
in the energy range from 100 MeV to 600 GeV have been downloaded and
analyzed using the standard reduction methodology suggested by the LAT
collaboration. The events classified as evclass=128 and evtype=3 within a
circular region of 12° centered on the <y-ray position of 4FGL ]J1544.3-0649
(R.A., decl.=236.078, -6.825) are analyzed using Fermi ScienceTools (1.2.1)
with P8R3_ SOURCE. V2 instrument response functions. The good time
intervals were selected with the filter "DATA_ QUAL;0” and "LAT_ CON-
FIG==1" in the gtmktime tool whereas the Earth limb photons were removed
by applying a maximum zenith angle cut of 90°. The data are divided into
38 logarithmically equal energy bins and binned into the 16.9° x 16.9° square
region of interest. Then, binned likelihood analysis implemented in gtlike
tool was used to estimate the y-ray flux and photon index of the sources. The
model file is generated from the Fermi-LAT fourth source catalog of y-ray
sources (4FGL) using the 4FGL-DR2 version of the 4FGL which is based on
10 years of survey; it includes all point-like sources within a region with a
radius of 17° around 4FGL J1544.3-0649 to account for the sources outside
the region which may contribute photons to the data. The latest background
models, gll_iem_v07 and iso_P8R3_SOURCE_V2_v1, were also included in the
model file. The spectral shapes of all sources are adopted from the 4FGL cata-
log and all spectral parameters of the sources falling between 12° and 12° + 5°
are kept fixed. The y-ray spectrum of 4FGL ]J1544.3-0649 is modeled with a
power-law function. The significance of the -ray signal is evaluated by the
test statistic (TS) [96] defined as TS = 2 x (logL1 — logLy) where L and Lo
are the likelihood of the data with and without a point source at the position
of the source under investigation.

The «y-ray light curves were calculated by performing an unbinned maximum
likelihood analysis with the appropriate quality cuts as described above. Ini-
tially the light curve was computed by dividing the entire observation time
into 21-day intervals and selecting events in the energy range from 500 MeV
to 300 GeV. The lower limit was selected 500 MeV, since due to the hard -
ray photon index of 4FGL J1544.3-0649 the source is undetected below ~ 500
MeV. Also, the normalization of both diffuse components was fixed to the
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values obtained for the whole time period, as no variability is expected from
the background. Next, the y-ray variability of the 4FGL J1544.3-0649 was in-
vestigated by generating the light curves with the help of an adaptive binning
method [85]. This produces light curves with flexible time bins, requiring a
tixed uncertainty for the flux estimation in each time interval. The fluxes are
computed above the optimal energy, which is E, = 801.6 MeV in this case.
This allows a detailed investigation of the y-ray flux variation and is a pow-
erful method for identifying flaring periods (if any).

The analysis of entire ~ 11.9 years data yielded the source detection with
TS = 778.7 (27.9 ¢') and with a hard y-ray spectrum (~ E~1:87£0.04) consistent
with the value given in 4FGL. The integral flux estimated above 100 MeV is
(8.0 £ 0.9) x 10~ photon cm~2 s~ . Panels a) and b) of Fig. show the -
ray flux and photon index (I';) evolution in time calculated for 21-day (red)
bins where only the intervals when TS > 12 are presented. The source was
in the bright y-ray flaring state around MJD 58000 with the highest y-ray
flux of (2.59 4-0.43) x 10~8 photon cm =2 s~ observed on MJD 57997.5 4 10.5
with a detection significance of 15.0 . Yet, the adaptively binned light curve
illustrates the changes in the y-ray flux better; the source being mostly un-
detected in the y-ray band shows significant (> 5¢) -ray emission with a
flux of (7.75 £2.96) x 1071° photon cm™2 s~ above E, = 801.6 MeV starting
from MJD 57484.7. However, the y-ray flux of the source substantially in-
creased during MJD 57869.3-58052.0; the highest y-ray flux of (2.35 £ 0.55) x
1078 photon cm™2 s~! above E, = 801.6 MeV was observed on MJD 57998.9 +
4.60. The flux was above 1078 photon cm=2s~1 in other eight periods (see
Fig. b.I). Despite the increase in the y-ray flux, the photon index does not
vary significantly (panel b in Fig. [5.1); even though there are periods when
the spectrum hardens, no definite conclusion can be drawn because of large
uncertainties. For example, in the adaptively binned intervals the hardest in-
dexes of 1.43 £+ 0.19 and 1.44 4+ 0.18 were observed on MJD 57955.64 + 4.49
and MJD 58241.06 £ 8.70 which within the uncertainty agree with the aver-
aged photon index estimated during ~ 11.9 years. Interestingly, in the 21-
day binned light curve, when the highest -ray flux was observed on MJD
57997.5 + 10.5, the y-ray spectrum is hard with a photon index of 1.57 £ 0.11.
The distribution of HE photons arrival time (computed using the gtsrcprob
tool) is shown in panel f) of Fig. The highest energy event with E, =
174.20 GeV has been observed on MJD 57951.92 within a circle of 0.054°
around 4FGL ]J1544.3-0649, with the probability of 0.99428 being associated
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Figure 5.1 Multiwavelength light curves for 4FGL J1544.3-0649. a) and b) the
v-ray flux and photon index computed for 21-day (red; > 500 MeV) and
adaptive bins (blue; > 801.6 MeV); ¢) and d) Swift XRT flux and photon
index; e) UV /optical fluxes in V, B, U, W1, M2, and W2 bands; f) the arrival
time of HE photons from the direction of 4FGL J1544.3-0649. Shadowed areas
indicate the periods P1, P2 and P3 defined in Sect.
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with it. There are four additional events from the innermost region around
4FGL J1544.3-0649 with an energy exceeding 100 GeV; the 107.4, 106.0, 147 .4
and 117.8 GeV events were observed on MJD 58060.2, 57780.9, 57960.1 and
58579.9, respectively.

5.2.2 Swift XRT observations

4FGL J1544.3-0649 was pointed by Swift 51 times, starting shortly after the
discovery of the y-ray and optical transient in May 2017 to mid 2020. All the
XRT data were processed using Swift xrtproc, a data reduction, spectral and
imaging analysis tool, that was developed within the Open Universe initia-
tive ['| [64], in collaboration with the ASI Space Science Data Center (S5SDC)
E It allows to analyse all the XRT observations of a large sample of blazars
and the data of all the Gamma Ray Bursts (GRBs) observed by Swift-XRT.
Details of the Swift_xrtproc data processing pipeline are given in Giommi et
al. (2020, submitted). Here we briefly list the features of the tool that are most
relevant to this paper, which include a) the automatic download of raw data
and calibration files from one of the official Swift archives; b) the reduction,
calibration of XRT data taken in PC or WT readout modes [see [33] using the
official XRTDAS software, following a standard procedure; c) spectra and X-
ray image generation; d) spectral fitting to a power law and a log-parabola
model using XSPEC-V12.11 and Cash statistics, followed by conversion to
vf(v) fluxes and data rebinning to produce 30 SED bins. d) photometric flux
estimation in standard energy bands with the XIMAGE-V4.5.1.

The 2-10 keV X-ray flux and best-fit photon index of 4FGL J1544.3-0649 are
shown in panels c) and d) of Fig. respectively. The source was in a high
X-ray state contemporaneously with the -ray flare around MJD 58000 with
the highest X-ray flux of (1.28 +0.05) x 10719 erg cm=2 s~ ! observed on MJD
57991.40. Then, the source is in a quiescent state with the flux of the order
of (1.0 — 5.0) x 10712 er¢g cm=2 s~ 1. The X-ray photon index (I'x) shows an
interesting evolution in time; the X-ray spectrum is hard (< 2.0) during the
bright X-ray state around MJD 58000 which then softens during the moder-
ately bright or quiescent states. The hardest X-ray photon index of 1.57 4 0.07
was observed on MJD 58009.92; there are additional 12 periods with an X-ray
photon index of < 1.9. This hardening clearly shifts the peak of synchrotron

https:/ /openuniverse.asi.it
2ht’cps: / /www.ssdc.asi.it
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Figure 5.2 The X-ray flux versus photon index.

component to higher energies. The relation between the X-ray flux and the
photon index was further investigated by considering XRT observations in
each orbit. The X-ray flux (2-10 keV) versus the photon index is shown in Fig.
The spectrum clearly tends to harden as the source gets brighter. The
linear-Pearson correlation test yields r; = —0.71 which suggests a negative
correlation between the flux and photon index, i.e., when the photon index
decreases (hardens) the flux increases.

5.2.3 Swift UVOT

Along with the XRT observations, the source was also targeted with Swift
UVOT in the ultraviolet UVW1, UVM2, and UVW2 and optical V, B and
U bands. For each observation, the aperture photometry analysis was per-
formed using the standard UVOT software distributed within the HEASoft
package (v6.26.1) and the calibration included in the latest release of CALDB.
Source counts were extracted from a circular region with 5” radius, and the
background ones from a source-free region with 20” radius. Each individual
observation was checked to validate that in any filter the background was
not contaminated by the nearby objects. The counts were extracted and con-
verted to fluxes using UVOTSOURCE tool and the conversion factors from
(author?) [111]. The flux values were then de-reddened using the value of E
(B-V)=0.138 [134].

The optical/UV light curve is shown in Fig. e). The source appears to
be in a quiescent state in the optical/UV bands when it was bright in the
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X-ray and 7y-ray bands (MJD 58000). However, the optical/UV flux substan-
tially increased around MJD ~ 58250. The highest flux of (1.87 & 0.12) x
10~ erg cm=2 s~1 was observed on MJD 58191.08 in UVM2 filter. In this pe-
riod the flux increased in other UVOT filters as well, being at the level of
(1.06 —1.47) x 10~ ergcm =251,

5.3 The origin of multiwavelength emission

Multiwavelength observations of 4FGL J1544.3-0649 allow us to build the
SEDs with simultaneous and archival data as well as to investigate the time
evolution of SEDs. The y-ray data for each adaptively binned interval has
been combined with the Swift optical /UV and X-ray data, with the Effelsberg-
100 m observations of 4FGL J1544.3-0649 [in the frequencies from 5 to 15 GHz
32] and with archival data from the VOU-Blazar [39] and the SSDCEI SED
tools, to form the SED/light curve animation that is available here youtu.be/
9feaNWi1RDs. Moving over each 7-ray light curve interval, the spectrum ob-
served in different bands evolves showing the time evolution of the SED. The
months before the large y-ray flare on MJD 58000 (May 2017) the source is
barely detected in the 7-ray band, i.e., the SED on MJD 57274.73 contain up-
per limits and large uncertainties in the flux estimation. Then the y-ray emis-
sion substantially increases which is sometimes accompanied by increases
in the other bands. The -ray emission from the source is still detectable
with a high significance until MJD 58865.87, but in the last interval (MJD
58947.23 £ 81.36) the detection significance drops to TS = 17. To investigate
the nature of the multiwavelength emission from 4FGL J1544.3-0649, data
from the following periods are considered:

Period 1 (P1): averaged y-ray emission state on MJD 57938.35 + 12.80
with contemporaneous Swift UVOT/XRT (Obsid: 10145008) and radio
data.

Period 2 (P2): from MJD 57984.00 to MJD 57994.33 corresponding to the
period when the highest X-ray flux was observed (Obsid: 10145018).

Period 3 (P3): 105.06-days interval centered on MJD 58571.12 when the
source was in a low state in the -ray, X-ray and optical /UV bands (Ob-
sid: 10145057).
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Figure 5.3 Modeling of multiwavelength SEDs of 4FGL J1544.3-0649 dur-
ing the MJD 57938.35 + 12.80 (left panel) and MJD 57989.16 £ 5.16 and MJD
58571.12 4 52.53 (right panel; squares and circles, respectively). The model is
presented in the text and the parameters are given in Table

Table 5.1 Parameters of modeling of the broadband SED of 4FGL J1544.3-0649
within a simple one zone synchrotron/SSC scenario.

Parameter P1 P2 P3

6 256 256 256
a 225 219 190
z o 481.1 481.1 481.1
L x 10 116 682 0.1
B[G] 103 7.82 854 13.71

L, [x10*¥ ergcm™] 1.60 247 0.50
Lp [x10*ergem™3] 573 6.83 17.61
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5.3 The origin of multiwavelength emission

The broadband SED of 4FGL J1544.3-0649 shows the usual double humped
shape that can be interpreted within a common one-zone synchrotron/SSC
model (Fig. [5.3). It is assumed that the broadband emission is produced by
relativistic electrons in a spherical blob of radius R with a uniform magnetic
tield B. The emitting region is seen in the direction close to the line of sight
which moves with the bulk Lorentz factor of I' ~ ¢. It is assumed that the
emitting electrons have commonly used powerlaw with an exponential cut-
off energy distribution in the form of N/(v.) = N} v, * Exp[—v./ 7.y for
Y, > . wherey! . = E./m,c?is the minimum electron energy. These elec-
trons interacting with the magnetic field radiate via the synchrotron mecha-
nism which explains the low energy component in the SED while the HE
hump is described by up-scattering of the synchrotron photons by the same
electrons.

The model includes seven free parameters to describe the emitting electrons
(x, N§, 7v),;,, and 7.,,;) and specify the emitting region (4, B and R). In order
to reduce the number of free parameters, we assume the emission is pro-
duced in a compact region with R = 5 x 10'® cm which corresponds to flux
changes on days time scales, as it has been found in the «-ray band (adap-
tive bins in Fig. . In order to constrain § and v/ ; initially the SED on
MJD 57938.35 £ 12.8 (P1) with (quasi) simultaneous data ranging from radio
to HE y-ray bands is modeled, resulting in 6 = 25.6 and -/, . = 481.1 which
are typical values usually obtained for BL Lacs. These were fixed parameters
when modeling the SEDs observed on MJD 57989.16 (P2) and MJD 58571.12
(P3) for which the low energy data are lacking. In order to account for the
contribution of the host galaxy (see the excess in the IR/optical part of the
SED on MJD 57938.35 £ 12.8), in addition to synchrotron/SSC component
also we adopted a template of giant elliptical galaxy. The fitting is performed
with the open source package JetSet [91, 143, [142].

The SED modeling results are shown in Fig. and the corresponding pa-
rameters presented in Table In the left panel of Fig. the Swift UVOT
and ASAS-SN data [downloaded from the ASAS-SN Sky Patrol web site 83ﬂ
allow to estimate or at least constrain the contribution of the host galaxy; the
peak of the host galaxy component is at 6.13 x 1072 ergcm=2s~1. The dip
in the UV data points corresponding to period P1, which appears to be evi-
dent also because of the lack of UVM2 data (red points in Fig. panel e),

Shttps:/ /tools.ssdc.asi.it/SED
4ht’cps: / /asas-sn.osu.edu/
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is likely real non-thermal flux decrease, as the possible contribution from the
disk/blue bump, as constrained from archival data shown in Fig. is sig-
nificantly lower. When the SED in the quiescent state is considered (P3), the
data can be reproduced when a = 1.96 and 7/, = 1.13 x 10° and the mag-
netic field is B = 1.37 x 1072 G. In this case low energy component peak is
at ~ 2.42 x 10'® Hz which, however, shifts to higher frequencies when the
active states of the source are considered; i.e., during MJD 57938.35 + 12.8 the
X-ray data defines the peak to be at ~ 10! Hz whereas during the hardest
X-ray state the peak is shifted well beyond ~ 10'® Hz. This shift changes
also the maximum energy up to which the particles are effectively acceler-
ated; 7.,; increases to 1.16 x 10° and 6.82 x 10® when the SEDs on P1 and
P2 are considered, respectively. The modeling resulted in a similar power-
law index and magnetic field for these active X-ray periods, namely a = 2.25
and 7.82 x 1073 G for P1 and « = 2.19 and 8.54 x 1072 G for P2. In all the
considered periods the jet is particle dominated with U,/Up > 3000 for P1
and P2 and U,/Up ~ 350 for P3. However, U, strongly depends on 7/ ..
which is not well constrained, and when allowing 'yjm-n to vary U, /Up ratio
can change. The jet power in the form of magnetic field and electron kinetic
energy are calculated by Lg = cR?T2Up and L, = mcRT2U,, respectively,
and are given in Table

5.4 Discussion and Conclusion

We have presented the results of the analysis of optical/UV, X-ray and y-ray
observations of 4FGL J1544.3-0649, a remarkable blazar showing transient-
like high-energy multiwavelength emission. This object, in fact, remained
below the sensitivity limits of all the high-energy surveys until May 2017,
when it suddenly rose above the background to become one of the bright-
est HBL blazars in the sky, a source so intense to be detectable in short ex-
posures by Fermi-LAT and by the MAXI X-ray sky monitor [95]. The tran-
sient behaviour of this so far unique object has never been observed before
in AGNs. If this dual behaviour is common to other so far undiscovered ob-
jects it might have important implications in blazar research, especially in
high-energy and multi-messenger astrophysics, depending on how numer-
ous transient blazars are and how frequently they enter a bright phase.
During the brightening, the 2-10 keV X-ray flux strongly varies increasing
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Figure 5.4 The y-ray (@ 1 GeV) and the reconstructed X-ray (@ 1 keV) light
curve of 4FGL ]1544.3-0649 (see text for details).

from (1.0 — 5.0) x 1072 ergcm 257! to (1.28 +-0.05) x 10710 ergcm=2s~1.
This variability, which is even larger when the flux is estimated in each Swift
orbit, is clearly associated to a harder-when-brighter behavior, as also noted
by [146] based on XMM observations. Such flux and photon index correlation
is well known in HBL blazars [e.g.l65], and is usually interpreted by the rela-
tion between the acceleration and cooling processes. As shown in (author?)
[82], when the injection decreases and particles are loosing energy by syn-
chrotron cooling or any other cooling process that is faster at higher energies,
the spectrum becomes steeper.

During the <-ray brightening of the source, the X-ray spectrum modifies as
well. The available optical /UV and X-ray data defines the peak of the low
energy component to be within vy, s = 101> — 107 Hz, implying 4FGL
J1544.3-0649 is a classical HBL. However, occasionally (e.g., on MJD 57898.70,
57989.16, 57998.92, 58009.40 and 58021.40, see the SED/Light curve anima-
tion) the source shows a synchrotron component peak above 10'® Hz which
is more typical for extreme synchrotron BL Lacs. Yet, in all these periods
the y-ray photon index hardens as well, e.g., 1.74 £ 0.20 on MJD 57898.70,
1.57 £ 0.18 on MJD 57989.16 or 1.61 £ 0.19 on MJD 58021.40, shifting the HE

peak to VHEs. The peaks in the SED are determined by v/, ~ , /Z:'%;’:

implying in P1 and P2 when vy, > 10'® Hz the second peak is around

2 x 10%° — 2 x 10¥ Hz (1 — 10 TeV) (solid line in Fig. [5.3). However, this
peak and the flux is suppressed by Klein Nishina effects and EBL absorp-
tion, which for the distance of 4FGL J1544.3-0649 starts at ~ 5 x 102° Hz
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Figure 5.5 The SED of 4FGL J1544.3-0649. Green points are from Swift UVOT,
Swift XRT and Fermi-LAT; grey points are archival multi-frequency data re-
trieved with VOU-Blazars. For comparison the average SED of Mrk 501,
scaled to flux level of 4FGL ]J1544.3-0649, in the radio/infrared bands, is plot-
ted as orange points. In the X-ray band instead of the average spectrum
we plot the the spectra observed in Mrk 501 when it was at maximum and
minimum intensity. The red arrow is an upper limit resulting from the non-
detection of 4FGL ]J1544.3-0649 during the RASS survey in 1990.
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(~ 200 GeV; dot dashed line in Fig. [5.3). Despite this reduction, during
the bright 7-ray and X-ray states the source flux at 1 TeV is expected to be
~ 10~ erg cm =2 571, well above the sensitivity of the current ground-based
Cherenkov telescopes. In addition, the hard «y-ray photon index observed in
the MeV/GeV band and the applied SSC model predict also a very hard pho-
ton index in TeV band after EBL correction. So, 4FGL J1544.3-0649 mimics
properties similar to those of extreme BL Lacs in y-rays [28| [141], which are
an interesting sub-class not only because of their possible association with
VHE neutrinos and cosmic rays [106, 118] but also because they pose major
difficulties for the understanding of particle acceleration and emission pro-
cesses in blazar jets.

The multiwavelength light curve of Fig. shows that the optical /UV flux
increase is delayed compared to that in the X-ray and -y-ray bands. In general,
lags in different energy bands are expected either from changes in the global
parameters (magnetic field, Lorentz factor, etc.) or from the temporal evolu-
tion of emitting particles. For example, (author?) [21] proposed that if the low
energy component is produced when the blob is closer to the base of the jet
and the HE photons are emitted at larger distances from the jet base, at which
the blob has accelerated to a higher Lorentz factor, this could result in delays
between the low energy and HE flares. Or, in complex jet geometry if the flare
is caused by the collision between a relativistic shock wave and a stationary
feature in the jet, it results in a complex variation of fluxes in different bands
[139]. However, a simple consideration of particle acceleration and cooling
can naturally explain the observed delay in the multiwavelength light curve
of 4FGL J1544.3-0649. The SED in different epochs is well reproduced by
a one-zone synchrotron/SSC model with physically reasonable parameters.
Within this model, the flare and modification of the spectra can be interpreted
by an increase in the luminosity of electrons and v.,,;; during the bright X-ray
period the luminosity increased ~ 4.9 times whereas 7., ~ 62 times. This
implies that the X-ray and <y-ray flare was most likely caused by injection of
new freshly accelerated electrons. The cooling time of these electrons is

§ m, C - 6 7Tm,cC
4 or(up+usyn)y o1y B2 (14 usyn/up)’

(5.4.1)

tcooling =

where sy, is the synchrotron photon energy density in the jet frame. Consid-
ering the peak frequency of synchrotron emission is v = 1.2 x 10° B § 92, the
cooling time of the electron emitting photons with frequency v5 = v/10'® Hz
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iS teooling = 2.7 X 10*(6/1+z2)%> B~ 1? 1/1*50'5 s. Considering the parameters ob-

tained for the P1, the delay between X-ray emission (10'® Hz) and optical /UV
(5 x 10 Hz) is of the order of ~ 114 days which is very similar to that ob-
served. However, in order to investigate in details the time lags and thus to
infer the underlying physics, much denser monitoring of 4FGL ]J1544.3-0649
in optical /UV band is needed.

Figure 5.4/ plots the high-energy light-curves of 4FGL ]J1544.3-0649 spanning
the entire operational period of the Fermi mission. The upper panel, re-
porting the -ray data, illustrate the transient nature of this source, which
was not detected by the LAT instrument until late 2015, peaked in 2017-2018
and then faded. The lower panel reconstructs the long-term light-curve of
4FGL J1544.3-0649 in the X-ray band, combining the Swift-XRT measure-
ments (blue points), with the XMM data from [146] (red points) and the ex-
pected X-ray flux level estimated from the flux in the y-ray band, based on
the average x-ray/<y-ray flux ratio (open grey circles). An upper limit derived
from the non-detection of the source in the RASS X-ray sky survey, which was
carried out in 1990-1991 [150], is also shown in the leftmost part of the plot.
The reconstructed X-ray light-curve implies a rise time of approximately two
years, and a decay of approximately three years.

The SED of 4FGL ]J1544.3-0649 (Fig. assembled with Swift-XRT, Swift-
UVOT, Fermi-LAT (green points) and archival data (grey points), shows a
highly variable X-ray spectrum, changing its intensity by large factors and
often peaking in the X-ray band. For comparison the average SED of the well
known HBL blazar Mrk501, rescaled to match the radio emission of 4FGL
J1544.3-0649, together with its X-ray spectra observed during its minimum
and maximum intensity state, is plotted as light orange points in the same
tigure. The nearly identical shape of the radio to optical SEDs and the range
of observed X-ray fluxes, confirms that 4FGL J1544.3-0649 during the active
phase is a typical HBL blazar, with X-ray and <y-ray emission that are even
stronger than that of Mrk 501. The upper limit from the RASS all sky survey
(red arrow) sets the magnitude of the intensity variations in the soft X-ray
band, which ranged from below = 10713 erg cm=2s~1 in 1990 to such a high
value to place 4FGL J1544.3-0649 amongst the 20 brightest X-ray blazars.

The existence of transient (HBL) blazars was never considered in the lit-
erature before the discovery of 4FGL J1544.3-0649 and, consequently, never
taken into account in population studies. We don’t know if 4FGL ]J1544.3-
0649 represents the tip of the iceberg, or it is simply an isolated event. Most
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5.4 Discussion and Conclusion

likely the discovery of 4FGL J1544.3-0649 is a rare favorable selection effect, as
similar transient events would probably remain unnoticed in sources where
the y-ray flux during flares is only a factor of a few lower than that of 4FGL
J1544.3-0649, or their y-ray spectrum is softer, or even in cases where the -
ray intensity remains low during strong X-ray flares associated to neutrino
emission as in scenarios similar to that presented by [94]. It is therefore prob-
able that similar events in other blazars are present in the existing data or
will emerge from future more sensitive observations. The identification of
similar objects would add crucial information to our knowledge of the pop-
ulation of extragalactic sources, especially in the high-energy domain. Areas
of research that might be affected would be e.g. the determination of the
LogN-LogS, luminosity function and cosmological evolution of HBL blazars,
the identification of still unassociated y-ray and VHE sources, and the con-
tribution of discrete sources to the y-ray and possibly high-energy neutrino
cosmic backgrounds. A transient nature of some electromagnetic counter-
parts of astrophysical neutrinos would on one side increase the level of dif-
ficulty in the process of the association, but on the other it would strengthen
the association in case X-ray or 7y-ray flares are detected in association with
the neutrino arrival. A recent study [67] reported a 3.23 ¢ post trial excess
of HBL Blazars in the error regions of a sample of 70 Ice Cube astrophysical
neutrinos with good positional accuracy. If HBL blazars are indeed coun-
terparts of high-energy neutrinos, some of them could be transient sources
somewhat fainter than 4FGL J1544.3-0649 that would difficult to locate since
they are not listed in catalogues and no full coverage of the still large Ice Cube
neutrino positional uncertainty can be achieved with current X-ray imaging
instruments. A full census of these so far elusive objects would be possible
only when sensitive all-sky X-ray (or y-ray) monitor detectors become avail-
able. Meanwhile a careful search for weak transients in the Fermi-LAT data
on the positions of flat-spectrum radio sources with radio to infrared flux ra-
tio similar to that of HBL objects could lead to the discovery of additional
transient blazars and set limits to their duty cycle and space density.
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