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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 2020, also
with MAGIC collaboration.

• Multiwavelength study of high-redshift blazars

High-redshift blazars are among the most powerful objects in the Universe.
The spectral and temporal properties of thirty-three distant blazars (z > 2.5)
detected in the high energy γ-ray band are investigated by analyzing the
Fermi-LAT and Swift UVOT/ XRT data. The considered sources have soft
time averaged γ-ray spectra (Γγ ≥ 2.2) whereas those that have been ob-
served in the X-ray band have hard X-ray spectra (ΓX = 1.01 − 1.86). The γ-
ray flux of high-redshift blazars ranges from 4.84× 10−10 to 1.50× 10−7 photon cm−2 s−1

and the luminosity is within (0.10 − 5.54)× 1048 erg s−1 which during the γ-
ray flares increases up to (0.1 − 1) × 1050 erg s−1. In the X-ray band, only
the emission of PKS 0438-43, B2 0743+25 and TXS 0222+185 is found to vary
in different Swift XRT observations whereas in the γ-ray band, the emission
is variable for fourteen sources: the flux of B3 1343+451 and PKS 0537-286
changes in sub-day scales, that of PKS 0347-211 and PKS 0451-28 in day
scales, while the γ-ray variability of the others is in week or month scales.
The properties of distant blazar jets are derived by modeling the multiwave-
length spectral energy distributions within a one-zone leptonic scenario as-
suming that the X-ray and γ-ray emissions are produced from inverse Comp-
ton scattering of synchrotron and dusty torus photons. From the fitting, the
emission region size is found to be ≤ 0.05 pc and the magnetic field and the
Doppler factor are correspondingly within 0.10 − 1.74 G and 10.0 − 27.4. By
modeling the optical-UV excess, we found that the central black hole masses
and accretion disk luminosities are within Ld � (1.09 − 10.94)× 1046 erg s−1

and (1.69 − 5.35)× 109 M�, respectively.
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2 Brief description

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

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

• Broad-band study of high-synchrotron-peaked BL Lac object 1ES 1218+304

The origin of the multiwavelength emission from the high-synchrotron-peaked
BL Lac 1ES 1218+304 is studied using the data from Swift UVOT/XRT, NuS-
TAR and Fermi-LAT. A detailed temporal and spectral analysis of the data
observed during 2008-2020 in the γ-ray (> 100 MeV), X-ray (0.3-70 keV), and
optical/UV bands is performed. The γ-ray spectrum is hard with a photon
index of 1.71 ± 0.02 above 100 MeV. The Swift UVOT/XRT data show a flux
increase in the UV/optical and X-ray bands; the highest 0.3 − 3 keV X-ray
flux was (1.13 ± 0.02) × 10−10erg cm−2 s−1. In the 0.3-10 keV range the av-
eraged X-ray photon index is > 2.0 which softens to 2.56 ± 0.028 in the 3-50
keV band. However, in some periods, the X-ray photon index became ex-
tremely hard (< 1.8), indicating that the peak of the synchrotron component
was above 1 keV, and so 1ES 1218+304 behaved like an extreme synchrotron
BL Lac. The hardest X-ray photon index of 1ES 1218+304 was 1.60 ± 0.05 on
MJD 58489. The time-averaged multiwavelength spectral energy distribution
is modeled within a one-zone synchrotron self-Compton leptonic model us-
ing a broken power-law and power-law with an exponential cutoff electron
energy distributions. The data are well explained when the electron energy
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distribution is E−2.1
e extending up to γbr/cut � (1.7− 4.3)× 105, and the mag-

netic field is weak (B ∼ 1.5 × 10−2 G). By solving the kinetic equation for
electron evolution in the emitting region, the obtained electron energy distri-
butions are discussed considering particle injection, cooling, and escape.

• Open Universe survey of Swift-XRT GRB fields: Flux-limited sample of
HBL blazars

We have analysed all the X-ray images centred on Gamma Ray Bursts gener-
ated by Swift over the last 15 years using automatic tools that do not require
any expertise in X-ray astronomy, producing results in excellent agreement
with previous findings. This work, besides presenting the largest medium-
deep survey of the X-ray sky and a complete sample of blazars, wishes to
be a step in the direction of achieving the ultimate goal of the Open Uni-
verse Initiative, that is to enable non expert people to fully benefit of space
science data, possibly extending the potential for scientific discovery, cur-
rently confined within a small number of highly specialised teams, to a much
larger population. We have used the Swift deepsky Docker container en-
capsulated pipeline to build the largest existing flux-limited and unbiased
sample of serendipitous X-ray sources. Swift deepsky runs on any laptop
or desktop computer with a modern operating system. The tool automat-
ically downloads the data and the calibration files from the archives, runs
the official Swift analysis software and produces a number of results includ-
ing images, the list of detected sources, X-ray fluxes, SED data, and spectral
slope estimations. We used our source list to build the LogN-LogS of extra-
galactic sources, which perfectly matches that estimated by other satellites.
Combining our survey with multi-frequency data we selected a complete ra-
dio flux-density limited sample of High Energy Peaked (HBL) blazars. The
LogN-LogS built with this data-set confirms that previous samples are in-
complete below ∼ 20 mJy.

• Multiwavelength variability and correlation studies of Mrk 421 during
historically low X-ray and -ray activity in 2015-2016

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
Metsähovi, 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 1 TeV (F>1TeV < 1.7×10−12 ph cm−2 s−1) and in the 2-10 keV (X-ray)
band (F2−10 keV <3.6×10−11 erg cm−2 s−1), during which the Swift-BAT data
suggests an additional spectral component beyond the regular synchrotron
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2 Brief description

emission.The highest flux variability occurs in X-rays and very-high-energy
(E>0.1 TeV) γ-rays, which, despite the low activity, show a significant posi-
tive correlation with no time lag. The HRkeV and HRTeV 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 43+9

−6 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.

• Testing two-component models on very high-energy gamma-ray-emitting
BL Lac objects

It has become evident that one-zone synchrotron self-Compton (SSC) mod-
els are not always adequate for very-high-energy (VHE) gamma-ray emitting
blazars. While two-component models are performing better, they are diffi-
cult to constrain due to the large number of free parameters. In this work, we
make a first attempt to take into account the observational constraints from
Very Long Baseline Interferometry (VLBI) data, long-term light curves (radio,
optical, and X-rays) and optical polarisation to limit the parameter space for
a two-component model and test if it can still reproduce the observed spec-
tral energy distribution (SED) of the blazars. We selected five TeV BL Lac
objects based on the availability of VHE gamma-ray and optical polarisation
data. We collected constraints for the jet parameters from VLBI observations.
We evaluated the contributions of the two components to the optical flux
by means of decomposition of long-term radio and optical light curves as
well as modelling of the optical polarisation variability of the objects. We se-
lected eight epochs for these five objects, based on the variability observed at
VHE gamma rays, for which we constructed the SEDs that we then modelled
with a two-component model. We found parameter sets which can repro-
duce the broadband SED of the sources in the framework of two-component
models considering all available observational constraints from VLBI obser-
vations. Moreover, the constraints obtained from the long-term behaviour of
the sources in the lower energy bands could be used to determine the region
where the emission in each band originates. Finally, we attempted to use
optical polarisation data to shed new light on the behaviour of the two com-
ponents in the optical band. Our observationally constrained two zone model
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allows explanation of the entire SED from radio to VHE with two co-located
emission regions.

• Bounds on Lorentz Invariance Violation from MAGIC Observation of
GRB 190114C

On January 14, 2019, the Major Atmospheric Gamma Imaging Cherenkov
telescopes detected GRB 190114C above 0.2 TeV, recording the most ener-
getic photons ever observed from a gamma-ray burst. We use this unique
observation to probe an energy dependence of the speed of light in vacuo
for photons as predicted by several quantum gravity models. Based on a set
of assumptions on the possible intrinsic spectral and temporal evolution, we
obtain competitive lower limits on the quadratic leading order of speed of
light modification.

• An intermittent extreme BL Lac: MWL study of 1ES 2344+514 in an
enhanced state

Extreme High-frequency BL Lacs (EHBL) feature their synchrotron peak of
the broadband spectral energy distribution (SED) at νs ≥1017 Hz. The BL Lac
object 1ES 2344+514 was included in the EHBL family because of its im-
pressive shift of the synchrotron peak in 1996. During the following years,
the source appeared to be in a low state without showing any extreme be-
haviours. In August 2016, 1ES 2344+514 was detected with the ground-based
γ-ray telescope FACT during a high γ-ray state, triggering multi-wavelength
(MWL) observations. We studied the MWL light curves of 1ES 2344+514 dur-
ing the 2016 flaring state, using data from radio to VHE γ rays taken with
OVRO, KAIT, KVA, NOT, some telescopes of the GASP-WEBT collaboration
at the Teide, Crimean, and St. Petersburg observatories, Swift-UVOT, Swift-
XRT, Fermi-LAT, FACT and MAGIC. With simultaneous observations of the
flare, we built the broadband SED and studied it in the framework of a lep-
tonic and an hadronic model. The VHE γ-ray observations show a flux level
of 55% of the Crab Nebula flux above 300 GeV, similar to the historical max-
imum of 1995. The combination of MAGIC and Fermi-LAT spectra provides
an unprecedented characterization of the inverse-Compton peak for this ob-
ject during a flaring episode. The Γ index of the intrinsic spectrum in the VHE
γ-ray band is 2.04 ± 0.12stat ± 0.15sys. We find the source in an extreme state
with a shift of the position of the synchrotron peak to frequencies above or
equal to 1018 Hz.

• Broadband characterisation of the very intense TeV flares of the blazar
1ES 1959+650 in 2016
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2 Brief description

1ES 1959+650 is a bright TeV high-frequency-peaked BL Lac object exhibit-
ing interesting features like “orphan” TeV flares and a broad emission in the
high-energy regime, that are difficult to interpret using conventional one-
zone Synchrotron Self-Compton (SSC) scenarios. We report the results from
the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) observations
in 2016 along with the multi-wavelength data from the Fermi Large Area Tele-
scope (LAT) and Swift instruments. MAGIC observed 1ES 1959+650 with
different emission levels in the very-high-energy (VHE, E > 100 GeV) γ-ray
band during 2016. In the long-term data, the X-ray spectrum becomes harder
with increasing flux and a hint of a similar trend is also visible in the VHE
band. An exceptionally high VHE flux reaching ∼3 times the Crab Nebula
flux was measured by MAGIC on the 13th, 14th of June and 1st July 2016
(the highest flux observed since 2002). During these flares, the high-energy
peak of the spectral energy distribution (SED) lies in the VHE domain and ex-
tends up to several TeV. The spectrum in the γ-ray (both Fermi-LAT and VHE
bands) and the X-ray bands are quite hard. On 13th June and 1st July 2016,
the source showed rapid variations of the VHE flux within timescales of less
than an hour. A simple one-zone SSC model can describe the data during the
flares requiring moderate to high values of the Doppler factors (δ ≥ 30− 60).
Alternatively, the high-energy peak of the SED can be explained by a purely
hadronic model attributed to proton-synchrotron radiation with jet power
Ljet ∼ 1046 erg/s and under high values of the magnetic field strength (∼ 100
G) and maximum proton energy (∼few EeV). Mixed lepto-hadronic models
require super-Eddington values of the jet power. We conclude that it is diffi-
cult to get detectable neutrino emission from the source during the extreme
VHE flaring period of 2016.
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4 Multiwavelength Study of
High-Redshift Blazars

4.1 Introduction

Blazars are one of the most luminous objects in the Universe. In the unifica-
tion scheme of radio-loud active galactic nuclei (AGNs) blazars are a subclass
with a relativistic jet making a small angle (a few degrees) with the observer’s
line of sight [162]. The jets are sources of non-thermal emission which cover
the entire electromagnetic spectrum, from radio to high energy (HE; > 100
MeV) or very high energy (VHE; > 100 GeV) γ-ray bands [118]. This non-
thermal emission is varying in short time scales [e.g., in minute scales in the
γ-ray band 11, 59, 58, 115, 34, 131, 146, 82] with a substantial increase in lumi-
nosity. The flux variation as well as the observed superluminal motion, the
high degree of polarization and other observed features can be explained by
the relativistic beaming effects.
Blazars are usually grouped into two large classes based on the absence or

presence of emission lines in their optical spectra, i.e., BL Lacertae objects (BL
Lacs) have weak or no emission lines; the equivalent width (EW) of the emis-
sion line < 5 Å in the rest frame, while the flat-spectrum radio quasars (FS-
RQs) have stronger emission lines (EW > 5 Å ) [162]. Based on the position of
the synchrotron peak in the rest frame (νsyn

p ), blazars are further classified as
low-synchrotron-peaked (LSP for ν

syn
p < 1014 Hz), intermediate-synchrotron-

peaked (ISP for 1014 < ν
syn
p < 1015 Hz), and high-synchrotron-peaked (HSP

for ν
syn
p > 1015 Hz) objects [121, 1].

The broadband spectral energy distribution (SED) of blazars shows a typ-
ical double-peaked structure. The low-energy peak (extending from radio
to UV/soft X-rays) is produced by synchrotron emission from the relativis-
tic electrons in the jet. The HE component (above X-ray band) is often at-
tributed to Inverse Compton (IC) scattering of photons produced either in-
side [synchrotron-self Compton, (SSC); 66, 29, 104] or outside of the jet [ex-
ternal inverse Compton, (EIC); 26, 151, 69]. The external photons can be from
the accretion disk, broad-line region and dusty torus surrounding the disc.
In alternative models, the HE component is due to the interaction of protons
accelerated along with electrons in the jet [e.g., 33]. In this case, the blazars
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Table 4.1 List of γ-ray emitting blazars at z > 2.5. The results of observation of
distant blazars from August 4, 2008, to August 4, 2018 by Fermi are presented
in the right part of the table.

Object 4FGL name Class RA Dec Fγ
1 Photon index TS Emax

2 Probability z
GB 1508+5714 J1510.1+5702 FSRQ 227.54 57.04 0.76 ± 0.15 2.95 ± 0.15 63.50 8.76 0.8268 4.31
PKS 1351-018 J1354.3-0206 FSRQ 208.50 -2.11 1.11 ± 0.15 2.69 ± 0.09 98.49 1.30 0.7010 3.72
MG3 J163554+3629 J1635.6+3628 BCU 248.92 36.48 1.46 ± 0.27 2.84 ± 0.12 123.95 3.74 0.8413 3.65
NVSS J121915 +365718 J1219.0+3653 BCU 184.77 36.89 0.22 ± 0.08 2.20 ± 0.14 40.56 2.67 0.8273 3.53
PKS 0335-122 J0337.8-1157 FSRQ 54.47 -11.96 0.72 ± 0.16 2.69 ± 0.13 49.47 10.19 0.9245 3.44
PKS 0537-286 J0539.9-2839 FSRQ 84.99 -28.66 4.38 ± 0.18 2.72 ± 0.03 1694.80 7.60 0.9619 3.10
TXS 0800+618 J0805.4+6147 FSRQ 121.36 61.80 2.23 ± 0.14 2.82 ± 0.05 475.17 4.83 0.8441 3.03
S4 1427+543 J1428.9+5406 FSRQ 217.23 54.11 0.59 ± 0.15 2.62 ± 0.14 67.10 10.26 0.7831 3.01
GB6 J0733+0456 J0733.8+0455 FSRQ 113.47 4.93 1.14 ± 0.15 2.39 ± 0.07 197.26 17.65 0.9854 3.01
B2 0743+25 J0746.4+2546 FSRQ 116.60 25.77 2.06 ± 0.19 2.87 ± 0.07 280.99 1.52 0.7449 2.99
PKS 0347-211 J0349.8-2103 FSRQ 57.47 -21.06 3.25 ± 0.15 2.47 ± 0.03 1372.81 5.83 0.9690 2.94
S4 1124+57 J1127.4+5648 FSRQ 171.87 56.80 0.96 ± 0.13 2.75 ± 0.09 147.30 7.09 0.8495 2.89
MRSS 291-081526 J2313.9-4501 BCU 348.49 -45.02 0.89 ± 0.20 2.80 ± 0.13 81.12 2.25 0.7550 2.88
PKS 0438-43 J0440.3-4333 FSRQ 70.09 -43.55 2.24 ± 0.20 2.60 ± 0.05 574.84 2.00 0.9225 2.85
S4 2015+65 J2015.4+6556 FSRQ 303.86 65.95 0.39 ± 0.15 2.37 ± 0.15 23.77 4.34 0.7257 2.84
87GB 214302.1+095227 J2145.5+1006 BL Lac 326.38 10.12 0.048± 0.014 1.71 ± 0.19 40.46 67.15 0.9874 2.83
MG2 J174803+3403 J1748.0+3403 FSRQ 267.01 34.06 0.97 ± 0.13 2.31 ± 0.07 284.21 31.63 0.9934 2.76
PKS 0834-20 J0836.5-2026 FSRQ 129.13 -20.45 1.93 ± 0.19 2.94 ± 0.08 171.15 1.15 0.5796 2.75
TXS 0222+185 J0224.9+1843 FSRQ 36.24 18.72 1.72 ± 0.22 3.05 ± 0.12 101.08 2.59 0.5327 2.69
OD 166 J0242.3+1102 FSRQ 40.59 11.05 1.94 ± 0.20 2.59 ± 0.06 252.83 6.91 0.8651 2.68
CRATES J233930
+024420 J2339.6+0242 BCU 354.90 2.71 1.00 ± 0.21 2.58 ± 0.11 94.50 6.17 0.8537 2.66
TXS 0907+230 J0910.6+2247 FSRQ 137.67 22.80 1.17 ± 0.14 2.37 ± 0.06 262.58 5.38 0.9578 2.66
PMN J1441-1523 J1441.6-1522 FSRQ 220.41 -15.38 0.65 ± 0.23 2.32 ± 0.13 72.02 11.77 0.9535 2.64
CRATES J105433
+392803 J1054.2+3926 BCU 163.56 39.44 0.27 ± 0.09 2.30 ± 0.16 34.05 4.79 0.9000 2.63
MG1 J154930+1708 J1549.6+1710 BL Lac 237.41 17.18 0.17 ± 0.08 2.01 ± 0.16 44.75 17.03 0.9759 2.62
TXS 1448+093 J1450.4+0910 FSRQ 222.62 9.18 0.76 ± 0.13 2.35 ± 0.08 130.24 10.58 0.9599 2.61
PMN J0226+0937 J0226.5+0938 FSRQ 36.63 9.63 0.48 ± 0.12 2.18 ± 0.10 96.49 56.42 0.9523 2.61
PKS 0451-28 J0453.1-2806 FSRQ 73.29 -28.11 5.83 ± 0.17 2.66 ± 0.02 3118.20 10.77 0.9815 2.56
B3 0908+416B J0912.2+4127 FSRQ 138.06 41.46 1.51 ± 0.14 2.42 ± 0.05 539.57 12.10 0.9903 2.56
TXS 1616+517 J1618.0+5139 FSRQ 244.52 51.67 0.69 ± 0.13 2.68 ± 0.12 72.65 12.38 0.8408 2.56
B3 1624+414 J1625.7+4134 FSRQ 246.45 41.57 1.38 ± 0.14 2.49 ± 0.06 395.12 9.69 0.9787 2.55
B3 1343+451 J1345.5+4453c FSRQ 206.39 44.88 15.01± 0.16 2.25 ± 0.008 34652.79 24.25 0.9994 2.53
PKS 2107-105 J2110.2-1021c FSRQ 317.56 -10.36 0.88 ± 0.18 2.66 ± 0.13 53.29 5.46 0.6500 2.50
1 Integrated γ-ray flux in units of
×10−8photon cm−2 s−1.
2 Photon energy in GeV.
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Table 4.2 Spectral parameters of the sources modeled with logparabola.
Object Fγ

1 α β

PKS 1351-018 (6.86 ± 1.66)× 10−9 2.20 ± 0.23 0.63± 0.23
PKS 0537-286 (4.15 ± 0.20)× 10−8 2.66 ± 0.04 0.10± 0.03
TXS 0800+618 (2.04 ± 0.16)× 10−8 2.67 ± 0.08 0.17± 0.06
B2 0743+25 (1.72 ± 0.23)× 10−8 2.53 ± 0.14 0.40± 0.13
PKS 0347-211 (2.69 ± 0.17)× 10−8 2.32 ± 0.05 0.19± 0.03
PKS 0438-43 (1.15 ± 0.23)× 10−8 2.35 ± 0.12 0.48± 0.11
S4 2015+65 (1.66 ± 1.00)× 10−9 2.42 ± 0.35 0.42± 0.31
PKS 0834-20 (1.76 ± 0.20)× 10−8 2.62 ± 0.16 0.29± 0.13
OD 166 (1.45 ± 0.24)× 10−8 2.43 ± 0.11 0.24± 0.08
TXS 0907+230 (8.68 ± 1.77)× 10−8 2.28 ± 0.09 0.12± 0.06
PKS 0451-28 (5.56 ± 0.18)× 10−8 2.56 ± 0.04 0.09± 0.02
B3 1343+451 (1.41 ± 0.02)× 10−7 2.18 ± 0.01 0.07± 0.006
1 Integrated γ-ray flux in units of
photon cm−2 s−1.

also can emit VHE neutrinos [e.g., 17, 61, 41, 90, 94, 141, 142, 166, 136].
Blazars are the dominant sources in the extragalactic γ-ray sky. Among the

total 5000 sources in the Fermi Large Area Telescope (Fermi ) fourth source
catalog of γ-ray sources [4FGL; 5], ∼ 2800 are blazars, 45 are radio galaxies,
and 19 are other AGNs. Low to high redshift blazars are observed showing
different redshift distributions for FSRQs and BL Lacs; the distribution of FS-
RQs has a peak around z = 1 with a median of 1.14± 0.62 and there is a high
number of FSRQs at the redshift of � 0.5− 2.0, while the peak of BL Lacs is at
z = 0.3 with a mean of 0.34 ± 0.42. There are only 105 sources detected with
z > 2 (3.75 % of total sources) and only 33 with z > 2.5 (1.18 %).
Blazars harboring supermassive black holes are valuable sources for study-
ing the relativistic outflows and formation and propagation of relativistic jets.
In this context, the high redshift blazars (z > 2.5) are of particular interest;
they are the most powerful non-explosive astrophysical sources having ever
been detected in the γ-ray band. Their study can shed light on the further
understanding of the cosmological evolution of blazars and supermassive
black holes and also on the evolution of relativistic jets across different cos-
mic epochs [165]. Moreover, the γ-ray observations of distant blazars are
important since a limit on the density of the Extragalactic Background Light
(EBL) can be derived. The γ-rays , as they propagate from their sources to the
Earth, are subject to absorption through two-photon pair production when
interacting with EBL photons [e.g., 155, 52]. This absorption feature is visible
in the spectrum of the nearby sources only at VHEs while for distant sources
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Table 4.3 Swift XRT data analyses results. For the sources, when several ob-
servations were available, they were merged to estimate the averaged X-ray
spectra. The sources for which the number of counts was enough to con-
strain the flux and the photon index in a single observation are marked with
an asterisk (∗).

Object nH × 1020 cm−2 ΓX Log(F(0.3−10)keV )/erg cm−2 s−1 C-stat./dof
GB 1508+5714 1.56 1.38 ± 0.52 −12.21 ± 0.21 0.58(20)
PKS 0537-286∗ 2.20 1.17 ± 0.04 −11.42 ± 0.02 1.28(679)
TXS 0800+618∗ 4.67 1.13 ± 0.10 −11.53 ± 0.04 1.08(355)
S4 1427+543 1.17 1.41 ± 0.23 −12.24 ± 0.09 1.1(102)
GB6 J0733+0456 7.72 1.65 ± 0.65 −12.80 ± 0.23 1.33(20)
B2 0743+25∗ 4.50 1.15 ± 0.03 −11.30 ± 0.01 1.39(773)
PKS 0347-211 4.23 1.32 ± 0.27 −12.26 ± 0.12 1.24(75)
PKS 0438-43∗ 1.41 1.25 ± 0.09 −11.52 ± 0.04 1.4(345)
S4 2015+65 10.6 1.79 ± 0.69 −12.28 ± 0.23 0.91(17)
MG2 J174803+3403 3.22 1.36 ± 0.47 −12.35 ± 0.18 0.61(33)
PKS 0834-20∗ 6.07 1.07 ± 0.09 −11.67 ± 0.04 1.12(399)
TXS 0222+185∗ 9.40 1.11 ± 0.04 −10.93 ± 0.02 1.89(684)
OD 166 8.97 1.86 ± 0.40 −12.37 ± 0.15 0.65(40)
TXS 0907+230 4.68 1.14 ± 0.40 −12.49 ± 0.18 1.26(40)
PMN J1441-1523 7.71 1.86 ± 0.63 −13.10 ± 0.22 0.51(25)
TXS 1448+093 2.11 2.33 ± 0.62 −13.30 ± 0.16 1.04(26)
PMN J0226+0937 6.57 1.49 ± 0.37 −12.83 ± 0.15 0.93(49)
PKS 0451-28∗ 2.07 1.55 ± 0.10 −11.42 ± 0.04 0.99(297)
B3 0908+416B 1.42 1.01 ± 0.46 −12.47 ± 0.19 1.11(30)
TXS 1616+517 1.98 1.25 ± 0.33 −12.77 ± 0.14 1.17(59)
B3 1343+451∗ 1.78 1.21 ± 0.17 −12.22 ± 0.07 0.85(160)
PKS 2107-105 6.23 1.24 ± 0.29 −12.49 ± 0.12 1.67(72)

(z > 2.0), it can be significant already at tens of GeV. Thus, the EBL density in
a redshift-dependence way can be constrained or measured by analyzing the
γ-ray data [e.g., 2, 9, 57, 51]. However, if the γ-ray spectrum does not extend
above 10 GeV to constrain the EBL density, by the theoretical interpretation
of the data, the intrinsic source processes can be investigated and separated
from the propagation effects which can be a help in the observations of dis-
tant blazars by future telescopes (e.g., CTA).
The vast majority of high redshift blazars are LSPs so the HE peak in their

SEDs is at MeV below the Fermi band. They are sometimes also called ’MeV’
blazars [28], being bright and strong X-ray emitters. In the X-ray band, these
sources usually have a hard spectrum which corresponds to the rising part of
the HE component, so these data are crucial for investigation of the origin of
nonthermal emission [64]. Yet, due to the shift of SED peaks, for some blazars
the direct thermal emission from the accretion disc is visible in the optical-UV
band (the big blue bump) which can be modeled to derive the accretion disc
luminosity [148] and the black hole mass and so to understand the properties
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of the central source. So, the Neil Gehrels Swift Observatory ([63], hereafter
Swift), taking the data in Optical/UV and X-ray bands, is an ideal instrument
(within its sensitivity limit) for observing distant blazars.
Even though in the γ-ray band the distant blazars are relatively faint as com-
pared with the X-ray band, Fermi observations are still crucial. The γ-ray
band corresponds to the falling part of the HE component which combined
with the X-ray data will fully constrain the second peak in the SED. This
is fundamental allowing to derive the physical parameters of the jets. The
multiwavelength observations and theoretical interpretations are a regular
approach and a unique way of probing the physical condition of the plasma
in the jet. From the theoretical modeling point of view, distant blazars are
excellent sources for studying accretion disc-jet connection in the early epoch
of quasar formation as well as for probing the environments around super-
massive black holes.
Identification of distant blazars and their investigation has always been one
of the actively discussed topics in the blazar research [e.g., 127, 123, 68, 93,
14, 89, 10, 88, 106, 124]. In contrast to nearby blazars, good quality multi-
wavelength data are missing for the high redshift blazars, which significantly
complicates their detailed study. However, due to improved sensitivity of the
instruments (e.g., X-ray and γ-ray observatories) and wide-field surveys in
the low energy bands (e.g., Sloan Digital Sky Survey [171] or WISE (author?)
[169]), the number of high redshift blazars with sufficient multiwavelength
data has been significantly increased. Along with continuous γ-ray obser-
vations of some distant blazars since 2008 this opens new perspectives for
exploring the physics of distant blazars.
Motivated by the large number of detected high redshift γ-ray emitting blazars,
with the aim to characterize their multiwavelength emission properties, we
perform an intense broadband study of all the thirty-three known γ-ray blazars
beyond redshift 2.5. Using the improved Pass 8 dataset which is more suit-
able for studying weak sources, we perform a detailed spectral and temporal
analysis of Fermi γ-ray data accumulated during 2008-2018. The γ-ray flux
variation, not well explored for distant blazars, is investigated for the consid-
ered ten years, using an improved adaptive binning method. To characterize
the physical properties of the considered sources in the X-ray and optical/UV
bands, the data from their observation with both Swift X-ray Telescope (XRT)
and Ultraviolet and Optical Telescope (UVOT) in the previous fifteen years
are analyzed. This allows to collect unprecedented data in the optical/UV, X-
ray and γ-ray bands, which is used to constrain the multiwavelength SEDs.
Then, through theoretical modeling of these SEDs, the physical parameters
characterizing the sources (disc luminosity, black hole mass, etc.) and their
jets (e.g., the distribution of underlying electrons, magnetic field, power, etc.)
are derived, allowing a quantitative discussion and investigation of the state
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of plasma in these powerful jets. Taking into account the large number of the
considered sources (thirty-three) and the amount of analyzed data, this is one
of the most comprehensive studies of most distant and powerful blazars.
The paper is organized as follows. In Section 5.2, the list of high redshift
blazars is presented. The Fermi and Swift data extraction and analyses are
described in Sections 5.3 and 5.4, respectively. The data analysis results are
presented in Section 5.5 and the origin of the multiwavelength emission is
discussed in Section 5.6. The discussion and conclusion are given in Section
4.7 and a summary in Section 4.8.

4.2 The Sample

The fourth catalog of AGNs detected by Fermi contains more than 2863 AGNs
detected above the 5σ limit [5]. A small fraction of them (1.18%) are dis-
tant blazars z > 2.5 (∼ 20.7 Gpc), including twenty-six FSRQs, two BL Lacs
and five blazars of uncertain type (BCU). The coordinates, redshift and syn-
chrotron peak classification of these sources are given in Table 4.1. The most
distant source at z = 4.31 is the FSRQ GB 1508+5714, whereas the BL Lacs 87
GB 214302.1+095227 and MG1 J154930+1708 are at z = 2.83 and z = 2.62, re-
spectively, which is interesting, since due to low γ-ray luminosity BL Lacs are
rarely observed at these distances. In this paper, the data collected by Fermi
and Swift are analyzed to study the multiwavelength emission from high red-
shift blazars (z > 2.5) selected from the fourth catalog of AGNs detected by
Fermi which are presented in Table 4.1. Throughout this paper, we assume
the following standard cosmological parameters of H0 = 71 km s−1 Mpc−1

and ΩΛ = 0.730 [60].

4.3 Fermi-LAT observations

The Fermi data used in the current study had been accumulated during the
first ten years of operation, from 4 August 2008 to 4 August 2018. The PASS
8 events from a circular region with a radius of 12◦ around each source in
the energy range from 100 MeV to 500 GeV were downloaded and analyzed
with the Fermi Tools (1.2.1) using P8R3 instrument response functions. Good
data and time intervals were selected using gtselect and gtmktime tools (with
selection cuts ”Event class=128” and ”evtype=3”) using maximum zenith
angle value of 90◦ to avoid the γ-ray detection from the earth’s limb. Us-
ing gtbin tool, the events are binned into 16.9◦ × 16.9◦ a square region of
interest (ROI) with pixels of 0.1◦ × 0.1◦ and into 37 equal logarithmically
spaced energy bins. The model file of each source (point-like sources in-

26



4.3 Fermi-LAT observations

Table 4.4 Summary of Swift-UVOT observations of the considered sources.
For the sources, when several observations were available, the fluxes in each
band are computed from the summed images. Averaged flux in each band is
in units of erg cm−2 s−1.

Object V B U W1 M2 W2
PKS 1351-108 – – – (4.54 ± 2.53)× 10−14 – –
MG3 J163554+3629 – – (6.93 ± 2.72)× 10−14 – – (7.50 ± 4.11)× 10−14

PKS 0537-286 (3.78 ± 5.86)× 10−15 (4.53 ± 1.56)× 10−14 (3.54 ± 0.42)× 10−13 (4.54 ± 2.54)× 10−14 (6.84 ± 0.75)× 10−14 (4.61 ± 0.55)× 10−13

TXS 0800+618 (7.69 ± 0.12)× 10−15 – (2.39 ± 0.6)× 10−13 (5.68 ± 0.18)× 10−15 – (6.58 ± 0.13)× 10−14

S4 1427+543 – (2.52 ± 2.03)× 10−14 (2.53 ± 0.92)× 10−13 – (3.88 ± 1.4)× 10−14 (1.50 ± 0.02)× 10−15

GB6 J0733+0456 – (2.97 ± 2.55)× 10−14 – (9.40 ± 0.25)× 10−15 – –
B2 0743+25 – (4.92 ± 0.82)× 10−14 (3.39 ± 0.59)× 10−13 – (1.12 ± 0.22)× 10−13 (4.76 ± 0.76)× 10−13

PKS 0347-211 – – (2.80 ± 0.52)× 10−13 – (1.69 ± 0.5)× 10−13 (2.03 ± 1.09)× 10−13

S4 1124+57 (1.16 ± 0.85)× 10−14 – – – – –
PKS 0438-43 (7.90 ± 0.1)× 10−15 – (3.45 ± 0.38)× 10−13 – – (8.02 ± 0.69)× 10−13

S4 2015+65 (1.63 ± 0.02)× 10−15 – – (6.91 ± 0.33)× 10−14 – –
87 GB 214302.1+095227 (1.01 ± 0.48)× 10−13 (2.49 ± 0.36)× 10−13 – (2.78 ± 0.72)× 10−13 (3.49 ± 0.63)× 10−13 –
MG2 J174803+3403 (1.92 ± 0.32)× 10−13 (2.53 ± 0.25)× 10−13 (4.68 ± 0.87)× 10−13 (2.40 ± 0.33)× 10−13 (3.73 ± 0.61)× 10−13 (3.20 ± 1.52)× 10−13

PKS 0834-20 – – (7.82 ± 0.54)× 10−13 (3.84 ± 1.72)× 10−14 (2.39 ± 0.36)× 10−13 (7.29 ± 0.91)× 10−13

TXS 0222+185 – – (9.36 ± 0.89)× 10−13 – (8.18 ± 1.11)× 10−13 (1.12 ± 0.21)× 10−12

OD 166 – – – – – (9.19 ± 0.36)× 10−14

TXS 0907+230 (9.53 ± 4.27)× 10−14 (9.66 ± 3.17)× 10−14 (5.28 ± 2.66)× 10−13 (8.77 ± 3.31)× 10−14 (2.09 ± 1.55)× 10−13 –
PMN J1441-1523 – – (6.33 ± 4.81)× 10−14 – – –
CRATES J05433+392803 – – – (1.90 ± 0.88)× 10−16 – –
TXS 1448+093 – – (6.53 ± 2.36)× 10−14 – – (1.35 ± 0.35)× 10−13

PMN J0226+0937 (9.95 ± 4.17)× 10−14 (5.13 ± 0.9)× 10−13 (1.22 ± 0.06)× 10−12 (4.39 ± 1.53)× 10−13 (1.30 ± 0.06)× 10−12 (1.26 ± 0.08)× 10−12

PKS 0451-28 – (9.52 ± 1.21)× 10−14 – – – –
B3 0908+416B (3.45 ± 0.11)× 10−15 (3.46 ± 2.22)× 10−14 (2.08 ± 0.66)× 10−13 (4.94 ± 1.95)× 10−14 (6.87 ± 1.91)× 10−14 (2.67 ± 1.2)× 10−13

TXS 1616+517 – – (1.96 ± 0.27)× 10−13 – – (1.25 ± 0.34)× 10−13

B3 1343+451 – (3.12 ± 2.77)× 10−14 (4.54 ± 0.55)× 10−13 (7.41 ± 0.23)× 10−15 (2.52 ± 0.29)× 10−13 (4.47 ± 0.65)× 10−13

PKS 2107-105 – – (1.74 ± 0.1)× 10−12 – – (1.44 ± 0.13)× 10−12

cluded in the ROI and background) is generated using the 4FGL-DR2 ver-
sion of the 4FGL which is based on 10 years of survey. The model file in-
cludes all 4FGL sources falling within the ROI +5◦ region. The gll iem v07
and iso P8R3 SOURCE V2 v1 models are used to parameterize the Galactic
and extragalactic diffuse emission components. The spectral parameters set
for the sources located within the ROI are allowed to be free in the analysis.
The normalization parameters for the two diffuse components were also kept
free.
The spectral analysis was performed using the binned maximum-likelihood
method implemented in the gtlike tool. The source detection significance is
estimated using the test statistic (TS) [109] defined as TS = 2 × (logL1 −
logL0) where L1 is the likelihood of the data with a point source at the given
position and L0 without the source. The γ-ray spectral models of each consid-
ered source were assumed to be the same as in the 4FGL, and for those with a
log-parabola an additional fit with the power-law model was performed. The
spectra were calculated by separately running gtlike for smaller energy inter-
vals equal in logarithmic space. Then, using the gtsrcprob tool and the model
file obtained from the likelihood fitting, the energy of the highest-energy pho-
ton detected from the direction of each source is computed.
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4 Multiwavelength Study of High-Redshift Blazars

4.3.1 γ-ray variability

The γ-ray light curves are calculated using the unbinned likelihood analy-
sis method implemented in the gtlike tool. The spectra of the considered
sources were modeled by a power-law which can provide a good represen-
tation of the data over the small bins of time. The normalization and photon
index of the sample sources are allowed to vary while the photon indexes of
all background sources within the ROI are fixed to their best values obtained
from the fit of the entire 10-year data set. As the diffuse background emission
should not be variable, the parameters of the background models are fixed as
well. During the fitting, the events within 0.1-300 GeV with the appropriate
quality cuts mentioned above are considered.
Initially, in order to study the variability, the γ-ray light curves with 30-day
binning are calculated for all sources, considering the 0.1-300 GeV range. Ad-
ditional light curves with short periods (days or a week) were computed for
the statistically significant (≥ 5σ) γ-ray emitting periods identified in the
monthly light curves. Next, using the adaptively binned method of (author?)
[96], the γ-ray variability is studied further. At fixed time binning, when
long time intervals are used, a possible fast flux variation will be smoothed
out, while using short bins might result in many upper limits during the low-
activity periods. In the adaptive binning approach, the time bin widths are
adjusted to produce bins with constant flux uncertainty above the optimal
energy (E0 ) and this appraoch is proved to be a powerful method to search
for γ-ray flux variation [e.g., 132, 145, 144, 21, 62, 54, 172]. E0 depends on the
flux and photon index of each source and can be computed following (au-
thor?) [96]. For the considered sources, adaptive binning light curves with
15% uncertainty are generated.

4.4 Swift observations

Swift is a multi-frequency space observatory, designed as a rapid response
mission for follow-up observation of gamma-ray bursts (GRBs) [63]. Al-
though its primary scientific goal is the observation of GRBs, due to wide
frequency coverage, it is suitable for blazar studies. The data from two of the
instruments onboard Swift UVOT [170-600 nm; 138] and XRT [0.3-10.0 keV;
35] have been analyzed in the current paper. Twenty-nine sources from Table
4.1 (except MRSS 291-081526, CRATES J233930+024420, MG1 J154930+1708
and B3 1624+414) were at least once observed by Swift. There are available
data from multiple observations of some sources; e.g., B2 0743+25, PKS 0438-
43, TXS 0222+185, TXS 1448+093, PMN J0226+0937, TXS 1616+517 and PKS
2107-105 had been observed more than ten times. The Swift XRT data anal-
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4.4 Swift observations

ysis was possible to apply only for twenty two sources (see Table 4.3) and
twenty six were detected in at least one of the optical-UV Swift-UVOT filters
(see Table 4.4).
Swift UVOT data from all six bands are considered when available: UVW2
(188 nm), UVM2 (217 nm), UVW1 (251 nm), U (345 nm), B (439 nm) and V
(544 nm). The photometry analysis of all our sources was performed using
the standard UVOT software distributed within the HEAsoft package (v6.25)
and the calibration included in the CALDB (v.20170922). The source counts
for each filter are extracted from a circular region with a 5′′ radius around
the sources, while the background ones from a region with 20′′ radius not be-
ing contaminated with any signal from the nearby sources. uvotsource tool
was used to convert the source counts using the conversion factors provided
by [129]. The fluxes were corrected for extinction using the reddening coef-
ficient E(B − V) from the Infrared Science Archive 1. In the case of several
observations for the same source, the analysis is performed using the same
background region but validated that it is not contaminated by nearby ob-
jects in any filter. Also, light curves have been generated for investigation of
the flux variation in each band. Then, if no significant variation is found, the
spectral points are computed from the summed images, resulting in the flux
estimation with reduced uncertainties.
The XRT data, taken both in photon counting and window timing modes
were analyzed with standard XRTDAS tool distributed within the HEAsoft
package (v6.25), applying standard procedures, filtering and screening cri-
teria. The source counts were selected from a 20-pixel (47′′) circle centered
on the coordinates of each source, while those for the background- from an
annulus with the same center and inner and outer radii of 51 (120′′) and 85
pixels (200′′), respectively. The Cash statistics [37] on ungrouped data was
used, as for many observations the number of counts was low and did not
contain the minimum number of counts required for Gaussian statistics. The
0.3-10 keV X-ray spectrum of each source is fitted with XSPEC12.10.1 adopt-
ing an absorbed power-law model with a neutral hydrogen column density
fixed to its Galactic value in each direction.
Initially, for the considered sources, the X-ray spectral analysis was performed
for each observation. However, for most of the sources, the count rate was
below 20, preventing spectral fitting, and the photon index and flux could
be estimated only for a few bright sources. Then, when several observations
of the same source were available, they were merged to increase the pho-
ton statistics, and the averaged X-ray spectra were obtained. The merging
was done using the tool available from the UK Swift Science Data Centre 2

1http://irsa.ipac.caltech.edu/applications/DUST/
2https://www.swift.ac.uk/user_objects/
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4 Multiwavelength Study of High-Redshift Blazars

[56]. Again XSPEC was used to fit the 0.3-10 keV spectrum, testing both the
absorbed power-law and log-parabola models. We note that the spectra of
many sources could be constrained only by merging the observations.

4.5 Results of data analyses

The γ-ray data analysis results obtained from the power-law fit in the range
from 100 MeV to 500 GeV are presented in Table 4.1 for each source, pro-
viding the γ-ray flux (Fγ), photon index, the detection significance (TS), the
energy of the highest-energy events (Emax) detected from each object with
the probability of its association with the target. The sources are detected
with TS > 34.05 significance, except for S4 2015+65, which appeared with
TS = 23.77. B3 1343+451 is detected with the highest significance of TS =
34652.79 (186.15σ), allowing to perform a detailed spectral and variability
analysis. In addition, for the sources with the spectra modeled by a log-
parabola in 4FGL, an additional fit with a log-parabola model was performed,
the results of which are presented in Table 4.2. The curvature of the spectra of
PKS 1351-018, B2 0743+25, PKS 0438-43, S4 2015+65, PKS 0834-20, and OD 166
is substantial (β = 0.24− 0.63), so their γ-ray spectrum quickly declines. The
flux estimated from the power-law fitting which yielded soft γ-ray spectra as
well does not substantially differ from that obtained with a log-parabola. The
only noticeable difference is found for PKS 1351-018; the flux estimated from
the log-parabola fitting is (6.86 ± 1.66)× 10−9 photon cm−2 s−1 as compared
with (1.11 ± 0.15)× 10−8 photon cm−2 s−1 when the spectrum was modeled
by a power-law. However, for this source β = 0.63 ± 0.23 was estimated
implying its spectrum is curved significantly. Interestingly, the log-parabola
fitting of S4 2015+65 spectrum resulted in detection of the source with TS =
27.96.
The results presented in Table 4.1 are shown in Fig. 4.1. The γ-ray photon
index versus flux (estimated from power-law fitting) is shown in the up-
per left panel, where the FSRQs are circles, BL LACs triangles and BCUs
squares. Even though the number of sources is not enough for population
studies, some difference in various blazar types can be seen. The photon in-
dex (∼ E−Γγ) estimated in the 0.1-500 GeV range ranges from 1.71 to 3.05
with a mean of 2.54. The soft γ-ray spectra of the considered sources (ex-
cept 87 GB 214302.1+095227 and MG1 J154930+1708) indicate that the peak
of the HE component in their SED is in the MeV range. The flux of consid-
ered sources ranges from 4.84 × 10−10 to 1.50 × 10−7 photon cm−2 s−1. The
two BL Lacs detected beyond z = 2.5, 87 GB 214302.1+095227 and MG1
J154930+1708, have the lowest flux, (4.84± 1.37)× 10−10 photon cm−2 s−1 and
(1.66 ± 0.79)× 10−9 photon cm−2 s−1, respectively, but they have a harder γ-
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ray spectrum. The γ-ray photon index of 87GB 214302.1+095227, which is
the only ISP object among the selected sources, is 1.71± 0.19 and that of MG1
J154930+1708 is Γγ = 2.01± 0.16. The γ-ray flux of BCUs included in the sam-
ple ranges from 2.19 × 10−9 photon cm−2 s−1 to 1.46 × 10−8 photon cm−2 s−1

with Γγ within 2.20− 2.84. The FSRQs occupy the region of high flux ≥ 3.89×
10−9 photon cm−2 s−1 and Γγ ≥ 2.2 with a mean Fγ � 2.11× 10−8 photon cm−2 s−1.
The highest γ-ray flux of (1.50 ± 0.02)× 10−7 photon cm−2 s−1 was observed
from the bright FSRQ B3 1343+451.
The highest energy events (Emax) along with the probability of being associ-
ated with the sources are given in Table 4.1. As the sources mostly have a soft
γ-ray spectrum or the γ-ray data are better modeled by a log-parabola, their
γ-ray spectra do not extend to HEs and the photon energies are below 20
GeV; except for 87GB 214302.1+095227, MG2 J174803+3403, PMN J0226+0937
and B3 1343+451 from which photons with 67.15, 31.63, 56.42 and 24.25 GeV
have been detected.

The flux, which is a function of the distance, is compared for each source
in Fig. 4.1 (upper left panel). Even though it is informative, the total energy
released from each source cannot be investigated. Next, using the observed
flux (Fγ) and photon index (Γγ), the luminosity of each source is computed
as:

Lγ = 4 π d2
L

Γγ − 1
Γγ − 2

E2−Γγ
max − E2−Γγ

min

E1−Γγ
max − E1−Γγ

min

Fγ (4.5.1)

where Emin = 100 MeV and Emax = 500 GeV. Fig. 4.1 (upper right panel)
shows the distribution of the considered sources in the Γγ − Lγ plane. The
γ-ray luminosity of considered sources ranges from 1.01 × 1047 erg s−1 to
5.54 × 1048 erg s−1. The lowest luminosity of (1.01 ± 0.38)× 1047 erg s−1 has
been estimated for CRATES J105433+392803 which is of the same order with
that of the two BL Lacs included in the sample; (1.42± 0.98)× 1047 erg s−1 for
87GB 214302.1+095227 and (1.24± 0.59)× 1047 erg s−1 for MG1 J154930+1708.
The luminosity of these BL Lacs corresponds to the highest end of the lumi-
nosity distribution of BL Lacs included in the fourth catalog of AGNs de-
tected by Fermi [Fig. 10 in 13]. The γ-ray luminosity of only PKS 0347-
211, PKS 0451-28, PKS 0537-286 and B3 1343+451 exceeds 1048 erg s−1 with
the highest γ-ray luminosity of (5.54 ± 0.06)× 1048 erg s−1, estimated for B3
1343+451. Naturally, as compared to the distribution of all γ-ray emitting BL
Lacs and FSRQs in the Γγ − Lγ plane [13], the blazars considered here occupy
the highest luminosity range. We note that the luminosities shown in Fig. 4.1
(upper right panel) have been computed based on the time-averaged γ-ray
flux, and even higher luminosities are expected during γ-ray flares.
Table 4.3 shows the X-ray data analysis results, for each source presenting
the neutral hydrogen column density, X-ray photon index (ΓX), flux, and C-
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4 Multiwavelength Study of High-Redshift Blazars

Figure 4.1 The γ-ray flux (> 100 MeV) and luminosity of considered sources
versus the photon index are shown in the upper panels. BL lacs, FSRQs and
BCUs are shown with triangles, circles, and squares, respectively. Lower left
panel: The X-ray flux (0.3 − 10 keV) versus the photon index. Lower right
panel: Comparison of γ-ray and X-ray (if available) fluxes.
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stat/dof. The flux ranges from � 5× 10−14 erg cm−2 s−1 to � 10−11 erg cm−2 s−1,
the highest flux of (1.19 ± 0.04)× 10−11 erg cm−2 s−1 being observed for TXS
0222+185 (z = 2.69). Interestingly, from the sources considered here, only FS-
RQs are detected in the X-ray band; among BL Lacs, there are no observations
for MG1 J154930+1708, while for 87GB 214302.1+095227, even after merging
six observations, only 10 counts are detected. Also, BCUs included in Table
4.1 have not been detected in the X-ray band.
The X-ray flux is plotted versus the photon index in the lower left panel of Fig.
4.1. For several sources, the number of detected counts was not high enough,
so the flux and photon index were estimated with large uncertainties. The
X-ray photon index of considered sources is < 2.0, implying the X-ray spec-
tra have a rising shape in the νFν ∼ ν2−ΓX representation, which is natu-
ral as LSP blazars are considered. The only exception is TXS 1448+093 with
ΓX = 2.33± 0.62, but even when merging its all 26 observations, the observed
counts were only 25. This source is relatively faint in the X-ray band with a
flux of (5.01 ± 1.85)× 10−14 erg cm−2 s−1, so even an exposure of 2.39 × 104

sec is not enough to detect a reasonable number of counts. B3 0908+416B
has the hardest X-ray spectrum with ΓX = 1.01 ± 0.46. In the FX − ΓX plane,
PKS 0451-28, TXS 0222+185, PKS 0834-20, PKS 0537-286, TXS 0800+618, B2
0743+25 and PKS 0438-43 are detached from the other sources because they
have a comparably high X-ray flux, FX−ray ≥ 2.13 × 10−12 erg cm−2 s−1. In
the lower right panel of Fig. 4.1, the γ-ray and X-ray (if available) fluxes of
the considered sources are compared. Interestingly, the bright γ-ray sources
PKS 0537-286 and PKS 0451-28 appear to be also bright X-ray emitters. The
other bright γ-ray blazars (e.g., B3 1343+451, PKS 0451-28) do not have any
distinguishable feature in the X-ray band, having a flux and photon index
similar to those of the other considered sources. The bright X-ray sources
TXS 0222+185, B2 0743+25, TXS 0800+618, and PKS 0834-20 appear with a
similar flux in the γ-ray band, Fγ = (1.72 − 2.23)× 10−8 photon cm−2 s−1. In
Fig. 4.6 the X-ray spectra of all sources included in Table 4.3 are shown in
red.
The Swift UVOT data analysis was performed in all available filters. The
results are consistent when different background regions are selected. Ini-
tially, all the single observations of the sources were analyzed to search for
variability. However, the sources are relatively faint in the optical/UV bands
and the large uncertainties in the flux estimation do not allow to investigate
flux variation in time. Table 4.4 summarizes the results of the UVOT data
analysis after merging the observations for each source, presenting the fluxes
in the six UVOT filters (if available) with errors. In Fig. 4.6 these data are
shown in light blue. In the SED of GB 1508+5714, PKS 1351-108, PKS 0537-
286, TXS 0800+618, S4 1427+543, GB6 J0733+0456, B2 0743+25, PKS 0347-
211, S41124+57, PKS 0438-43, S4 2015+65, PKS 0834-20, TXS 0222+185, TXS
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Figure 4.2 γ-ray light curve of B3 1343+451, PKS 0537-286, PKS 0347-211, and
PKS 0451-28 for the period from August 2008 to August 2018 calculated using
adaptively-binned timescales.

0907+230, PMN J0226+0937, PKS 0451-28 and PKS 2107-105, a thermal blue-
bump component can be seen, which may represent the emission directly
from the disc [73].

4.5.1 X-ray variability

The X-ray flux variability of some sources observed by Swift multiple times
have been investigated. The data from each observation were processed and
analyzed, but only for eight objects (marked with asterisks in Table 4.3) the
number of counts was enough to constrain the flux and the photon index in
a single observation. Except for PKS 0438-43, B2 0743+25 and TXS 0222+185,
the X-ray emission appeared to be relatively constant, though the sources
were observed in different years. For example, the X-ray flux of PKS 0537-286
was (4.18± 0.74)× 10−12 erg cm−2 s−1 and (4.53± 0.89)× 10−12 erg cm−2 s−1

on 26 October, 2006 and 12 May 2017, respectively. Fitting the flux observed
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Figure 4.3 7-day (red) and 30-day (blue) binned light light curves of PKS 0438-
43, B3 0908+416B, OD 166, TXS 0907+230, TXS 0800+618, MG3 J163554+3629,
GB6 J0733+0456, TXS 1616+517, PMNJ 1441-1523 and B2 0743+25.
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4 Multiwavelength Study of High-Redshift Blazars

Figure 4.4 The 0.3-10 keV X-ray fluxes of PKS 0438-43, B2 0743+25 and TXS
0222+185 measured by Swift-XRT.

in different years with a constant flux, the χ2 test results in P(χ2) = 0.38 and
χ2/do f = 1.07 which are consistent with no variability. Similarly, the χ2 test
shows that the X-ray flux of TXS 0800+618, PKS 0834-20, PKS 0451-28 and
B3 1343+451 is constant over different years. There is a marginal evidence
(P(χ2) = 0.038 and χ2/do f = 1.68) that the X-ray flux of TXS 0222+185
is variable; it is mostly around (0.96 − 1.1) × 10−11 erg cm−2 s−1 which in-
creased to (1.62± 0.13)× 10−11 erg cm−2 s−1 and (1.37± 0.16)× 10−11 erg cm−2 s−1

on 24 December 2014 and 31 July 2006, respectively. Instead, the χ2 test
shows that the X-ray emission of PKS 0438-43 and B2 0743+25 is variable
with P(χ2) < 5.1 × 10−6. PKS 0438-43 was in a bright X-ray state on 15 De-
cember 2016 with a flux of (1.09 ± 0.16) × 10−11 erg cm−2 s−1 as compared
with the flux of (1.30± 0.31)× 10−11 erg cm−2 s−1 in the quiescent state. Sim-
ilarly, the X-ray flux of B2 0743+25 in the high state on 01 January 2006 was
(1.06 ± 0.56)× 10−11 erg cm−2 s−1. The variation of the 0.3-10 keV X-ray flux
of PKS 0438-43, B2 0743+25 and TXS 0222+185 is shown in Fig. 4.4. No vari-
ation of X-ray photon index was found, due to the large uncertainties in its
estimation.

4.5.2 γ-ray variability

The continuous observation of the considered sources by Fermi allows a de-
tailed investigation of their γ-ray flux variation during the considered ten
years. When the source detection significance is < 10 σ, the data are not
enough for variability searches in month scales. Their emission could be vari-
able in longer scales (6 or 12 months) more common for non-blazar AGNs
[144], which is not investigated here. Initially, the light curves of all sources
were calculated with the help of an adaptive binning method. However, the
adaptively binned intervals were possible to compute only for the source
with a detection significance of > 37 σ. The adaptively binned light curves of
B3 1343+451, PKS 0451-28, PKS 0347-211 and PKS 0537-286 computed above
E0 = 163.9, 163.2, 187.4 and 151.0 MeV, respectively, are shown in Fig. 4.2.
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B3 1343+451 is the brightest and most variable source in the sample, and
in its adaptively binned light curve (Fig. 4.2 a) several bright γ-ray emis-
sion periods can be identified: around MJD 55100, MJD 55890, MJD 56170,
MJD 56640 and MJD 57060. During the bright γ-ray flaring periods, the flux
changes in sub-day scales; there are 200 adaptive bins with a high flux and a
width shorter than a day; the minimum adaptively binned time width is 6.33
hours observed on MJD 56176.34 when the source flux was (7.52 ± 1.85)×
10−7 photon cm−2 s−1 (above 163.9 MeV). Moreover, the width of 83 bins from
these 200 is even shorter than 12 hours, which were mostly observed during
the flares around MJD 55890 (24 bins) and MJD 56170 (35 bins). In the quies-
cent state (e.g., before MJD 55800, expect for the flare on MJD 55100) the γ-ray
flux of the source is � (1− 5)× 10−8 photon cm−2 s−1 which is lower than that
averaged over 10 years (including the bright flaring states), reported in Ta-
ble 4.1. The highest γ-ray flux of (8.77 ± 2.16)× 10−7 photon cm−2 s−1 above
E0 = 163.9 MeV with Γγ = 2.48 ± 0.29 was observed on MJD 55891.7 with a
detection significance of 9.1σ within a time bin having a width of 8.2 hours. It
corresponds to a flux of (1.82 ± 0.45)× 10−6 photon cm−2 s−1 above 100 MeV
which is 36.4 times higher than the γ-ray flux of the source in the quiescent
state (before MJD 55800) but the Γγ is within the uncertainties of the value
given in Table 4.1. During the hardest γ-ray emission period, Γγ = 1.45± 0.21
was detected on MJD 56432 with a significance of 7.2σ, which is unusual for
this source. Interestingly, there are twelve periods, mostly during the γ-ray
flares, when its γ-ray spectrum was hard (≤ 1.70); one such period had been
observed on MJD 55900.53 when, within a time bin having a width of 12.90
hours, Γγ was 1.64 ± 0.16 with a detection significance of 10.79σ. In the qui-
escent state, its γ-ray luminosity is (2 − 4)× 1048 erg s−1 which increased up
to ∼ 1.5 × 1050 erg s−1 during the bright γ-ray flares (Fig. 4.2 (a)).
The most distant source showing a substantial γ-ray flux increase in short
periods is PKS 0537-286 at z = 3.10 (Fig. 4.2 b). The flaring activity of
this source was first reported in [43] and the rapid (6 and 12 hours) γ-ray
flux variations in (author?) [93]. During the extreme γ-ray flaring period
from MJD 57878.05 to MJD 57881.55, the adaptively binned light curve con-
firms the intra-day γ-ray flux increase of PKS 0537-286 ; the adaptive time
bin widths are 20.45, 15.96 and 18.90 hours. For comparison, during the
flux increase around MJD 55540 and MJD 56390 the minimum time widths
are 2.38 and 3.79 days, respectively. The average γ-ray flux of PKS 0537-
286 is (4.38 ± 0.18)× 10−8 photon cm−2 s−1 (Table 4.1), but it significantly in-
creased in MJD 55528-55553, MJD 56264-56400 and MJD 57878.0-57883.4. In
the last period, during five consecutive time intervals, the γ-ray flux above
151.0 MeV was higher than 3 × 10−7 photon cm−2 s−1, with a maximum of
(6.58 ± 1.35) × 10−7 photon cm−2 s−1 observed on MJD 57879.2 with a de-
tection significance of 10.57σ. This corresponds to a flux of (1.29 ± 0.26)×
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10−6 photon cm−2 s−1 above 100 MeV. During these periods, Γγ is 2.45± 0.23,
2.64 ± 0.27, 2.56± 0.28, 2.79 ± 0.34 and 2.91 ± 0.35, not significantly different
from the value reported in Table 4.1 with no spectral hardening, which shows
the emission is dominated by the MeV photons. However, during the flares,
the luminosity of the source can be as high as � 4× 1049 erg s−1, putting PKS
0537-286 in the list of the brightest γ-ray blazars.
The adaptively binned light curves of PKS 0347-211 and PKS 0451-28 (Fig.
4.2 c and d) show several periods of γ-ray brightening, when a γ-ray flux
increase within day scales is observed. For example, the shortest time in-
terval when the flux increases is 2.65 days for PKS 0347-211, and it is 1.56
days for PKS 0451-28. The light curves of both sources reveal several γ-
ray flaring periods when the flux substantially increased. For example, on
MJD 54757.04 ± 2.71 the γ-ray flux of PKS 0347-211 above 187.4 MeV was
(1.57 ± 0.41)× 10−7 photon cm−2 s−1, which corresponds to a flux of (3.57 ±
0.93)× 10−7 photon cm−2 s−1 above 100 MeV. In the case of PKS 0451-28, the
peak γ-ray flux of (2.20 ± 0.50) × 10−7 photon cm−2 s−1 (above 163.2 MeV)
was observed on MJD 56968.60 ± 0.79 with 9.64σ. This corresponds to a flux
of (3.70 ± 0.84)× 10−7 photon cm−2 s−1 above 100 MeV. During this period,
Γγ was 2.06± 0.19.
The light curves generated with the help of the adaptive binning method
allowed to identify periods when the flux of some of the sources consid-
ered here (Fig. 4.2) increased in sub-day or days scales. It should be men-
tioned that expect for B3 1343+451, the short time scale variability of the
other sources cannot be investigated using the regular time binning method,
because in a large number of periods only upper limits are derived. Also,
because of low statistics, the adaptively binned light curves were possible to
compute only for the source presented in Fig. 4.2. For the other sources in-
cluded in Table 4.1 the variability on week and month scales are investigated.
In order to identify whether the γ-ray emission is variable or not, a simple
χ2 test was performed [3]; the flux measured in each interval was fitted by a
constant flux and the reduced χ2 and the probability of the flux being con-
stant are computed.
The χ2 fitting indicated that the γ-ray emission of B3 0908+416B, TXS 0800+618,
PKS 0438-43, OD 166 and TXS 0907+230 is variability in week scales while
that of MG3 J163554+3629, GB6 J0733+0456, B2 0743+25, PMN J1441-1523 and
TXS 1616+517 in month scales. For all these sources, P(χ2) < 2.16× 10−4 was
estimated. The γ-ray light curves of these sources with an evident increase
in the flux are shown in Fig. 4.3. For example, during MJD 57729.16 ± 3.5
and MJD 57736.16 ± 3.5, the γ-ray flux of PKS 0438-43 above 100 MeV in-
creased 15.2 − 29.3 times as compared to its average flux and was (3.40 ±
0.59) × 10−7 photon cm−2 s−1 and (6.57 ± 0.86) × 10−7 photon cm−2 s−1, re-
spectively. Likewise, the 7-day averaged peak values of the γ-ray flux of B3
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Figure 4.5 The evolution of the γ-ray photon indexes of B3 1343+451, PKS
0451-28, B3 0908+416B and TXS 0907+230 in time.

0908+416B, OD 166, TXS 0800+618 and TXS 0907+230 were (3.12 ± 0.37)×
10−7 photon cm−2 s−1, (2.50 ± 0.45) × 10−7 photon cm−2 s−1, (2.73 ± 0.39) ×
10−7 photon cm−2 s−1 and (1.32 ± 0.34)× 10−7 photon cm−2 s−1, respectively,
which exceed the corresponding values given in Table 4.1. The most distant
γ-ray flaring blazar observed so far is MG3 J163554+3629 at z = 3.65; this
source was reported to be in an active state on July 7 2018, when its daily av-
eraged peak value of γ-ray flux was (6.4± 1.15)× 10−7 photon cm−2 s−1 [125].
The monthly averaged maximum γ-ray flux of (1.33± 0.28)× 10−7 photon cm−2 s−1

was observed on MJD 58267.66 ± 15 (May- June 2018). The source was also
bright in γ-rays with a flux of (1.18 ± 0.23) × 10−7 photon cm−2 s−1 during
June-July 2018 when the maximum daily averaged flux was observed [125].

For the considered sources, the γ-ray photon index evolution in time has
also been investigated.The photon index is defined by the processes respon-
sible for particle acceleration and cooling, and its significant changes are di-
rectly linked with the processes inside the jet. As the adaptively binned light
curves have narrow time bins, the photon indexes are estimated with large
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uncertainties which introduces difficulties for investigation of their variabil-
ity. Therefore, the γ-ray light curves produced in 30 and 7 days (when avail-
able) are used to search for photon index variation, except for B3 1343+451
for which a 3-day binned light curve has been used. Moreover, in the light
curves only the periods when the source detection was TS > 25 were con-
sidered, otherwise the large uncertainties on the photon index estimation
would not allow to make definite conclusions. The simple χ2 test shows
that among the considered sources only the photon index of B3 1343+451,
PKS 0451-28, B3 0908+416B and TXS 0907+230 varies in time: the variation is
highly significant for B3 1343+451 and PKS 0451-28 with P(χ2) = 6.9 × 10−4

and P(χ2) ≤ 10−5, respectively, and P(χ2) � 0.015 for B3 0908+416B and
TXS 0907+230. The evolution of the photon index of these sources in time is
shown in Fig. 4.5 were the horizontal line corresponds to the averaged pho-
ton index estimated in ten years (Table 4.1). The photon index of B3 1343+451
clearly varies, the hardest spectrum being observed on MJD 58089.16 ± 1.5
with Γγ = 1.73 ± 0.24; in total there are 60 periods when Γγ < 2.0. Inter-
estingly, the γ-ray spectrum of the source was hard with 1.95 ± 0.07 when it
was in a bright γ-ray flaring state on MJD 56172.16 ± 1.5. The γ-ray spec-
trum of PKS 0451-28 is usually soft but in the 30-day binned light curve
the periods when Γγ = 2.06 ± 0.07 and Γγ = 2.17 ± 0.15 are observed on
MJD 56977.66 ± 15 and 58297.66 ± 15, respectively. The first period overlaps
with the large γ-ray flare evident in the adaptively binned light curve (see
Fig. 4.2 a). The hardening of the γ-ray spectrum of B3 0908+416B on MJD
57517.66± 15 is remarkable when the Γγ changed to 1.84 ± 0.25 compared to
2.42± 0.05 averaged over 10 years. TXS 0907+230 is the most distant object in
our sample (z = 2.66) with occasional hardening of its γ-ray spectrum. The 7-
day binned light curve of TXS 0907+230 shows that there are three periods (on
MJD 54798.16 ± 3.5, 54805.16 ± 3.5 and 54826.16 ± 3.5) when its γ-ray emis-
sion appears with an unusually hard γ-ray spectrum with Γγ = 1.72 ± 0.23,
1.90 ± 0.21 and 1.72 ± 0.15. Yet, in the monthly binned light curve, in the bin
covering these periods, Γγ is 1.88± 0.10 with a detection significance of 12.5σ.
Even if the γ-ray photon index of MG3 J163554+3629 and PMN J0226+0937
appeared to be constant, hardening of their γ-ray spectra was occasionally
observed. For example, for MG3 J163554+3629 Γγ = 2.29 ± 0.13 (with 11.1σ)
was observed from MJD 58282 to 58312, likewise for PMN J0226+0937 Γγ

was 1.80 ± 0.16 (with 9.7σ) on MJD 54892-54922. The hard γ-ray spectra of
the sources discussed above are shown in Fig. 4.6 in magenta; substantial
changes in the γ-ray spectrum are evident. Such a hard γ-ray spectrum is
more typical for BL Lacs, but it has also been occasionally observed for the
FSRQs during the flares [e.g., see 117, 145, 62, 143, 124, 16].
In addition, γ-ray light curves with 30-day binning above 1 GeV are pro-
duced to investigate the flux and photon index variation in the GeV band.
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Table 4.5 Parameters obtained from the modeling of multiwavelength SEDs.
[1]: object name. [2]: Doppler factor. [3]: Slope of electron energy distri-
bution. [4] and [5]: the Lorentz factors corresponding to the minimum and
cutoff energy of the electron distribution. [6]: Magnetic field in units of G. [7]
Radius of the emitting region in units of 1016 cm. [8] and [9]: Electron and
magnetic field energy densities. [10]: accretion disk luminosity in units of
1046 erg s−1. [11] and [12]: The power of the jet in the form of the relativistic
electrons (Le) and magnetic field (LB) in units of 1045 erg s−1 and 1043 erg s−1,
respectively.

Sources δ α γmin γcut B R Ue UB Ld Le LB
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12]
GB 1508+5714 15.72 ± 1.29 1.17± 0.07 26.90± 2.88 1.30 ± 0.10 0.19 ± 0.02 2.28 0.50 1.49 3.02 2.43 0.73
PKS 1351-018 20.47 ± 2.49 2.16± 0.11 2.68± 0.36 4.99 ± 0.71 0.20 ± 0.02 2.29 0.54 1.66 4.04 2.68 0.82
PKS 0537-286 11.50 ± 0.57 1.33± 0.07 15.70± 1.49 2.45 ± 0.16 0.28 ± 0.02 1.14 5.93 3.21 3.44 7.31 0.40
TXS 0800+618 14.04 ± 0.56 2.75± 0.04 13.98± 0.86 2.20 ± 0.02 0.26 ± 0.01 15.5 0.06 2.73 1.65 13.49 61.84
S4 1427+543 10.00 ± 0.37 2.04± 0.10 29.00± 2.55 2.79 ± 0.27 0.53 ± 0.04 1.90 0.63 10.02 1.83 2.14 3.75
GB6 J0733+0456 16.28± 1.36 2.80± 0.04 47.90± 3.42 15.73± 1.60 0.16 ± 0.03 2.98 0.12 6.22 3.40 0.98 5.20
PKS 0347-211 26.00 ± 1.02 2.79± 0.02 23.09± 1.12 2.62 ± 0.16 0.20 ± 0.01 8.15 0.03 1.61 1.99 1.72 10.08
B2 0743+25 10.02± 0.45 1.13± 0.19 7.66± 0.22 2.03 ± 0.08 0.36 ± 0.01 0.70 16.90 0.003 3.58 7.80 0.24
S4 1124+57 22.17 ± 1.37 2.78± 0.04 22.92± 1.45 1.28 ± 0.10 0.22 ± 0.01 5.15 0.14 1.95 1.69 3.39 4.87
PKS 0438-43 18.17 ± 1.29 2.78± 0.04 23.13± 1.54 7.19 ± 0.58 0.34 ± 0.02 5.42 0.12 4.52 3.91 3.33 12.52
S4 2015+65 17.85 ± 1.32 2.73± 0.05 20.63± 1.64 2.75 ± 0.29 0.46 ± 0.03 13.50 0.07 8.41 4.55 1.26 14.44
MG2 J174803+3403 24.50± 2.06 2.87± 0.06 14.67± 1.58 1.40 ± 0.49 1.45 ± 0.09 7.41 0.004 83.98 8.87 0.23 434.69
PKS 0834-20 27.42 ± 0.97 2.70± 0.06 20.57± 1.51 2.13 ± 0.18 0.37 ± 0.02 6.83 0.02 5.44 5.51 0.70 23.92
TXS 0222+185 10.03 ± 0.28 1.62± 0.05 19.56± 0.98 2.38 ± 0.10 0.35 ± 0.02 1.07 10.28 5.04 2.71 11.10 0.54
OD 166 19.02 ± 0.84 1.96± 0.04 2.58± 0.15 1.01 ± 0.03 1.15 ± 0.05 4.32 0.01 0.52 0.53 0.25 92.38
TXS 0907+230 21.66 ± 1.66 2.23± 0.11 20.26± 1.84 1.44 ± 0.10 0.31 ± 0.02 5.23 0.03 3.72 1.09 0.70 5.96
PMN J1441-1523 17.01± 1.50 2.19± 0.07 2.86± 0.29 3.31 ± 0.46 1.68 ± 0.14 1.47 0.07 112.38 0.17 0.14 22.85
TXS 1448+093 17.90 ± 1.13 1.52± 0.15 49.64± 5.82 0.84 ± 0.06 0.70 ± 0.05 7.96 0.003 19.44 0.56 0.17 115.93
PMN J0226+0937 25.02± 1.98 2.41± 0.04 5.37± 0.59 8.32 ± 0.62 1.74 ± 0.12 3.09 0.03 119.86 10.94 0.03 107.98
PKS 0451-28 26.14 ± 1.27 2.90± 0.28 21.93± 1.3‘ 2.19 ± 0.01 0.45 ± 0.03 5.90 0.11 8.01 7.20 3.59 26.32
B3 0908+416B 23.22± 1.72 1.31± 0.25 6.41± 0.72 1.11 ± 0.10 0.39 ± 0.03 1.76 0.09 6.10 0.43 0.26 1.78
TXS 1616+517 10.11 ± 0.31 2.09± 0.09 93.28± 4.15 4.34 ± 0.36 0.52 ± 0.02 3.59 0.06 10.79 0.35 0.70 13.11
B3 1343+451 26.55± 1.04 2.48± 0.04 16.49± 1.31 8.67 ± 0.48 0.10 ± 0.01 4.16 0.11 0.42 0.48 1.76 0.68
PKS 2107-105 27.32 ± 1.34 2.30± 0.06 7.45± 0.90 3.63 ± 0.39 0.67 ± 0.05 9.48 0.0006 17.73 8.30 0.05 150.16

The periods when the source emission is significant above 1 GeV are also rel-
evant for studying absorption through interaction with EBL photons. There
are only a few periods when the considered sources have been detected above
1 GeV with a sufficient significance (> 5 σ). The emission, in these peri-
ods, is mostly characterized by a soft γ-ray spectrum, implying these are the
same components as those at lower energies. However, the periods when the
sources were detected by Fermi correspond to only a small fraction of the to-
tal bins (30-day binning), so the poor statistics did not allow us to investigate
the possible flux variation or photon index hardening above 1 GeV.

4.6 The origin of multiwavelength emission

The multiwavelength emission from blazars produced when the accelerated
electrons [66, 29, 104, 26, 151, 69] or protons [48, 23, 25, 101, 102, 100, 111, 113]
interact with the magnetic and photon fields, contain valuable information
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Figure 4.6 Modeling of the broadband SEDs of the considered sources. The
Swift UVOT, XRT and Fermi data obtained here are shown with cyan, red and
blue, respectively, while the archival data are in gray.
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Figure 4.6 (Continued)
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Figure 4.6 (Continued)

necessary for understanding the physics of their jets. The currently proposed
models can explain a single SED snapshot, but they cannot self-consistently
explain the dynamical evolution of the radiation and origin of the flares. The
flares are most likely caused by changes in the radiating particles or in the
emission region [e.g., 122], and their origin can be investigated only with
contemporaneous multiwavelength data. During the γ-ray flaring of the con-
sidered sources (Figs. 4.2 and 4.3), contemporaneous Swift data are available
only for PKS 0438-43 and TXS 0800+618. However, the Swift observations
in these periods show that the X-ray photon index and flux did not change,
being the same as those given in Table 4.3, whereas in the optical/UV bands
these sources were detected only in one or two UVOT filters with large uncer-
tainties in the flux estimation. So, it is not clear whether or not the low energy
component changed or remained the same during the γ-ray flares. This intro-
duces uncertainties for the theoretical modeling and does not allow to model
the SEDs of these two objects during their γ-ray flaring. Moreover, as there
are no multiwavelength data during the γ-ray flares of the other sources and
our goal is to constrain the main physical parameters of distant blazar jets,
only the averaged multiwavelength SEDs have been used in the modeling
which represent the typical state of the sources.
To understand the origin of the broadband emission of the considered sources,
we have used a simple one-zone leptonic model. In this model, the emission
region is assumed to be a spherical blob of radius of R moving in the blazar
jet with a bulk Lorentz factor of Γj at a viewing angle of θ. The emitting
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region is filled with a uniformly tangled magnetic field B and with a homo-
geneous population of relativistic electrons (and positrons), the nonthermal
energy distribution of which is described by a power-law with an exponential
cut-off at higher energies as:

N(γ) ∼ γ−αexp(−γ/γcut) γ > γmin (4.6.1)

where γ is the Lorentz factor of electrons in the blob rest frame, and α is the
power-law index. γmin and γcut are the Lorentz factors corresponding to the
minimum and cutoff energy of the electron distribution in the emission re-
gion. The total energy of the electrons in the emitting region is defined as
Ue = me c2

∫
γNe(γ)dγ. The energy distribution of electrons given by Eq.

4.6.1 is formed when the emitting particles are accelerated with a limiting
process at higher energies (e.g., cooling or limited efficiency of the accelera-
tion process). The power-law index (α) defines the properties of the accelera-
tion mechanism [e.g., 91, 55, 156, 53], and γcut allows constraining the cooling
process of the particles and the state of plasma in the jet [22, 143].
In this interpretation, the parameters of the emitting region are the radius,
Doppler factor (Γ = δ, for small viewing angles), and magnetic field. The
magnetic field is a free parameter during the fitting (assuming its density
B2/8π scales with Ue), while in principle a constraint on the other two pa-
rameters can be derived from the data. For example, a lower limit on δ can be
imposed using high-resolution radio data or the emitting region size can be
constrained from R ≤ δ × c × t/(1 + z), provided the minimum variability
time is known. Unfortunately, both constraints cannot be assessed for all the
sources given in Table 4.1, so both parameters have been left free during the
fitting. In this case, R is constrained from the observed Compton Dominance
(CD- the IC to the synchrotron peak luminosities ratio) and from polynomial
fitting of the data (see the documentation of jetset 3).
In the modeling it is assumed that the low-energy peak (from radio to opti-
cal/UV) is due to synchrotron emission from ultrarelativistic electrons in the
jet with an energy distribution as given by Eq. 4.6.1. Instead, the HE peak
is due to the IC scattering of internal [SSC; 66, 29, 104] or external photons
[EIC; 26, 151, 69]. The IC scattering of external photons is considered, since
the SEDs of FSRQS are better explained by EIC, as shown by the previous
studies [e.g., 12, 6, 98, 83, 62], and the CD is evident in the SEDs of the con-
sidered sources (Fig. 4.6). Localization of the emission region in the jet is
an open question and along the jet, depending on the distance from the cen-
tral black hole, different photon fields can be dominant for the IC scattering
[153]. In this paper we assume that the emitting region is outside the broad-

3https://jetset.readthedocs.io/en/latest/
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line region (BLR) where the dominant photon field is the IR emission from
the dusty torus. (author?) [152] showed that in MeV blazar SEDs the shift
of the peak of the HE component to lower energies is most likely due to the
comptonization of IR photons from the dusty torus. The IR radiation from
the dusty torus is assumed to have a blackbody spectrum with a luminosity
of LIR = 0.6 Ldisc [see 12] where Ldisc is the accretion disk luminosity, which
fills a volume that for simplicity is approximated as a spherical shell with a
radius of RIR = 2.5 × 1018 (Ld/1045)1/2 cm [116] with the energy density of
uIR = 0.6 Ld/4πR2

IR δ2 in the co-moving frame of the jet. In (author?) [68] and
(author?) [106], the HE component in the SED of distant blazars was modeled
by IC scattering of BLR reflected photons, adopting a smooth broken power-
law shape of the emitting electrons. We refer the reader to these papers for
details on the modeling when BLR reflected photons are considered.
The broadband SEDs have been modeled using the jetset version 1.1.2 nu-
merical leptonic code [161, 160, 108]. The free model parameters (those of the
emitting electrons, δ, R and B) are constrained by using the Minuit optimizer.
The emission directly due to accretion emerges primarily in the UV band,
showing a UV excess in the SED, which is modeled by adding a blackbody
component [73]. Fitting of this excess allows us to estimate the disc photons
temperature and luminosity. When the excess UV component is not distin-
guished, an upper limit is derived by requiring that the disc emission does
not exceed the observed nonthermal emission from the jet.

4.6.1 SED modeling results

The SEDs modeling results are presented in Fig. 4.6 and the corresponding
parameters in Table 4.5. The archival data from the Space Science Data Center
4 are in gray, while the optical/UV, X-ray, and γ-ray data, obtained here, are
shown in cyan, red, and blue, respectively. The radio data are not included
in the SED fits but are considered only as upper limits. The observed radio
emission is assumed to originate from a different and extended region. The
hard γ-ray emission spectra of TXS 0907+230, PMN J0226+0937, PKS 0451-
28, B3 0908+416B, and B3 1343+451 are in magenta, showing that the γ-ray
flux increases and their spectra extend to higher energies. As high redshift
blazars are considered (z > 2.5), their optical/UV flux could be affected by
absorption of neutral hydrogen in intervening Lyman-α absorption systems.
Following (author?) [68] this was corrected using the mean attenuation from
(author?) [64] which was computed for six wavelengths approximately cen-
tred in the UVOT filters.
The SEDs in Fig. 4.6 contain enough data from radio to HE γ-ray bands to

4http://www.ssdc.asi.it
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shape both low and high energy peaks. The applied model reproduces the
multiwavelength data relatively well for almost all the sources. The γ-ray
data of TXS 1448+093 are not well explained by the model because in this
case the optical/UV data are clearly constraining the HE tail of the electron
distribution and if considering α > 2.0 (softer than the estimated spectrum
with α = 1.52 ± 0.15), the flux predicted by the model will be lower than the
data. Due to the large uncertainties in the S4 2015+65 γ-ray data the modeling
is difficult, so the best possible one is shown. The electron power-law index is
defined by the X-ray data [through α = 2ΓX − 1 relation 140] and depending
on whether the SSC or EIC component is dominating in the X-ray band, dif-
ferent values for α are obtained. When the X-ray spectrum is hard and the SSC
component is dominating, the energy distribution of the emitting electrons
has a hard spectrum as well. For example, for GB 1508+5714, PKS 0537-286,
B2 0743+25, TXS 0222+185 and B3 0908+416B, α = 1.17 ± 0.07, 1.33 ± 0.07,
1.13 ± 0.19, 1.62 ± 0.05 and 1.31 ± 0.25 were estimated which shows that the
emission is due to newly accelerated electrons. The X-ray emission from S4
1427+543 and TXS 1616+517 is also dominated by the SSC component but
because of large uncertainty in the X-ray photon index and flux estimations,
correspondingly α = 2.04 ± 0.10 and 2.09 ± 0.09 have been obtained. On the
contrary, when the emission in the X-ray and γ-ray bands is only defined by
the EIC component then α > 2.2; e.g., α = 2.75 ± 0.04 and 2.70 ± 0.06 are
correspondingly estimated for TXS 0800+618 and PKS 0834-20. Correspond-
ingly, γmin and γcut are in the range of 2.58 − 93.28 and (1.01 − 15.73)× 103

(excluding TXS 1448+093). The SSC bump in the X-ray band is sensitive to
γmin values [73, 158, 173] and those estimated here are well within the range
usually estimated for the FSRQs [see Fig. 4 in 173]. As expected [40], lower
values of γmin are estimated when the X-rays are produced only by the EIC
component: e.g., γmin = 2.68 ± 0.36 and 2.58 ± 0.15 are correspondingly esti-
mated for PKS 1351-018 and OD 166. The HE tails of both synchrotron and IC
components are well defined by the optical/UV and γ-ray data, respectively,
allowing precise estimation of γcut = (1.01 − 15.73)× 103. γcut is in a strong
dependence on α, and its highest value, (15.73 ± 1.60)× 103 was estimated
when α = 2.80 ± 0.04 (the SED of GB6 J0733+0456 in Fig. 4.6). Meanwhile,
when α = 2.2 − 2.5, the highest γcut is (8.67 ± 0.48)× 103 for B3 1343+451.
The modeling shows that the magnetic field in the emitting region is within
0.10 − 1.74 G. The highest values of 1.74 ± 0.12, 1.68 ± 0.14, 1.45 ± 0.09 and
1.15± 0.05 G are estimated for PMN J0226+0937, PMN J1441-1523, MG2 J174803+3403,
and OD 166, respectively. The estimated Doppler factor is from δ = 10.00 to
δ = 27.42 with a mean of δ = 19.09. Although, these are higher than the
average values estimated for FSRQs [e.g., 71, 126], they are well within the
range of physically realistic values [e.g., see 95]. The emitting region size is
within R = (0.70 − 9.48)× 1016 cm except for TXS 0800+618 and S4 2015+65
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for which R = 1.55× 1017 cm and 1.35 × 1017 cm, respectively. The values es-
timated for R are consistent with the γ-ray flux variation in a day or several
day scales and suggest that the multiwavelength emission is produced in the
sub-parsec scale regions of the jet.
The energetics of the considered sources can be estimated using the model-
ing results. First, the available data allows a straightforward estimation of the
disc luminosity of GB 1508+5714, PKS 1351-108, PKS 0537-286, TXS 0800+618,
S4 1427+543, GB6 J0733+0456, B2 0743+25, PKS 0347-211, S41124+57, PKS
0438-43, S4 2015+65, PKS 0834-20, TXS 0222+185, TXS 0907+230, PMN J0226+0937,
PKS 0451-28 and PKS 2107-105, under the assumption that the disc has a
black body spectrum. The estimation shows that Ld � (1.09 − 10.94) ×
1046 erg s−1 with a highest value of Ld � 1.09 × 1047 erg s−1 estimated for
PMN J0226+0937. Such high luminosities are obtained as very powerful
blazars are considered here, and they are of the same order as those usu-
ally estimated for bright FSRQs [117] and distant blazars [68, 127]. The jet
power in the form of the magnetic field (LB) and relativistic electrons (Le) is
calculated as L = πR2c Γ2 Ui , where Ui is either electron (Ue) or magnetic
field (UB) energy density, using the parameters from Table 4.5. The corre-
sponding values are given in Table 4.5, showing that Le is in the range of
(0.03 − 13.49) × 1045 erg s−1 while LB in (0.24 − 434.69) × 1044 erg s−1. LB
and Le are of the same order with Le/LB = 2.92 and 0.61 for PKS 0834-20
and PMN J1441-1523 respectively, while for MG2 J174803+3403, OD 166, TXS
1448+093, PMN J0226+0937, PKS 2107-105 LB/Le = 3.7 − 36.0. For the other
sources of Table 4.5, Le exceeds LB, the largest deviation of Le/LB ≥ 1800
being found for PKS 0537-286, B2 0743+25 and TXS 0222+185, which are the
only sources when the hard X-ray emission above the Swift XRT band is mod-
eled with a SSC component and the EIC is dominating at higher energies.
However, we note that the luminosities can be higher when the SEDs in the
flaring periods are modeled.

4.7 Discussion and Conclusion

Fermi has detected MeV/GeV emission from ∼ 2500 blazars, which are bright
emitters across the whole electromagnetic spectrum. Fermi has sufficient sen-
sitivity to detect blazars farther than z = 2.0, which are among the most
powerful objects in the Universe. The distant objects (z > 2.0) represent a
small fraction of the total observed sources (3.75 %), but their investigation is
crucial for the study of the powerful relativistic outflows and measurement
of the EBL photon density. We selected the most distant blazars (z > 2.5)
from 4FGL and studied their multiwavelength emission properties by ana-
lyzing Fermi , Swift XRT and UVOT data. Also, the origin of their multiwave-
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length emission is investigated through theoretical modeling of the broad-
band SEDs.
In the X-ray and γ-ray bands, the spectra of the considered sources have dif-
ferent properties; except for TXS 1448+093, the X-ray spectrum of the other
sources is hard with ΓX = 1.01− 1.86 while in the γ-ray band Γγ > 2.2. Thus,
the X-ray and γ-ray data are determining that the second peak in the SED is
within 106 − 108 eV. The γ-ray flux of the considered sources is from 4.84 ×
10−10 to 1.50 × 10−7 photon cm−2 s−1, and in the Γγ − Lγ plane, they occupy
the area more typical for bright blazars, which is natural, since the sources at
large distances should be powerful enough to be detected. The two BL Lacs
included in the sample, 87GB 214302.1+095227 and MG1 J154930+1708, are
relatively faint, � (0.48− 1.37)× 10−9photon cm−2 s−1, although it is already
unusual to observe BL Lacs at large distances.
In the FX − ΓX plane the considered sources occupy the region of hard X-
ray spectra (ΓX < 2.0) and a flux from 7.94 × 10−14 erg cm−2 s−1 to 1.17 ×
10−11 erg cm−2 s−1. PKS 0451-28, TXS 0222+185, PKS 0834-20, PKS 0537- 286,
TXS 0800+618, B2 0743+25 and PKS 0438-43 are separated from the others
with a comparably high X-ray flux FX−ray ≥ 2.13× 10−12 erg cm−2 s−1. In the
X-ray band, statistically significant flux variation is found for PKS 0438-43
and B2 0743+25 while there is an indication of variability for TXS 0222+185;
during the bright X-ray periods, their flux exceeds 10−11 erg cm−2 s−1.
The γ-ray flux variability can be investigated based on the available data.
The most distant flaring blazars are MG3 J163554+3629 and PKS 0537-286 at
z = 3.65 and z = 3.10, respectively. Though γ-ray flux amplification is ob-
served in the 30-day bin light curve of MG3 J163554+3629, the γ-ray flares
are more drastic and evident for PKS 0537-286. The adaptively binned light
curve PKS 0537-286 shows several bright γ-ray flaring periods with a maxi-
mum flux of (1.29 ± 0.26)× 10−6 photon cm−2 s−1 above 100 MeV, observed
on MJD 57879.2 in a time bin having a width of ∼ 16.0 hours. For the distance
of PKS 0537-286, such flux amplification can be useful for investigation of the
γγ attenuation, but the photon index is Γγ = 2.64 ± 0.27, so the flare is dom-
inated by sub-GeV photons. The γ-ray flux of B3 1343+451 increases in sub-
day scales and that of PKS 0347-211 (z = 2.94) and PKS 0451-28 (z = 2.56)
in day scales. B3 1343+451 is among the top 30 bright blazars observed by
Fermi , showing multiple periods of enhanced γ-ray emission when the aver-
age luminosity of (2− 4)× 1048 erg s−1 increased up to 1.5× 1050 erg s−1. The
peak γ-ray flux of (1.82 ± 0.45)× 10−6 photon cm−2 s−1 above 100 MeV was
observed on MJD 55891.7 which is ≥ 36.4 times higher than the γ-ray flux in
quiescent state. The χ2 test showed that the γ-ray emission of B3 0908+416B,
TXS 0800+618, PKS 0438-43, OD 166 and TXS 0907+230 is variable in week
scales while that of MG3 J163554+3629, GB6 J0733+0456, B2 0743+25, PMN
J1441-1523 and TXS 1616+517 in month scales.
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The γ-ray photon index of B3 1343+451, PKS 0451-28, B3 0908+416B and TXS
0907+230 varies in time, and their γ-ray emission sometimes appears with
a hard γ-ray spectrum. The averaged γ-ray photon index of these sources
determines that the peak of the HE component to be below 108 eV whereas
the hard γ-ray spectrum indicates that the peak is shifted to higher energies.
During the flares, different processes can cause the shift of the low-energy or
HE peaks. For example, both components will be shifted to HEs when the
particles are effectively re-accelerated, resulting in higher electron cutoff en-
ergy (γcut). It is expected that only the HE component will increase when due
to the changes in the location of the emitting region the external photon fields
are starting to dominate [122]. In order to understand the origin of the change
in the emission components, extensive multiwavelength observations are re-
quired which is not the case for the sources considered here. We note that
such changes have already been observed in the previous studies of blazars
[e.g., 47, 12, 6, 145].
The main parameters characterizing the jets of the considered sources are
derived by modeling the multiwavelength SEDs. The CD observed in the
spectrum of almost all the considered sources implies that the electrons are
loosing energy mainly by interacting with the external photons. In the frame-
work of the single-zone scenario, the observed X-ray and γ-ray data are sat-
isfactorily explained taking into account IC scattering of synchrotron and IR
photons which in its turn allows to constrain the parameters of the emitting
electrons. The power-law index of the electrons is from ∼ 1.13 to 2.90, which
is within the range expected from the standard particle acceleration theories.
For example, in the diffuse shock particle acceleration, the formed particle
spectra can be from very hard (−1) to very steep, depending on the shock
speed, nature of particle scattering, magnitude of turbulence, shock field
obliquity, and other parameters [156]. On the other hand, the optical/UV
and γ-ray data strongly constrain the cut-off energy of electrons; the particles
are effectively accelerated up to ∼ 1012 eV. The cooling of emitting particles
defines the cut-off energy formed when the acceleration and cooling time
scales are equal. Considering the electrons are mostly cooling by interacting
with IR photons, and equating the radiative cooling time tcool ∼ 3 mec

4σT u′
IR γ′

e

with the electron acceleration time tacc � η0
mecγ′

e
eB [135], one gets that for

1012 eV electrons these timescales are equal when η−1 = 5 × 10−4. In other
words, the maximum electron energy, if limited solely by the radiative energy
losses, might be expected to be much higher than that observed, since often
η−1 ≥ 10−2 is expected [e.g., 86]. Therefore the cutoff is most likely limited
by the physical size of the emitting zone. For a given set of parameters, R, B,
and δ, γmin is < 93 and lower values of γmin are estimated when the X-rays
are produced only by EIC. This shows that the process responsible for the
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particle acceleration picks up almost all electrons.
The total jet luminosity (defined as L = Le + LB) is ≤ 1.41× 1046 erg s−1 which
is of the same order as that usually calculated for blazars [74]. Thus, the jet
power of distant and nearby blazars do not differ substantially. The estimated
disc luminosity is within Ld � (1.09 − 10.94)× 1046 erg s−1, more typical for
powerful blazars. The disc and jet luminosities are of the same order for TXS
0800+618 and TXS 0222+185 (Ldisc/Ljet = 1.17 − 2.44) while for the others
Ldisc is higher than Ljet. However, we note that the protons with unknown
content in jet are not included in the computation of Ljet, so in principle
higher Ljet are expected which could be of the same order as Ldisc [105]. Yet,
when the accretion disc luminosity and temperature are well measured, an
approximate value of the black hole mass can be derived following (author?)
[65, 72]. In general, the black hole mass can be well estimated from the opti-
cal spectroscopy [149] or from fitting the blue bump at the optical/UV band
[36, 71]. The maximum temperature (and hence the νFν peak of the disc lumi-
nosity) of the standard multi-colour accretion disc temperature profile occurs
at 5 Rs where Rs is Schwarzschild radius. Taking into account that the peak
temperature scales as Tdisc ∼ (Ldisc/Rs)1/4 [65], Rs can be estimated from
which the black hole mass can be derived. The black hole mass estimated
for the sources with a clear blue-bump in their SED is in the narrow range of
(1.69 − 5.35)× 109 M� where the highest black hole mass of 5.35 × 109 M�
is estimated for PMN J0226+0937 which has also the highest disc luminosity.
The virial black hole mass of GB 1508+5714, PKS1351-018, S4 1427+543 and
B2 0743+25 is also estimated in the quasar catalog of (author?) [150] and is
(3.23 ± 0.40)× 108 M�, (8.91 ± 0.64)× 108 M�, (1.80 ± 0.17)× 108 M� and
(3.89 ± 0.26)× 109M�, respectively. In the case of B2 0743+25, both methods
produce similar results, 3.06 × 109 M� and (3.89 − 0.26)× 109M�, while for
the other sources the masses obtained using optical spectroscopy are slightly
lower. Such differences are expected, since both methods rely on a fitting
or approximations. For the considered sources, the Eddington luminosity is
within (2.12 − 5.87)× 1048 erg s−1, and the ratio Ldisc/LEdd ranges from 0.05
to 0.16 [e.g., see 74].

4.8 Summary

The origin of the multiwavelength emission from distant blazars (z > 2.5) has
been investigated using the Fermi data accumulated in 2008-2018 and Swift
XRT/UVOT data observed in the last fifteen years. The main results are sum-
marized as follows:

i) Twenty-six out of the thirty-three considered sources are FSRQs, five
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BCUs, and only two are BL Lacs. The two BL Lacs are also the faintest
objects in the sample with a flux of (0.48− 1.66)× 10−9 photon cm−2 s−1)
while the others have a flux from 2.73× 10−9 photon cm−2 s−1 to ∼ 1.50×
10−7 photon cm−2 s−1.

ii) Except for the two BL Lacs, the photon index of all the considered
sources ranges from 2.18 to 3.05. Only, the γ-ray indexes of B3 1343+451,
PKS 0451-28, B3 0908+416B and TXS 0907+230 are found to vary in
time. The hardest γ-ray spectra of B3 1343+451, B3 0908+416B and TXS
0907+230 are with indexes of 1.73 ± 0.24, 1.84 ± 0.25, and 1.72 ± 0.15,
respectively, while that of PKS 0451-28 - with 2.06 ± 0.07.

iii) The Swift XRT observations show a significant X-ray emission only from
the FSRQs considered here. Only a few counts have been detected
from the other sources, even if some of them have been observed by
Swift several times. The X-ray photon index of distant FSRQs is ΓX =
1.1 − 1.8 and the flux is spanning from ∼ 5 × 10−14 erg cm−2 s−1 to
10−11 erg cm−2 s−1.

iv) The brightest X-ray source in the sample is TXS 0222+185 (z = 2.69)
with a flux of (1.19 ± 0.04) × 10−11 erg cm−2 s−1. The X-ray emission
from only PKS 0438-43, B2 0743+25 and TXS 0222+185 showed a sub-
stantial flux increase in some observations, whereas the X-ray emission
from other sources is relatively constant in different years.

v) The γ-ray variability of the considered sources has been investigated
using the data accumulated for ten years. Fourteen sources from the
sample show a variable γ-ray emission on short and long timescales.
The γ-ray flux of B3 1343+451 (z = 2.53) and PKS 0537-286 (z = 3.10) in-
creases in sub-day scales, that of PKS 0347-211 (z = 2.94) and PKS 0451-
28 (z = 2.56) in day scales. The γ-ray emission of B3 0908+416B, TXS
0800+618, PKS 0438-43, OD 166 and TXS 0907+230 is variable in a week
scale while that of MG3 J163554+3629, GB6 J0733+0456, B2 0743+25,
PMN J1441- 1523 and TXS 1616+517 in a month scale. The most distant
γ-ray blazar flaring on short time scales is PKS 0537-286 (z = 3.10) when
its flux increased up to (1.29 ± 0.26)× 10−6 photon cm−2 s−1 above 100
MeV within a time bin having a width of ∼ 16.0 hours. The γ-ray flux
of B3 1343+45 increased significantly from its average level in multiple
periods with a maximum flux of (1.82 ± 0.45)× 10−6 photon cm−2 s−1

above 100 MeV, accompanied by moderate hardening of the spectra.

vi) In the Γγ − Lγ plane, the majority of the considered sources occupy the
narrow range of Γγ = 2.2 − 3.1 and Lγ = (0.10 − 5.54)× 1048 erg s−1,
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which is more typical for the brightest blazars. However, during γ-
ray flares, the luminosity of variable sources is significantly beyond
this boundary, changing within (1049 − 1050) erg s−1. For example, the
luminosity of B3 1343+451 increases ∼ 36.4 times and corresponds to
Lγ = 1.5× 1050 erg s−1, being among the highest values so far observed
in the γ-ray band.

vii) The SEDs were modeled within a one-zone leptonic scenario, consider-
ing the IC scattering of both synchrotron and IR photons from the dusty
torus. The X-ray and γ-ray data allowed to constrain the peak of the
HE component (within 106 − 108 eV) as well as the power-law index
and cut-off energy of the radiating electrons; the index and the cutoff
energy are within the range of 1.13 − 2.90 and (1.01 − 15.73)× 103, re-
spectively. The radius of the emitting region is estimated to be ≤ 0.05
pc while the magnetic field and the Doppler factor are correspondingly
within 0.10− 1.74 G and 10.00− 27.42.

viii) The jet luminosity is estimated to be ≤ 1.41 × 1046 erg s−1, which is of
the order of the values usually obtained for blazars. For all the sources,
expect for TXS 0800+618 and TXS 0222+185 for which Ldisc/Ljet = 1.17−
2.44, the jet luminosity is lower than that of the disc Ld � (1.09 −
10.94) × 1046 erg s−1 which is estimated by fitting the UV excess. The
black hole masses are estimated to be within (1.69 − 5.35)× 109 M� so
the disc luminosity is 5-16% of the Eddington luminosity.
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5 Broadband Study of
High-Synchrotron-Peaked BL
Lac Object 1ES 1218+304

5.1 Introduction

Active galactic nuclei (AGNs) with a bolometric luminosity of up to 1048 erg s−1

are the most powerful non-explosive sources in the Universe. Among AGNs,
blazars are the most extreme class dominated by nonthermal emission ex-
tending from radio to Very High Energy (VHE; > 100 GeV) γ-ray band.
The blazar features are best described when assuming that the relativisti-
cally moving plasma in the jet is closely aligned with the line of sigh of the
observer [163]. The observations in various bands provide different win-
dows on blazar physics, allowing to investigate the accretion disc, inner-
most jet (sub-parsec) as well as the knots and hotspots of large-scale jets.
Most recently, the observation of VHE neutrinos from TXS 0506+056 [85, 84]
opened another window for studying the physics of blazar jets. Combina-
tion of electromagnetic and neutrino observations could provide most de-
tailed information on the physics at work in the jets (e.g., for TXS 0506+056
[17, 61, 41, 90, 114, 94, 166, 119, 141, 137] and [142]).
Commonly, blazars are divided into two subclasses: flat-spectrum radio quasars
(FSRQs) and BL Lacertae objects [163]. The optical spectrum of FSRQs reveals
strong broad emission lines, while that of BL Lacs has weak or no lines. The
spectral energy distribution (SED) of blazars in νFν representation has two
components [e.g., 118] and is characterized by two broad peaks: the low en-
ergy component commonly explained by synchrotron emission of relativistic
electrons, peaks between the IR and the X-ray bands. When the synchrotron
peak (νs) is νs < 1014 Hz in the rest-frame, blazars are called low synchrotron
peaked (LSP) sources, and when 1014 < νs < 1015 Hz and νs > 1015 Hz are
intermediate synchrotron peaked (ISP) and high synchrotron peaked (HSP)
sources, respectively [77, 1]. In this division, FSRQs are almost exclusively
LSPs.
There are various models explaining the second peak in the SED. In the lep-
tonic scenarios, this is explained as inverse Compton (IC) scattering of pho-
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tons provided by the synchrotron emission of the jet itself [i.e., synchrotron
self Compton (SSC) 103, 29, 66] or produced external to the jet [151, 49]. The
most widely used sources of external seed photons are disc photons reflected
from broad line region (BLR) clouds [151] or IR photons emitted from the
dusty torus [27, 70]. Since the BLR lines are weak or absent in BL Lacs their
SEDs are usually modeled using SSC while those of FSRQs by external IC
mechanism. In the alternative hadronic scenarios, the second component is
modeled by proton synchrotron emission [e.g., 112], photopion production
[100, 102, 112, 113, 33] or pp interaction [48, 18, 24, 23, 25].
The synchrotron peak location is defined by the maximum energy at which
the electrons are accelerated. In this context, HSPs are not the highest-energy
end of the blazar sequence, and (author?) [46] found objects with a hard
synchrotron X-ray spectrum of at least up to ∼ 100 keV. These extreme syn-
chrotron BL Lacs or extreme HSPs (EHSPs) show a synchrotron peak energy
above 2.4 × 1017 Hz (1 keV), an order of magnitude higher than that of stan-
dard HSPs. For example, during the flares of Mkn 501 the synchrotron peak
reached ∼ 100 keV [128]. Due to this shift, in the optical band the emission
from EHSPs is generally dominated by the thermal emission of the giant el-
liptical host galaxy. The radio properties of EHSPs are in general similar to
those of HSPs but rather with a low flux. In addition to extreme synchrotron
BL Lacs, there are BL Lacs extreme in γ-rays which after extragalactic back-
ground light (EBL) correction demonstrate a very hard intrinsic photon index
of up to and beyond 1 TeV [31, 157]. There is no clear relation between ex-
treme synchrotron and TeV blazars and these two extreme behaviors should
not necessarily appear together. Hard spectral photon indexes above 1 TeV
due to similar hard index of the emitting particles represent major difficul-
ties for current particle acceleration and emission theories. These extreme
blazars are also discussed as possible sources of VHE neutrinos and cosmic
rays [120, 133].
The hard High Energy (HE; > 100 MeV) γ-ray spectrum of HSPs implies that
particles are efficiently accelerated up to VHEs in their jets, so their detailed
study is interesting from the theoretical point of view. One of such HSPs, is at
z = 0.182 [164] which has been for the first time observed at VHEs by MAGIC
[15] and then by VERITAS telescopes [7]. The observed ∼ 160 GeV and ∼ 1.8
TeV emission is described with a hard γ-ray photon index of 1.86± 0.37 after
EBL correction [7]. Next, the VERITAS observations during the active state
in 2009 provided the first evidence of variability of VHE γ-ray emission of
with a flux doubling time scale of ≤ 1 day [8]. In the HE γ-ray band, appears
with a hard photon index of 1.72 ± 0.02, as observed by Fermi Large Area
Telescope (Fermi ) [5], with the emission extending beyond 100 GeV well in
agreement with the data in the VHE γ-ray band. was identified as an X-ray
source in the early observations [168] and since then it was always observed
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with X-ray telescopes. Considering the unusually hard VHE γ-ray spectra of
for its redshift, its observations were also used to constrain the EBL absorp-
tion density [e.g., 92] or extragalactic magnetic field [159].
The multiwavelength observations of over years provided a large amount of
data in different bands. First, more than eleven years of Fermi observations
will allow detailed temporal and spectral analyses of γ-ray data which com-
bined with MAGIC/VERITAS data provides the γ-ray spectrum in the large
energy range from 100 MeV to ∼ 1 TeV. Moreover, using the new PASS 8
event selection and instrument response function, the spectrum can be inves-
tigated with improved statistics at higher energies, which is crucial for iden-
tifying the peak of the HE component. Frequent observations of with Neil
Gehrels Swift Observatory ([63], hereafter Swift) provided unprecedented
data both in the optical/UV and X-ray bands, allowing to perform a detailed
investigation of the flux variation in these bands. This broadband cover-
age allows to constrain the SED of in different periods, which is then used
for theoretical modeling. Together with Swift, the NuSTAR observation will
shape the peak of the low energy component, which in turn allows to de-
rive the main parameters characterizing the jet of (emitting electron distri-
bution, magnetic field, jet power, etc.). belongs to the group of blazars that
exhibit hard γ-ray spectrum from MeV/GeV to TeV band, which implies the
emission is most likely produced from fresh accelerated electrons allowing to
test various acceleration and cooling processes for the emitting particles. The
combination of this with the available data, makes an ideal target for explor-
ing the physics of blazar jets.
The purpose of this paper is to investigate the origin of broadband emission
from by analyzing the most recent available data. In Section 5.2 the γ-ray data
extraction and analyses are presented and discussed while X-ray and optical
data analyses are in Section 5.3. The origin of broadband emission as well as
the SED modeling are given in Section 5.4. The time dependent formation of
emitting electron spectrum is discussed in Section 5.5. The discussions and
conclusions are given in Section 5.6.

5.2 Fermi-LAT data extraction and analyses

Fermi is a pair-conversation telescope sensitive to > 100 MeV γ-rays [20]. By
default it operates in the survey mode scanning the entire sky every three
hours. Operating since 2008, Fermi has provided a most detailed and deeper
view of the γ-ray sky.
In the current study, γ-ray data from the observation of from August 2008 to
April 2020 were obtained from the data portal and analyzed using the stan-
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dard analysis procedure provided by the Fermi collaboration. The events in
the energy range from 100 MeV to 600 GeV within a circular region of 11◦
radius centered on the γ-ray position of were analyzed using Fermi Science-
Tools (1.2.1) package with P8R2 SOURCE V6 instrument response functions.
A zenith angle cut of 90◦ was applied to reduce the contamination due to the
γ-rays from the Earth’s limb. The model file containing the spectral parame-
ters of all known γ-ray emitting sources located within a 11◦+5◦ region was
generated by make4FGLxml.py script based on the fourth Fermi source cata-
log of γ-ray sources (4FGL) [5]. The Galactic and extragalactic diffuse γ-ray
emission was parametrized using gll iem v07 and iso P8R3 SOURCE V2 v1
models. The parameters of all sources within the 11◦ region around as well
as the normalization of diffuse components were left free to vary during the
fitting while the spectral parameters of all other sources were fixed to their
values given in the 4FGL.
The data from a 15.5◦ × 15.5◦ square region are divided into a spatial pixel
size of 0.1◦ × 0.1◦ and into 38 logarithmically equal energy bins. The best
match between the model and the data is obtained by the binned likelihood
analysis method implemented in gtlike tool. In the considered ∼ 11.7 years,
is detected with an overall significance of 77.2σ (σ =

√
TS where TS =

2(logL1 − logL0) and L1 and L0 are the maximum likelihood values obtained
when fitting the observed data using the null and alternative hypotheses,
respectively). The best fit results a relatively hard γ-ray photon index of
1.71 ± 0.02 with a γ-ray flux of (1.89 ± 0.09) × 10−8photon cm−2 s−1 in the
energy range from 100 MeV to 600 GeV. The SED of generated by running
the gtlike tool separately for ten energy bands is shown in Fig. 5.3.

The γ-ray light curve is generated to investigate the flux and photon in-
dex variation in time. The > 500 MeV events were only considered in the
unbinned likelihood analyses, since, due to the hard spectrum of during
short periods the number of photons is not enough at lower energies. The
model file obtained from the binned likelihood analyses was used for the
light curve calculations fixing the photon indexes of all background sources
allowing only their normalization to vary. The normalization of both back-
ground models was fixed as no variability is expected from them. When the
source detection significance is TS < 4, only upper limit is computed.
Fig. 5.1 panels a) and b) show the change of the γ-ray flux and photon in-
dex calculated for 20 day intervals, respectively. Despite the increase of the
γ-ray flux in some periods, no high-amplitude flares are observed. This is
in agreement with the results of 4FGL where was flagged as variable source
[i.e., the variability index over two-month intervals is 95.6 5]. The hard γ-
ray photon index of implies that the emission is mostly at higher energies
where the number of observed photons is low, so no comprehensive vari-
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Figure 5.1 Multiwavelength light curve of during 2008-2020. a) and b) γ-ray
flux and photon index computed for normal and adaptively time binning. c
and d Swift XRT measured X-ray flux and photon index variation in time. e)
Swift UVOT measured UV/optical fluxes in V, B, U, W1, M2, and W2 bands.
f) The arrival time of HE photons from the direction of .
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ability studies (e.g., short time scale variation) are possible. Next, using
the adaptive binning algorithm [97], the γ-ray light curve is computed. In
this method, the time bins have been optimized to have a fractional uncer-
tainty of 20 % above the optimal energy of Eopt = 394.1 MeV [for the cal-
culation of Eopt see 97]. The light curve generated by this strategy allows
us to search variability, which is sometimes not visible in the regular time
binning [130, 145, 21, 172, 144, 62, 132]. The flux and photon index calcu-
lated by adaptive binning method shown in light blue correspondingly in
Fig. 5.1 a) and b). The photon index is relatively stable, being always be-
low 2.0, which is natural, as HSPs usually have a hard γ-ray photon index
but the γ-ray flux is sometimes above its average level. Despite large un-
certainties, an increases in the flux had been observed around MJD 55578,
55879, 56080 and after 58000. For example, on MJD 58869.84 ± 13.82 the
flux above Eopt = 394.1 MeV was (1.49 ± 0.37)× 10−8photon cm−2 s−1 with
a photon index of 1.75 ± 0.15, with a 10.2σ detection significance. It corre-
sponds to a flux of (3.89 ± 0.84)× 10−8photon cm−2 s−1 above 100 MeV. Or
on MJD 58594.42 ± 12.95 and 56080.57± 23.54, the γ-ray flux and photon in-
dex were (5.15 ± 1.05)× 10−8photon cm−2 s−1 and 1.86 ± 0.16, and (2.87 ±
0.55) × 10−8photon cm−2 s−1 and 1.66 ± 0.13, respectively. Therefore, even
if the flux is above its average level (∼ 2 times), the photon index does not
change substantially. However, in normal binning, the hardest photon in-
dex of 1.30± 0.17 was observed from MJD 58262 to 58282 when the detection
significance was 10.1σ. The spectrum in this period was investigated fur-
ther. The source emission above 1 GeV can be described by the 1.39 ± 0.16
photon index and the emission extending up to ∼ 200 GeV with a flux of
(5.09 ± 1.47)× 10−9photon cm−2 s−1.
is also a source of VHE photons due to its relatively hard photon index. Us-
ing the output model file obtained after running gtlike, with the gtsrcprob
tool, the probability of VHE events from the direction of is computed. The
distribution of highest-energy events (> 30 GeV) is presented in Fig. 5.1
(f). Interestingly, there are many > 100 GeV photons within the inner re-
gion around with a high probability of being associated with it. For example,
the 169.2, 178.4 and 487.4 GeV events with probabilities of 0.99996, 0.99993
and 0.99988, respectively, were observed within a circle of 0.015◦, 0.024◦ and
0.035◦, respectively. The highest energy event of 513.2 GeV has been detected
on MJD 57042.8 within a circle of 0.18◦ around with the 0.99496 probability
to be associated with it.
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Figure 5.2 Upper panel: NuSTAR spectra (FPMA in black and FPMB in red)
and the best fit model. Lower panel: the ratios (data/model) for power-law
model.

5.3 X-ray and optical/UV observations

The X-ray emission from is investigated by analyzing the data collected by
Swift XRT [63] and NuSTAR [81]. This provides X-ray data in a large energy
range of 0.3− 70 keV which is important, as for HSPs this range corresponds
to the highest energy tail of the low energy component.

5.3.1 Swift XRT

Swift observed 116 times between 2008 and 2020. All XRT data are analyzed
using the Swift XRTPROC pipeline, which is an automatic script for down-
loading and analyzing XRT data. The script first presented in (author?) [80]
and further updated in the context of the Open Universe initiative [76], is
based on the official XRT Data Analysis Software (XRTDAS). For the source
region, photons were counted over a circular region of 47 arcsec (20-pixel)
radius centered on the source position, while for the background region a
larger annulus was used, with inner and outer radii of 120 and 200 arcsec,
correspondingly, centered on the source and selected to avoid any contami-
nating sources. The count rate in some observations was above 0.5 count s−1,
so the data is significantly affected by the pileup in the inner part of the
point-spread function [110]. This effect was removed by excluding the events
within a 3-pixel radius circle centered on the source position. In this case,
the source count selection radius was increased to 70 arcsec. The individual
spectra were fitted with XSPEC12.10.1 adopting an absorbed power-law and
log-parabola models, applying Cash statistics on ungrouped data.
The 0.3-3, 0.5-2, 2-10, 3-7 keV X-ray fluxes as well as the 0.3-10 keV pho-
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ton index are computed for each observation. In the X-ray band, the flux
gradually increases around MJD 58500 with the highest 0.3-3 keV X-ray flux
of (1.13 ± 0.02) × 10−10 erg cm−2 s−1 on MJD 58499.1, which is by a factor
of ∼ 5.6 higher than the mean X-ray flux ((2 − 3) × 10−11 erg cm−2 s−1). It
should be noted that from MJD 58482 to 58501, was in an active X-ray emis-
sion state, when the 0.3-3 keV flux changed in the range of (6.29 − 9.65) ×
10−11 erg cm−2 s−1. Similar increases are also observed in the other consid-
ered intervals for the flux computation. The X-ray photon index varies as
well, being of the order of (2.1− 2.2) for most of the time, but on MJD 58489.1
it was 1.60 ± 0.05 which is the hardest index recorded for this source (cor-
rected for pile-up effect). There are thirty-four periods with a photon index
of < 2.0 and six with < 1.8. Fig. 5.3 shows the XRT spectra when was in
a bright (Obsid 30376106), moderately bright (Obsid 30376101), and average
(Obsid 30376042) X-ray emitting states, as well as when the X-ray emission is
with the hardest X-ray photon index (Obsid 30376099).

5.3.2 NuSTAR

NuSTAR is a hard X-ray focusing satellite comprised of two Focal Plane Mod-
ules (FPMs): FPMA and FPMB, providing continuous coverage over a broad
bandpass of 3-78 keV [81]. was observed by NuSTAR on MJD 57349 with a
net exposure of 49.5 ksec. The NuSTAR data were processed with the NuS-
TARDAS software package available within HEASOFT package using the lat-
est version of the calibration database (CALDB). The event file is cleaned and
calibrated using nupipeline tool. The spectra of in the energy range of 3-79
keV is extracted from a circular region of 50′′ radius centered at the source
position whereas the background counts are extracted from a circle of 80′′
from a nearby region on the same chip and avoiding source contamination.
The spectra were binned so as to have at least 30 counts bin−1 and fitted as-
suming an absorbed power-law model.
Initially, the energy range from 3 to 79 keV have been considered for the fit.
However, the count rate rapidly decreases above 50 keV and the background
starts to dominate. Thus, the source parameters are estimated in the energy
range 3-50 keV. The best fit resulted in ΓX−ray = 2.56 ± 0.028 and FX−ray =

(1.21± 0.02)× 10−11 erg cm−2 s−1 with χ2/d.o. f = 1.04 for 364 degree of free-
dom. The spectra of FPMA and FPMB are shown in Fig. 5.2 with black and
red, respectively. The high energy tail of X-ray spectra cannot be fitted satis-
factorily by a simple power-law, and the model deviates from the data. Thus,
an additional fit with a log-parabola is performed. The best-fit spectral pa-
rameters of the log-parabola fit are: α = 2.22 ± 0.10, β = 0.45 ± 0.13 and
FX−ray = (1.14 ± 0.02)× 10−11 erg cm−2 s−1 with χ2/d.o. f = 0.94.
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Figure 5.3 Multiwavelength SED of for different periods. The red data corre-
sponds to the Fermi spectrum averaged over 11.7 years, and the blue bowtie
shows the spectrum during the hard emission period. The UVOT data in
light blue corresponds to the highest flux in U, W1, M2 and W2 filters ob-
served around MJD 58490. The archival data from SSDC are in gray. VHE
γ-ray data from the VERITAS observation are in light blue squares.
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5.3.3 Swift UVOT

was also observed with the UVOT instrument of Swift observatory. UVOT
provides observations in three optical (V,B,U) and three UV (W1,M2,W2) fil-
ters [138]. All the data available from the observations of were downloaded
from the Swift archive and reduced using the HEAsoft version 6.26 with the
latest release of of HEASARC CALDB. Source counts were extracted using a
5′′ radius for all single exposures and all filters, while the background was es-
timated from different positions from a region with 20′′ radius not being con-
taminated with any signal from the nearby sources. uvotsource tool was used
to derive the magnitudes which were converted to fluxes using the conver-
sion factors provided by [129]. Then, the fluxes were corrected for extinction
using the reddening coefficient E(B − V) from the Infrared Science Archive
1.
The flux measured for all six filters (V, B, U, W1, M2, and W2) is sown in
Fig. 5.1 e). The light curve shows that like in the X-ray band, also the op-
tical/UV flux shows few active periods. In the average state the flux in all
filters is around (3 − 5.5) × 10−12 erg cm−2 s−1, which around MJD 56035,
57870 and 58200 moderately increases up to ∼ (8 − 9)× 10−12 erg cm−2 s−1.
Strong brightening of the optical/UV flux was observed after MJD 58482
when the flux reached � 10−11 erg cm−2 s−1; the absolute highest fluxes of
(2.23± 0.05)× 10−11 erg cm−2 s−1 and (2.05± 0.04)× 10−11 erg cm−2 s−1 were
observed in M2 and W2 filters on MJD 58486.10 and 58501.20, respectively.
Fig. 5.3 shows the UVOT spectra for the average state (Obsid 30376044, pink)
state and when the highest flux in U, W1, M2 and W2 filters were observed
around MJD 58490 (light blue).

5.4 The Origin of Broadband Emission

The multiwavelength dataset analyzed in this paper allows to build broad-
band SEDs of in different emission states. The resulting broadband SED of is
shown in Fig. 5.3, displaying the standard double peaked structure. Archival
data are extracted from SSDC SED Builder tool 2 and are shown in gray. The
Swift UVOT/XRT data from different states of the source are shown together
with the NuSTAR spectrum. In the average state (pink), the 0.3-10 keV X-ray
photon index is ≥ 2.0 which softens to 2.56 ± 0.028 in the 3-50 keV band. In
the bright state (cyan), the photon index is 2.07 ± 0.03 but it can be as hard
as 1.60 ± 0.05 on MJD 58489.1 (dark blue circle). In the γ-ray band, in ad-
dition to the γ-ray spectra averaged over ∼ 11.7 years, the spectrum in the

1 http://irsa.ipac.caltech.edu/applications/DUST/
2https://tools.ssdc.asi.it/SED/
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period of the hardest γ-ray emission (1.39 ± 0.16) is shown with a bow-tie.
Even though the γ-ray light curve reveals periods when the flux moderately
increases, their duration (∼ 20-30 days) and the low amplitude (∼ 1.5 − 2.0)
do not impact the averaged γ-ray spectra in Fig. 5.3. To demonstrate this, the
γ-ray data analysis was performed limiting the time up to MJD 58500 which
resulted in (1.86± 0.11)× 10−8photon cm−2 s−1 and 1.71± 0.02, in agreement
with the results obtained for ∼ 11.7 years. The VHE γ-ray data are from the
VERITAS observations after EBL correction [7].
The multiwavelength SED in Fig. 5.3 shows dramatic changes in the spec-
trum of , especially in the X-ray band. In the quiescent state, the NuSTAR
spectrum is a continuation of that of XRT and they together constrain the
HE tail of the synchrotron component. Moreover, in quiescent state, the syn-
chrotron and IC peaks have similar luminosity but unlike the HE peak which
is relatively stable, the X-ray flux increases substantially (cyan data) and the
low energy peak luminosity clearly dominates over that at HEs. In the active
state, apart from the flux increase, the X-ray spectrum also hardened, shifting
towards HEs (light blue data). Such an X-ray spectrum cannot be associated
with the synchrotron component dominating at lower energies, being most
likely due to another component. For example, this hard X-ray emission can
be due to Comptonization of disc photons in the jet [39]. However, the origin
of this X-ray emission cannot be investigated because of the absence of con-
temporaneous multiwavelength data. This change of X-ray spectrum will be
further discussed in Section 5.6. The HE γ-ray data clearly demonstrate that
the peak of the second component is above 1011 − 1012 eV which cannot be
constrained even when VHE γ-ray data are considered because of the large
uncertainty in the measurement of the VHE γ-ray photon index (1.86± 0.37).
However, independently of the VHE γ-ray data, the constraint on the syn-
chrotron spectrum and hence on the distribution of emitting electrons will
allow to shape the second component.
The SED of in Fig. 5.3 is modeled in order to gain further insight of the phys-
ical processes at work in its jet. The broadband spectrum of in the quies-
cent state is modeled within a simple one zone leptonic scenario as a large
amount of data is available. In this model, the low energy data are inter-
preted by synchrotron emission of relativistic electrons while the HE compo-
nent - as SSC radiation from a compact emitting region [30, 67, 107, 44]. It is
assumed that this emission region is a spherical blob moving relativistically
along the axis of the jet with a Lorentz factor of Γ and because of this, the
emission will be strongly Doppler boosted in the observer frame by a factor
of δ = (Γ(1 − βcosθ))−1 where θ is the angle between the direction of obser-
vation and the axis of the jet. For a small viewing angle Γ � δ. It is assumed
that the blob is filled with an electron (or electron/positron) population in an
isotropic magnetic field. For the electron energy distribution we consider a
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broken power-law (BPL) function in the form of

Ne(γ) =

{
N0 (γ)

−α γmin � γ � γbr

N0 (γbr)
α1−α (γ)−α1 γbr � γ

(5.4.1)

where N0 defines the total electron energy Ue =
∫ γmax

γmin
γ Ne(γ)dγ, α and α1 are

the low and high indexes of electrons, correspondingly below and above the
break energy γbr. γmin is the minimum energy of electrons in the jet frame.
The electron distribution given by Eq. 5.4.1 is a result of injection and cooling
of particles [87]. As an alternative, a power-law with an exponential cut-off
(PLEC) distribution of particles is assumed:

Ne(γ) = N0γ−α exp(−γ/γcut) (5.4.2)

where γcut is the highest energy cut-off in the electron spectrum. This electron
distribution is naturally formed when the acceleration is limited by cooling
or dynamical time scales (e.g., (author?) [170, 174, 143, 22]). In the next sec-
tion, time dependent formation of these spectra is discussed in the context of
particle acceleration and cooling.
The emitting region is characterized by the electron energy distribution (α,
α1, γbr/cut), magnetic field, Doppler boosting and its size. The upper limit on
the size of the emission region can be derived from the relation R ≤ δ c tvar,
where the variability time tvar can be inferred from the γ-ray light curve when
the flare rise or decay time can be estimated. In the HE γ-ray band, did not
show prominent flares, while in the VHE γ-ray band, the flux doubling time
was observed to be tvar ≤ 1 day [8] which limits the emission region size by
R ≤ 2.19 × 1015 × δ cm. Assuming a typical value for δ = 25, the emission
region size would be R � 5.5 × 1016 cm. Also, following (author?) [139], for
the same R � 5.5 × 1016 cm the data is modeled considering δ = 80.
In the fit, the model free parameters and their uncertainties are estimated
using the Markov chain Monte Carlo (MCMC) method in two approaches.
Initially, the spectral model parameters have been derived through MCMC
sampling of their likelihood distributions using a modified version of naima
package [e.g., 145, 62]. Then, the fitting is done with the open source package
JetSet [108, 161, 160], initially optimizing the parameter space with Minuit
minimizer, then applying MCMC sampling centered on the best fit values.
Both methods produce similar results.
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Figure 5.4 Broadband SED of modeled using a one-zone model. The red curve
shows the emission assuming a power-law with an exponential cutoff distri-
bution for the emitting electrons while that using a broken power-law is in
blue.

5.4.1 Broadband SED fitting

The SED modeling results are shown in Fig. 5.4 with the corresponding pa-
rameters listed in Table 5.1. In addition to the synchrotron/SSC component,
a thermal component (a blackbody with a temperature of T = 4500 K) from
(author?) [139] is shown in magenta. This corresponds to the thermal emis-
sion of the host galaxy, showing that the UVOT data in the average state are
likely dominated by the nonthermal emission from the jet rather than by ther-
mal emission from the host galaxy. It can be seen that the data up to the X-ray
band (including NuSTAR) are explained by synchrotron radiation of elec-
trons. The SSC component is dominant above ∼ 1 MeV and it describes the
data up to the VHE γ-ray band. When the BPL distribution of electrons is con-
sidered (blue line in Fig. 5.4), the data can be modeled when α = 2.09 ± 0.06
changes to 3.67 ± 0.10 at the break energy of (1.72 ± 0.31)× 105. So, the in-
dex change is significantly different from that expected when the electrons
undergo radiative losses effectively (Δα = 1). The archival data allows to put
a limit on the γmin to be (5.69 ± 0.05)× 102: for larger γmin the synchrotron
component will decline in the low energy band which is in disagreement with
the observed data. The magnetic field is estimated to be (1.58 ± 0.21)× 10−2

G and the emission region is particle-dominated with an equipartition ratio
between the particle energy density Ue and magnetic field energy density UB
of Ue/UB � 2.1 × 102.
The modeling with a PLEC distribution of electrons better explains the SED
(red line in Fig. 5.4); the goodness of fit (reduced χ square) is χ2 = 0.90. The
power-law index is 2.19± 0.04 not substantially different from that estimated
in the previous case. The synchrotron peak and NuSTAR spectrum allowed
to measure the cut-off energy with a high accuracy, γcut = (4.73± 0.34)× 105,
which in its turn constrains the HE component which decreases above ∼ 1012
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Table 5.1 Parameters of the models in Fig. 5.4.
PLEC (δ = 80) BPL (δ = 80)

α 2.19 ± 0.04 (2.31 ± 0.03) 2.09± 0.06 (2.43 ± 0.02)
α1 – 3.67± 0.10 (4.37 ± 0.15)
γmin × 102 4.55 ± 0.04 (5.07 ± 0.10) 5.69± 0.05 (1.67 ± 0.03)
γcut/break × 105 4.73 ± 0.34 (9.57 ± 0.82) 1.72± 0.31 (7.47 ± 0.79)
B[G]× 10−2 1.53 ± 0.09 (0.16 ± 0.07) 1.58± 0.21 (0.17 ± 0.01)
Ue[erg cm−3] 2.68× 10−3 (2.24 × 10−3) 2.15 × 10−3 (3.77 × 10−3)
UB[erg cm−3] 9.31× 10−6 (9.92 × 10−8) 9.96 × 10−6 (1.13 × 10−7)
Le[erg s−1] 7.64× 1043 (6.39 × 1043) 6.11 × 1043 (1.07 × 1044)
LB[erg s−1] 2.65× 1041 (2.83 × 1039) 2.84 × 1041 (3.23 × 1039)

eV. A relatively high value of the minimal energy of the radiating electrons,
γmin = (4.55 ± 0.04) × 102 is obtained which is not exceptional for blazar
modeling, and high γmin is often used to describe the emission from HSPs
[e.g., 4, 19, 99]. The magnetic field is mostly constrained by fitting the low
energy component; the synchrotron component depends on the product of B
and Ne, so B = (1.55 ± 0.09) × 10−2 G is the same as in the previous case.
Again, the electron energy density is higher than that of the magnetic field,
Ue/UB � 2.9× 102.
The modeling parameters when δ = 80 are given in Table 5.4 in the brack-
ets. As compared with the modeling when δ = 25, a noticeable difference
in this case is that the electron distribution is with a softer power-law index
(α = 2.31 and 2.43) and the magnetic field is lower (� (1.6 − 1.7)× 10−3 G).
As the peak of the low energy component is well defined by the data, when
increasing the Doppler factor (and hence the luminosity), a lower magnetic
field would be required to explain the same data. This, in its turn increases
the particle dominance and now Ue/UB > 104.
The jet power in the form of magnetic field and particles is given in Table
5.1. The luminosities have been computed for a pure electron/positron jet,
since the proton content is not well known, and these can be considered as
the lower limit. The absolute jet power (Ljet � 8 × 1043erg s−1) is signifi-
cantly below the Eddington luminosity for a 5.6 × 108 M� black hole mass
(LEdd = 7.3× 1046 erg s−1) estimated from the properties of the host galaxy in
the optical band [139].
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5.5 Time dependent formation of electron
spectrum: Electron cooling

The multiwavelength modeling presented in the previous section allowed to
put a constraint on the parameters of emitting electrons. These parameters
contain valuable information on the processes taking place in the jet of . For
example, the power-law index of the emitting electrons mostly defined by
the acceleration mechanisms could be used to test the process by which the
particles gain energy. On the other hand, the break or cutoff energy allows to
evaluate the electron radiation cooling or dynamical timescales, which helps
to understand the particle interaction processes. Thus, the parameters re-
ported in Table 5.1 can be used for further exploring the physics of jet.
The spectra given in Eqs. 5.4.1 and 5.4.2 are ad-hoc assumption of emitting
particles used for modeling the SED. However, the formation of the particle
spectrum is governed by the injection and cooling of electrons. To calculate
the temporal evolution of the electron distribution [Ne(γ, t)], it is necessary to
solve integro-differential equations, describing the losses and injection of rel-
ativistic electrons in the emitting region [87]. In this case the kinetic equation
has the following form

∂Ne(γ, t)
∂t

=
∂

∂γ
(γ̇Ne(γ, t))− Ne(γ, t)

tesc
+ Q(γ, t) , (5.5.1)

where γ̇ = dγ/dt is the radiation loss term, tesc is the characteristic escape
time and Q(γ, t) is the rate of electron injection. The emitting region electrons
can loose energy by synchrotron and SSC processes, so γ̇ = −4/3 σT cU′ γ2

where U′ is either the energy density of the magnetic field (U′
B = B2/8π) or

the density of synchrotron radiation (U′
s). The latter can be approximated by

U′
s � L′

syn/4π R2 c where L′
syn =

∫
∂Lν,syn/∂ν dν is the total synchrotron lu-

minosity in the jet frame. The modeling shows that Lsyn = 5.74× 1041 erg s−1

so U′
s � Lsyn/4π R2 c δ3 � 3.2 × 10−8 erg cm−3 which is significantly less

than U′
B = 9.31× 10−6 erg cm−3. This implies that the electrons are predomi-

nantly cooled through interaction with the magnetic field. However, usually
U′

s should be taken into account, considering the non-linear effects in the par-
ticle cooling which is particularly strong when the emission is produced in a
very compact region ∼ 1015 cm. In this case, also due to the narrow distribu-
tion of synchtron photons (low energy component in Fig. 5.4), its density is
lower than that of the magnetic field. Accordingly, the radiation loss term in
Eq. 5.5.1 is replaced by pure synchrotron cooling.
In the case of no escape (tesc → ∞), that is all the particles cool inside the
emitting region, a BPL spectrum of the electrons will be formed when the
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power-law index changes as α1 − α = 1. The break energy will be defined
by equating the cooling time with the evolution time of the system. In Fig.
5.5 the evolution of the spectrum when the particles are constantly injected
(tinj >> tcool) into the emitting region with Q(γ) ∼ γ−2.09 is shown for dif-
ferent dynamical time scales; the red gradient shows the spectrum with in-
creasing time. After the system evolves up to ∼ 1.80 × 107 sec, a break at
1.72 × 105 will be formed in the spectrum; for shorter times the break is at
higher energies. However, as expected, the transition at the break energy is
smooth (2.09 → 3.09) which cannot explain the estimated electron spectrum
obtained from the data modeling (blue spectrum in Fig. 5.5). A steep electron
spectrum is required after the break to explain the X-ray data; the NuSTAR
spectrum completely defines the power-law index of the electrons after the
break to be 2 × ΓX−ray − 1 = 4.12. It means that the power law index of elec-
trons before the break should be 3.12 but in that case their γ-ray emission will
be nearly flat ∼ 2.06 in disagreement with the data (∼ E−1.76

γ ). The electron
power-law indexes before and after the break are rather well defined by the
X-ray and γ-ray data, so when changing the values of α and α1 reported in
Table 5.1 to get a cooling break, the data will not be satisfactorily reproduced.
When assuming a constant injection of particles with their escape timescale
depending on the energy (∼ γε), more gradual transition will be achieved at
the cooling break when ε �= 0, but again a component with a softer spectrum
cannot be formed. Most likely, this break is due to the characteristics of the
acceleration processes and for an unknown reason the change in the electrons
spectrum is Δα > 1. Or alternatively, the inhomogeneities in the emitting re-
gion could also cause a stronger change in the emitting electron spectrum,
which might produce BPL spectrum of electrons with Δα > 1 [134].
In the case the electrons can escape from the emitting region, a standard
BPL spectrum will be formed again, only the break will correspond to the
electron energy at which the escape and cooling timescales are equal (tesc =
3me c/4σTUB γbr). For example, a BPL spectrum at γbr = 1.72 × 105 can be
formed when tesc = 9.83R/c. However, the transition at the break is again
not sharp enough to explain the observed data.
Alternative to BPL, a PLEC spectrum can be formed as a result of time averag-
ing of the injected particle spectrum, i.e., after the abrupt power-law injection
of the particles (tinj < tcool) they start to cool in the emitting region. In time,
the HE tail of the particle distribution steepens and a cut-off will be formed.
In order to demonstrate this, it is assumed that the Q(γ) ∼ γ−2.19 injection
of the particles stops at R/10 c and then the electron distribution evolution
up to 10 R/c is followed by setting tesc = 1.5R/c and B = 1.53 × 10−2 G.
The blue gradient in Fig. 5.5 corresponds to the electron spectrum calculated
for different time intervals. Initially, only the HE electrons (γ > 106) cool
or escape the region, declining the injected electron spectrum only at higher
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Figure 5.5 Time evolution of electron spectra considering different initial in-
jection rates. The BPL and PLEC spectra in arbitrary units are shown in blue
and red, respectively.

energies. Then, with the time the cut-off energy moves to lower energies and
after ∼ 3 − 4 R/c the break is at the same level as that estimated from the
data modeling (1.58 × 105). In principle, by changing the parameters (injec-
tion and escape times, etc.), it is possible to satisfactorily reproduce the PLEC
spectrum of electrons with the parameters given in Table 5.1. It should be
noted that such an exponential cut-off will be also formed in the case of an
episodic injection with an energy dependent escape.

5.6 Discussions and Conclusions

The HSP blazars having the second peak in the SED toward the higher en-
ergies are extremely interesting sources for HE and VHE γ-ray observations.
For HSPs, the X-ray spectrum limits the synchrotron component below keV/MeV
band and the γ-ray emission is due to IC scattering. In the γ-ray band,
HSPs appear with a moderately hard photon index (< 2.0) with a mean of
1.81 ± 0.08 [13], so the emitting particles are accelerated to much higher en-
ergies as compared with LSPs or ISPs. This implies the multiwavelength ob-
servations have potential not only for investigation of the emission features
in different bands but also for testing various acceleration and emission sce-
narios in the blazar jets.
The γ-ray emission from is investigated during more than eleven years, from
August 2008 to April 2020. Its long time-averaged γ-ray spectrum is hard
with a photon index of 1.71± 0.02 and with a flux of (1.89± 0.09)× 10−8 photon cm−2 s−1.
The emission extends up to ∼ 600 GeV with a detection significance of 77.2σ.
The sub-GeV source photons are relatively less, which prevents detailed vari-
ability studies in short time scales. Although the adaptively binned light
curve shows several periods (e.g., on MJD 58869.84± 13.82, 58594.42± 12.95
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and 56080.57± 23.54) when the flux moderately increased as compared to its
average level. During these periods the data accumulation of 20-30 days is
enough to reach the required uncertainty of 20 % (usually > (100− 150) days
are required). The photon index of the source is relatively constant with the
hardest and softest values being 1.44± 0.11 and 2.01± 0.17, respectively. The
hard emission observed in MJD 58272 ± 10 extends up to ∼ 200 GeV with a
flux of (5.09 ± 1.47)× 10−7photon cm−2 s−1 and photon index of 1.39 ± 0.16
above 1 GeV. In general, the spectrum measured by Fermi agrees well with
that non-simultaneously measured by VERITAS at VHE γ-rays (after EBL
correction).
As a bright source in the X-ray band, shows interesting features in the 0.3-
10 keV band. First of all, an X-ray flux amplification in different observa-
tions is found with a highest X-ray flux of (1.13 ± 0.02)× 10−10 erg cm−2 s−1.
In the hard X-ray band, as observed by NuSTAR, the spectrum is soft with
2.56± 0.028 photon index. In the quiescent state, the Swift XRT and NuSTAR
measured spectra are in a good agreement, allowing to measure the spec-
trum in the broad band of 0.3-50 keV. Yet, the Swift XRT observations reveal
interesting modification of the X-ray photon index in some observations. It is
mostly above 2.0, as expected for HPS, but there are periods when the photon
index hardens to ≤ 1.80. In Fig. 5.6 eight periods when such hard photon in-
dex is observed are presented together with Swift UVOT and NuSTAR data
where the modification of X-ray spectra is evident. In the quiescent state,
the nearly flat spectrum measured by Swift XRT and the soft X-ray photon
index obtain by NuSTAR clearly imply that the synchrotron peak is < 1017

Hz. However, in the specific periods shown in Fig. 5.6, the position of the
synchrotron peak moves above 1017 Hz and shows characteristics similar to
EHSPs. This peak frequency shift is more evident and drastic for the periods
highlighted in the lower panel of Fig. 5.6. It should be noted that the op-
tical/UV flux did not change substantially, but not always all the filters are
available for detailed investigation. During the observations on MJD 57760
and 57897 the UVOT data could either correspond to the peak of the host
galaxy emission (thus appear with a nearly flat spectrum) or be due to the
synchrotron emission from the jet electrons but from a different component
that produces hard X-ray emission. However, due to the lack of data no def-
inite conclusion can be drawn. Such temporary extreme behavior of HPSs
has already been observed for Mrk 501 [128] and 1ES 2344+514 [78]. In these
extreme periods, the high counts (≥ 280) allowed precise estimation of the
photon index which was 1.60± 0.05 and 1.70± 0.07 on MJD 58489 and 58854,
respectively, and being within 1.72 − 1.84 for the other periods. Also, the
MAGIC and VERITAS observations of reveal an exceptional hard photon in-
dex in the TeV band (< 2.0), though not simultaneous with the X-ray obser-
vations, which shows might have features similar to those of BL Lacs extreme
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in the γ-ray band. Along with these features also in the γ-ray band does not
show a short time scale variability compatible with the behaviour of EHSPs.
Yet, in the γ-ray band some of VHE photons from the direction of were ob-
served around those extreme X-ray periods. For example, VHE events with
Eγ = 292.0, 278.1 and 150.3 GeV were observed on MJD 57453.7, 58498.3 and
57429.6, respectively, within a circle of < 0.1◦ around and with a > 3.0σ prob-
ability to be associated with it. These periods overlap with some highlighted
in Fig. 5.6. The are also > 100 GeV events emitted close to the periods in Fig.
5.6 which come from a bit larger circular region or with a smaller probability
of association with . However, considering is the only source in the ROI with
emission extending above tens of GeV, these photons are most likely also as-
sociated with it. This shows that during the extreme X-ray emission periods
of , also GeV/TeV photons were efficiently produced which hints at possible
transition of to an extreme BL Lac from the viewpoint of both synchrotron
peak and VHE γ-ray photon index. It is expected that such extreme periods
are hidden in the spectrum of HSP blazars and sometimes the transition of
the synchrotron peak to higher frequencies is possible.
The quiescent state SED is modeled within a one-zone leptonic scenario. The
synchrotron/SSC model well explains the observed data and can reproduce
both low and HE peaks. The low energy photons with a peak at νsync �
7 × 1016 Hz, well constrained by XRT and NuSTAR data, are IC up scattered
to higher energies 4/3 γ2

cut/br νsync � 1027 Hz, explaining the second peak.
The derived magnetic field in the jet emitting region is B = 1.5 × 10−2 G for
R � 5.5× 1016 cm, the system being slightly particle dominated Ue/UB � 290
which is in agreement with the SED modeling of other HSPs; usually within
the leptonic scenario the HSP SEDs can be modeled when the emitting region
is by far out of equipartition. In this case the equipartition is between the
magnetic field and nonthermal electron energy density, and it would break
when considering the jet protons, the content of which is unknown. The en-
ergy density of electrons strongly depends on γmin ∼ 500 which in this case
should be considered as an upper limit; in the case when ≤ γmin the SED can
be still described well but when > γmin, the model starts to drop in disagree-
ment with the observed data. When the modeling infers an extremely out-
of-equipartition condition in the jet, additional jet power is required which is
however limited by the Eddington accretion rate [e.g., 50]. As an alternative,
in highly magnetized environments the combined lepto-hadronic modeling
would allow to choose parameters and explain the data when the system is
close to the equipartition condition [e.g., modeling of 3C 279 32].
The one-zone SSC model was also used to model the SED in the previous
studies [e.g., 139, 167, 45, 154]. For example, in (author?) [139], using a time
dependent code taking into account cooling of electrons and time evolution
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Figure 5.6 Swift UVOT and XRT spectra of during the extreme X-ray emission
period as compared with that of NuSTAR (gray).

of photons the SED of was modeled for the electron distribution with α = 2.1
and γcut = 5 × 105. Or in (author?) [154], a log-parabolic distribution func-
tion for the electrons can reproduce the observed data for index of 1.8 and
curvature parameter of 0.5. Thus, in the previous modelings even if different
assumptions were made for the emitting region size and Doppler boosting,
the parameters obtained for the emitting electrons do not differ significantly
from those obtained here. The energetics (e.g., luminosity or energy density)
is different in all modelings as it depends on R and δ the values of which were
different. However, like in all the models, here too Ue/UB > 10. As an alter-
native to leptonic models, the HE bump of can be modeled by the proton syn-
chrotron component when the magnetic field in the region is B = (3.4 − 454)
G and the protons are accelerated up to ultra high energies 2.4 × 1019 eV and
(Ue + Up)/UB = 2.2 × 10−2 [42].

The BPL and PLEC electron spectra were used to model the SED. In gen-
eral, the spectra of electrons is controlled by several timescales, namely, the
cooling time, the injection duration and the escape time. In the continuous in-
jection of particles and in the absence of escape, the traditional cooling break
formed in the electron spectrum can not explain the tail of the high energy
component which requires much stepper decrease: the cooled electron spec-
trum above 1.72 × 105 will exceed that obtained from the modeling. The
change in the electron spectrum is most likely caused by the nature of the
acceleration process. Alternatively, (author?) [134] showed that when syn-
chrotron losses are dominating, spectral breaks in the electrons spectrum dif-
fering from 0.5 can be naturally formed in inhomogeneous sources. These
can be straightforwardly applied to pulsar wind nebulae or knots in large-
scale jets, but may be applied also wherever bulk flows of relativistic mate-
rial are involved, as in the case of relativistic jets. On the other hand, the
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time limited power-law injection of electrons which cool in the emitting re-
gion will stabilize and form a cutoff in the electron distribution in time. The
value of cut-off energy depends on the time for which the system evolves and
γcut = (4.73 ± 0.34)× 105 obtained from the SED modeling can be naturally
obtained. The required time for dynamical evolution of the system is 3-4 R/c
which is in agreement with the absence of flaring activities in γ-ray band in
short time scales. In principle, more complicated scenarios for the formation
of a curved spectrum are possible, but here a simplified scenario when the
curvature is caused by the injection/cooling or energy-independent escape
from the emitting region, is discussed.
As a powerful HSP, has always been monitored in various bands; it is still de-
batable whether is a normal HSP or an extreme blazar. Some of the Swift XRT
observations analyzed here appeared with an extremely hard photon index
of ≤ 1.8 shifting the X-ray spectrum toward higher frequencies, making an
episodic extreme synchrotron blazar. It should be noted that a smooth transi-
tion within the blazar classification is emerging in some observations, e.g., a
classical FSRQ shows a BL Lac features during the flares [e.g., 47, 147, 38, 79]
or HSPs appear as extreme blazars [e.g., 128, 78, 75]. Identification of such
hidden periods when HSPs are in an extreme emission state with a large mul-
tifrequency coverage can be crucial for understanding the physics of extreme
blazars and investigation of the changes in the jet parameters causing their
extreme behaviour.
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P. Mészáros, P. F. Michelson, T. Mizuno, A. A. Moiseev, C. Monte,

78



Bibliography

M. E. Monzani, E. Moretti, A. Morselli, I. V. Moskalenko, S. Murgia,
T. Nakamori, M. Naumann-Godo, P. L. Nolan, J. P. Norris, E. Nuss,
M. Ohno, T. Ohsugi, A. Okumura, N. Omodei, E. Orlando, J. F.
Ormes, M. Ozaki, D. Paneque, J. H. Panetta, D. Parent, V. Pelassa,
M. Pepe, M. Pesce-Rollins, F. Piron, T. A. Porter, J. R. Primack,
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S. M. Bradbury, V. Bugaev, K. Byrum, A. Cesarini, L. Ciupik,
P. Cogan, W. Cui, R. Dickherber, C. Duke, A. Falcone, J. P. Finley,
G. Finnegan, L. Fortson, A. Furniss, N. Galante, D. Gall, K. Gibbs,
R. Guenette, G. H. Gillanders, S. Godambe, J. Grube, D. Hanna,
C. M. Hui, T. B. Humensky, A. Imran, P. Kaaret, N. Karlsson,
M. Kertzman, D. Kieda, H. Krawczynski, F. Krennrich, M. J. Lang,
S. LeBohec, G. Maier, S. McArthur, A. McCann, P. Moriarty, T. Na-
gai, R. A. Ong, A. N. Otte, D. Pandel, J. S. Perkins, A. Pichel, M. Pohl,
J. Quinn, K. Ragan, L. C. Reyes, P. T. Reynolds, E. Roache, H. J. Rose,
M. Schroedter, G. H. Sembroski, A. W. Smith, D. Steele, S. P. Swordy,
M. Theiling, S. Thibadeau, V. V. Vassiliev, S. Vincent, S. P. Wakely,
T. C. Weekes, A. Weinstein, T. Weisgarber, D. A. Williams, and VER-
ITAS Collaboration.

Discovery of Variability in the Very High Energy γ-Ray Emission of 1ES
1218+304 with VERITAS.

ApJL, 709(2):L163–L167, February 2010.

[9] M. Ackermann, M. Ajello, A. Allafort, P. Schady, L. Baldini, J. Bal-
let, G. Barbiellini, D. Bastieri, R. Bellazzini, R. D. Blandford,
E. D. Bloom, A. W. Borgland, E. Bottacini, A. Bouvier, J. Bre-
geon, M. Brigida, P. Bruel, R. Buehler, S. Buson, G. A. Calian-
dro, R. A. Cameron, P. A. Caraveo, E. Cavazzuti, C. Cecchi,
E. Charles, R. C. G. Chaves, A. Chekhtman, C. C. Cheung, J. Chiang,
G. Chiaro, S. Ciprini, R. Claus, J. Cohen-Tanugi, J. Conrad, S. Cutini,
F. D’Ammando, F. de Palma, C. D. Dermer, S. W. Digel, E. do Couto
e Silva, A. Domı́nguez, P. S. Drell, A. Drlica-Wagner, C. Favuzzi, S. J.
Fegan, W. B. Focke, A. Franckowiak, Y. Fukazawa, S. Funk, P. Fusco,
F. Gargano, D. Gasparrini, N. Gehrels, S. Germani, N. Giglietto,
F. Giordano, M. Giroletti, T. Glanzman, G. Godfrey, I. A. Grenier,
J. E. Grove, S. Guiriec, M. Gustafsson, D. Hadasch, M. Hayashida,
E. Hays, M. S. Jackson, T. Jogler, J. Kataoka, J. Knödlseder, M. Kuss,
J. Lande, S. Larsson, L. Latronico, F. Longo, F. Loparco, M. N.
Lovellette, P. Lubrano, M. N. Mazziotta, J. E. McEnery, J. Mehault,
P. F. Michelson, T. Mizuno, C. Monte, M. E. Monzani, A. Morselli,
I. V. Moskalenko, S. Murgia, A. Tramacere, E. Nuss, J. Greiner,
M. Ohno, T. Ohsugi, N. Omodei, M. Orienti, E. Orland o, J. F.
Ormes, D. Paneque, J. S. Perkins, M. Pesce-Rollins, F. Piron, G. Pi-
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ran, T. Jogler, G. Jóhannesson, A. S. Johnson, M. Kuss, G. La Mura,
S. Larsson, L. Latronico, J. Li, F. Longo, F. Loparco, M. N. Lovel-
lette, P. Lubrano, J. D. Magill, S. Maldera, A. Manfreda, L. Marco-
tulli, M. N. Mazziotta, P. F. Michelson, N. Mirabal, W. Mitthumsiri,
T. Mizuno, M. E. Monzani, A. Morselli, I. V. Moskalenko, M. Ne-
gro, E. Nuss, T. Ohsugi, R. Ojha, N. Omodei, M. Orienti, E. Or-
lando, J. F. Ormes, V. S. Paliya, D. Paneque, J. S. Perkins, M. Per-
sic, M. Pesce-Rollins, F. Piron, T. A. Porter, G. Principe, S. Rainò,
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R. W. Romani, C. Sgrò, D. Simone, E. J. Siskind, F. Spada, G. Span-
dre, P. Spinelli, C. S. Stalin, L. Stawarz, D. J. Suson, M. Takahashi,
K. Tanaka, J. B. Thayer, D. J. Thompson, D. F. Torres, E. Torresi,
G. Tosti, E. Troja, G. Vianello, and K. S. Wood.

Gamma-Ray Blazars within the First 2 Billion Years.
ApJL, 837(1):L5, March 2017.

[11] M. Ackermann, R. Anantua, and et al.
Minute-timescale 100 MeV γ-Ray Variability during the Giant Outburst

of Quasar 3C 279 Observed by Fermi-LAT in 2015 June.
ApJL, 824:L20, June 2016.

[12] M. L. Ahnen, S. Ansoldi, L. A. Antonelli, P. Antoranz, A. Babic,
B. Banerjee, P. Bangale, U. Barres de Almeida, J. A. Barrio,
W. Bednarek, E. Bernardini, B. Biasuzzi, A. Biland, O. Blanch,

85



Bibliography

S. Bonnefoy, G. Bonnoli, F. Borracci, T. Bretz, E. Carmona, A. Carosi,
A. Chatterjee, R. Clavero, P. Colin, E. Colombo, J. L. Contreras,
J. Cortina, S. Covino, P. Da Vela, F. Dazzi, A. De Angelis, B. De Lotto,
E. de Oña Wilhelmi, C. Delgado Mendez, F. Di Pierro, D. Domi-
nis Prester, D. Dorner, M. Doro, S. Einecke, D. Eisenacher Glaw-
ion, D. Elsaesser, A. Fernández-Barral, D. Fidalgo, M. V. Fon-
seca, L. Font, K. Frantzen, C. Fruck, D. Galindo, R. J. Garcı́a
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Stark, L. Takalo, P. Temnikov, D. Tescaro, M. Teshima, N. Tonello,
A. Torres, D. F. Torres, N. Turini, H. Vankov, A. Vardanyan, V. Vi-
tale, R. M. Wagner, T. Wibig, W. Wittek, and J. Zapatero.

Discovery of Very High Energy Gamma Rays from 1ES 1218+30.4.
ApJL, 642(2):L119–L122, May 2006.

[16] R. Angioni, R. Nesci, J. D. Finke, S. Buson, and S. Ciprini.
The large gamma-ray flare of the flat-spectrum radio quasar PKS 0346-

27.
A&A, 627:A140, July 2019.

[17] S. Ansoldi, L. A. Antonelli, C. Arcaro, D. Baack, A. Babić, B. Banerjee,
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102



Bibliography

A. Treves, S. Tsujimoto, G. Vanzo, M. Vazquez Acosta, I. Vovk,
J. E. Ward, M. Will, S, D. Zaric , AGILE Team, F. Lucarelli, M. Ta-
vani, G. Piano, I. Donnarumma, C. Pittori, F. Verrecchia, G. Barbi-
ellini, A. Bulgarelli, P. Caraveo, P. W. Cattaneo, S. Colafrancesco,
E. Costa, G. Di Cocco, A. Ferrari, F. Gianotti, A. Giuliani, P. Lipari,
S. Mereghetti, A. Morselli, L. Pacciani, F. Paoletti, N. Parmiggiani,
A. Pellizzoni, P. Picozza, M. Pilia, A. Rappoldi, A. Trois, S. Vercel-
lone, V. Vittorini, ASAS-SN Team, A. Franckowiak K. Z. Stanek, C. S.
Kochanek, J. F. Beacom, T. A. Thompson, T. W. S. Holoien, S. Dong,
J. L. Prieto, B. J. Shappee, S. Holmbo, HAWC Collaboration, A. U.
Abeysekara, A. Albert, R. Alfaro, C. Alvarez, R. Arceo, J. C.
Arteaga-Velázquez, D. Avila Rojas, H. A. Ayala Solares, A. Becerril,
E. Belmont-Moreno, A. Bernal, K. S. Caballero-Mora, T. Capistrán,
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Clercq, J. J. DeLaunay, H. Dembinski, S. DeRidder, P. Desiati, K. D.
de Vries, G. de Wasseige, M. de With, T. DeYoung, J. C. Dı́az-Vélez,
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G. Madejski.

High-redshift Blazars through NuSTAR Eyes.
ApJ, 839(2):96, April 2017.

[107] A. P. Marscher and W. K. Gear.
Models for high-frequency radio outbursts in extragalactic sources,

with application to the early 1983 millimeter-to-infrared flare of 3C
273.

ApJ, 298:114–127, November 1985.

[108] E. Massaro, A. Tramacere, M. Perri, P. Giommi, and G. Tosti.
Log-parabolic spectra and particle acceleration in blazars. III. SSC emis-

sion in the TeV band from Mkn501.
A&A, 448(3):861–871, March 2006.

[109] J. R. Mattox, D. L. Bertsch, J. Chiang, B. L. Dingus, S. W. Digel, J. A. Es-
posito, J. M. Fierro, R. C. Hartman, S. D. Hunter, G. Kanbach, D. A.
Kniffen, Y. C. Lin, D. J. Macomb, H. A. Mayer-Hasselwander, P. F.
Michelson, C. von Montigny, R. Mukherjee, P. L. Nolan, P. V. Ra-
manamurthy, E. Schneid, P. Sreekumar, D. J. Thompson, and T. D.
Willis.

110



Bibliography

The Likelihood Analysis of EGRET Data.
ApJ, 461:396, April 1996.

[110] Alberto Moretti, Sergio Campana, T. Mineo, Patrizia Romano, A. F.
Abbey, L. Angelini, A. Beardmore, W. Burkert, D. N. Burrows,
M. Capalbi, G. Chincarini, O. Citterio, G. Cusumano, M. J. Frey-
berg, P. Giommi, M. R. Goad, O. Godet, G. D. Hartner, J. E. Hill,
J. Kennea, V. La Parola, V. Mangano, D. Morris, J. A. Nousek, J. Os-
borne, K. Page, C. Pagani, M. Perri, G. Tagliaferri, F. Tamburelli, and
A. Wells.

In-flight calibration of the Swift XRT Point Spread Function.
In Oswald H. W. Siegmund, editor, , volume 5898 of Society of Photo-

Optical Instrumentation Engineers (SPIE) Conference Series, pages 360–
368, August 2005.
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Aller, M. F. Aller, E. Angelakis, U. Bach, D. Bastieri, A. D.
Falcone, Y. Fukazawa, K. E. Gabanyi, A. C. Gupta, M. Gur-
well, R. Itoh, K. S. Kawabata, M. Krips, A. A. Lähteenmäki,
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