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Relevance and motivation

The observations early in the 20th century already revealed that there are emission lines
in the nuclei of some galaxies. Then, due to the progress in radio observations the first quasar
was discovered. It initiated intense efforts in studying these new objects, collectively referred
to as Active Galactic Nuclei (AGNs). The AGNs have stronger emission at the compact core
which has a much higher luminosity than the rest of the galaxy. A wide range of objects are
grouped under the name of AGNs which show some common properties (e.g., high emission
power) but usually AGNs show different properties. The currently accepted interpretation is
that different properties of AGNs depend on their orientation toward the observer’s frame.
Roughly 10% of radio loud AGNs (i.e., the radio (5 GHz) to optical (B-band) flux ratio is >

10), have a highly collimated linear structure of plasma- a jet that continuously extracts
energy from the central source. This jet happens to play a crucial role in understanding the
physical processes in AGNs and their classifications. First, these jets can extend to several
hundreds of kiloparsecs into the space often remaining highly collimated, and they are strong
sources of radiation in all the accessible bands of the electromagnetic spectrum. Second,
depending on the orientation of the jet, the AGN can have different appearances. According
to the unification scheme, an AGN is called a blazar when the jet is closely aligned with the
line of sight of the observer. Or when the jet’s inclination angle is larger, the AGN appears as
a radio galaxy.

Blazars are the extreme sub-class of AGNs characterized by high radio and optical
polarization, apparent superluminal motion along with high-amplitude variability in all
accessible bands of the electromagnetic spectrum. Blazars emission is dominated by non-
thermal emission from the jet which is significantly Doppler amplified since the jet with
superluminal motion is viewed at small angles. The emission from blazars is observed in a
wide frequency range, from radio to high energy (HE; > 100 MeV) and very high energy
(VHE; > 100 GeV) y-ray bands, displaying a double hump structure in their broadband
spectral energy distribution (SED). The first component (low-energy) usually peaks between
far infrared and X-rays while the second component (HE) is observed between X-rays and
HE/VHE y-rays. The fact that blazars can be observed in almost all energy bands of the
electromagnetic spectrum, makes them interesting targets for multiwavelength studies. The
single-band observations of blazars give a specific local view of the ongoing complex emission
processes, and in order to draw a general picture of the nature of blazar emission, it is
necessary to combine the results from the observations in different bands. The combined data
from radio to VHE y-ray bands provide a unique chance to understand their physics.

In the recent years, the accumulation of a significant amount of multiwavelength data
and its continuous increase create conditions necessary for further exploration of the physics

at work in blazar jets. Namely, it is possible to investigate the multiwavelngth variability of



blazars, covering a wide range of timescales; it is necessary for comprehensive study of
formation of emission components in blazar SEDs. However, new methods should be adopted
to deal with the available large amount of data and its interpretation, i.e., more efficient
methods should be used to analyze the data as well as more detailed theoretical modeling is

required.
Aim of the thesis

The aim of the thesis is to investigate the optical/UV and X-ray emission properties of a
large number of blazars by analyzing the data accumulated in different periods. In particular,
the aims are:

e to investigate spectral and temporal properties of X-ray emission from blazars by
analyzing the Swift-XRT data of all blazars observed by Swift at least 50 times
between December 2004 and the end of 2020;

e to study the emission from blazars in the optical/UV band by analyzing Swift UVOT
data accumulated between December 2004 and the end of 2020;

e to investigate the variability of PKS 2155-304 (z = 0.116) and S5 0716+71 (z =
0.31) emission in the optical/UV, X-ray and y-ray bands by analyzing data from
Fermi-LAT, Swift XRT and Swift UVOT telescopes;

e to study the origin of long-term multiwavelength emission from CTA 102 by
performing detailed temporal and spectral analyses of y-ray, X-ray, and UV/optical
data observed by Fermi-LAT, Swift XRT, NuSTAR, and Swift-UVOT;

e to investigate the origin of broadband emission from PKS 0537-286 (z = 3.1) using
data accumulated during more than ten years from the Fermi-LAT together with
Swift UVOT/XRT archival data taken between 2005 and 2017.

Scientific novelty

In this thesis novel methods are used to develop tools which perform complete analysis
of the optical/UV and X-ray data observed by Swift XRT. Using these tools, a new multi-
temporal easy accessible database of blazars emission in optical/UV and X-ray bands was
developed. This unprecedented dataset allows to describe the general temporal and spectral
behavior of blazars of different types as well as to compare and contrast the emission
properties of 65 blazars which is crucial for understanding the origin of emission from their
jets. In the case of different types of blazars (LBL, IBL and HBL), the investigation of (1) their
long-term variability and flux variations between the neighboring snapshots, (2) the study of
spectral changes correlated with the intensity and (3) the variation of synchrotron peak
frequency, contain a valuable information on the physical processes responsible for the X-
ray emission. The estimated strong correlation for PKS 2155- 304 emission in the UV and y-

ray bands suggests a common origin of the emission in these bands, i.e., the emission is



produced by the same electron population. Similarly, the optical/UV and X-ray emission of
S5 0716+71 are correlated, implying a co-spatial origin of the emission. The modeling of 117
contemporaneous SEDs of CTA 102 allowed to systematically study the emission components
in the quiescent and flaring periods of the source as well as to estimate the parameters of the
emitting electrons (power-law index, cut-off energy, luminosity) and of the jet (magnetic
field, Doppler boost factor) and investigate their evolution in time. The multiwavelength
studies of distant blazar PKS 0537-286 show that it is a powerful emitter in the X-ray and y-
ray bands; the integrated luminosity of these components exceeds that of the low-energy

component (from radio to optical bands).
Practical value

The database for optical/UV and X-ray observations of 65 blazars has a wide application
for studying the physics of blazars. In particular, containing comprehensive details on the X-
ray and optical/UV emission properties of 65 blazars, this database is unique for studying the
variability of blazars as well as for exploring intraband temporal correlations. The results of
theoretical modeling are important for investigating the physical conditions of the plasma in
different types of blazars. The analysis of correlation between the optical-UV-X-ray and y-
ray emission of PKS 2155-304 and S5 0716+71 allows to probe emission process in their
relativistic jets. The modeling of simultaneous SEDs from CTA 102 observations in different
periods provides an insight into the dynamical changes of different emission components,

which is very useful for understanding the particle acceleration and emission processes.
Basic results to be defended

1. A database of X-ray spectra, best-fit parameter values, count rates and flux
estimations in several energy bands of over 31 000 X-ray observations and single
snapshots of 65 blazars has been released. By studying the long-term light curves of
all sources in the sample, it is shown that a large X-ray luminosity variability on
different time-scales is present in all objects. Also, spectral changes are frequently
observed with a ‘'harder-when-brighter' or 'softer-when-brighter' behavior,
depending on the SED type of the blazars.

2. A database containing the flux of 65 blazars from more than 13600 Swift UVOT
observations in the V, B, U and W1, M2 and W2 bands has been released.

3. It is shown that the multiwavelength emission of PKS 2155-304 (z = 0.116) and
S5 0716+71 (z = 0.31) bright blazars in the optical/UV, X-ray and y-ray bands is
variable, showing multiple flares. In the optical/UV bands, the flux of both sources
increased above 2 X 10710 erg cm™2 s™1. The X-ray emission from PKS 2155-304
was characterized by a harder-when-brighter trend, whereas the y-ray emission

from S5 0716+71 showed a moderated trend of softer-when-brighter. The



correlation analysis shows a strong correlation between the UV and y-ray emission
of PKS 2155-304, while there is a correlation between the optical/UV and X-ray
emission of S5 0716+71.

4. The long-term multiwavelength emission of CTA 102 (z = 1.037) is investigated
by performing detailed temporal and spectral analyses of the y-ray, X-ray and
UV/optical data observed by Fermi-LAT, Swift XRT, NuSTAR and Swift-UVOT
over a period of 14 years. A strong variability of emission of the source in all the
considered bands is found, especially in the y-ray band it exhibited extreme
outbursts when the flux crossed the level of 1075 photon cm™2s~%. In the
considered period, 117 high-quality (quasi) contemporaneous SEDs including
sufficient multiwavelength data were selected and modeled within a one-zone
leptonic synchrotron and inverse Compton emission scenario, assuming that the
emitting region is within the broad-line region and considering internal and
external seed photons for the inverse Compton up-scattering. The characteristics of
the relativistic electrons’ distribution in the jet as well as jet properties are retrieved
and their variation in time is investigated. The obtained results are discussed in the
context of particle cooling in the emitting region.

5. The origin of broadband emission from PKS 0537-286 was investigated by analyzing
data accumulated during more than ten years. In the y-ray band the peak flux of
F, = (6.23 £ 0.56) X 1077 photon cm™2 s~ was observed on MJD 57874 within

one week, which corresponds to L, = 2.46 x 10%° erg s71

isotropic y-ray
luminosity. It is found that the emission in the X-ray band is characterized by a
significantly hard photon index, Iy_,qy < 1.3 and an X-ray flux of 4 X

2571 which is almost constant over twelve years. The SED is

1072 ergcm™
modeled within one-zone leptonic models, assuming the emission region is within
the broad-line region. The modeling shows that the nonthermal electrons in the jet
of PKS 0537-286 have a hard power-law index (< 1.9) and that the jet should be

particle-dominated with a luminosity within 10*> — 10% erg s~

Approbation of the work

The results of the thesis were presented in Sixteenth Marcel Grossmann Meeting MG16
(Virtual Meeting - July 5-10, 2021) as well as frequently presented and discussed at the

seminars of ICRANet Armenia center I0O.
Publications

Five papers are published on the topic of the thesis.



Structure of the thesis

The thesis consists of Introduction, four chapters, conclusion and References. The thesis

contains 119 pages, including 36 figures and 10 tables.
Content

In Introduction the scientific literature related to the topic is reviewed, the novelty of
the topic is discussed as well as the aims of the work, the scientific novelty and the main
results obtained in each chapter is presented.

In chapter 1 the main processes of interaction (synchrotron radiation and inverse
Compton scattering) of accelerated electrons inside the jet are briefly discussed. Also, the
main properties of Fermi Large Area Telescope (Fermi-LAT) and The Neil Gehrels Swift
Observatory (Swift) is presented together with main steps to analyse the data obtained by
these telescopes.

In chapter 2 the X-ray emission properties of a large number of blazars are discussed.
Namely, it is presented a detailed X-ray spectral, imaging and timing analysis of all the
observations and single snapshots of a sample of 65 blazars that have been observed by Swift
more than 50 times over a period of 16 years, from launch to the end of 2020. observed many
times between launch in November 2004, and the end of 2020. The list includes 65 objects,
24 of which are HBLs, 12 are IBLs and 29 are LBLs.

The data for these sources was reduced and scientific analysis was performed using
Swift_xrtproc tool which uses the XRT Data Analysis Software (XRTDAS), and the spectral
and imaging analysis tools XSPEC and XIMAGE, included in the HEASoft package.
Swift_xrtproc executes a complete data reduction, from XRT raw data to calibrated data
products. The spectral and imaging data taken in PC or WT mode are analysed following
standard procedures. The tool automatically downloads the raw data, generates exposure
maps and calibrated data products, generates source and background spectral files, makes
pile-up correction if needed, performs spectral fitting using the XSPEC package assuming a
power-law (N(E) = k x E™T) and a log-parabola model (N(E) = k x E~(+PLog(ED)  etc,
Using Swift_xrtproc we processed a total of 31,068 Swift XRT observations or individual
snapshots of the 65 blazars. This led to the generation of 29,050 X-ray spectra, 21,141
photometric flux estimations, and 206 upper limits. The obtained results confirm with large
statistics that the log-parabola model generally fits best the X-ray spectral shape of HBL
blazars, while LBL sources are usually best fit by a simple power-law. IBL blazars often show
more complex spectra, as in these cases the steep end of the synchrotron component merges
into the much flatter inverse Compton component in the X-ray band.

The best-fit spectral data and the X-ray fluxes estimated from the imaging analysis have

been combined with archival multifrequency data retrieved using the VOU-Blazars software
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Figure 1: The SEDs of 3C 279 and OJ 287 blazars showing the XSPEC best fit spectra and archival multi-
frequency data from VOU-Blazars.

to build the radio to y-ray SED of each object in the sample. In Figure 1 the SEDs of 3C 279
and O] 287 are shown. The data from Swift_xrtproc tool are in green, red and light- yellow
while grey points are the archival data. The 1 keV flux variation of all the blazars in the
sample is also investigated. 1 keV vf (v) light curves covering the period November 2004 to
the end of 2020 of all the sources in the sample can be accessed on-line
(https://openuniverse.asi.it/blazars/swift/). Figure 2 show examples of light curves of 3C 273
and Mrk 421. Large luminosity variability on different amplitudes and timescales, ranging
from factor of a few to over a factor 200, is present in all sources. The analysis of Swift XRT
data of 65 blazars observed at least 50 times shows with large statistics that Vy,eq in blazars
ranges from ~ 10%2 Hz, to well over 10'® Hz, the position of v;,eq is not constant in time.
Our results show that frequent and large variations of Vy,eqk, spanning a range of well over a
factor 100 in some objects, is a very common, likely ubiquitous, feature of HBLs. Most of the
X-ray flux enhancements in HBL sources is due to the effects of spectral hardening, rather
than to an overall flux increases at all energies.

In the chapter 3 the variability of blazars in the optical band is investigated. The emission
from jets of blazar ranges across all accessible bands in the electromagnetic spectrum so their
multi-wavelength observations are essential for the study of the origin of their emission.
Sometimes (but not always) there is a correlated variability between two bands which
indicates that the same process might be responsible for the emission in these bands. Now,
the accumulated amount of data permits a detailed variability study in almost all the bands
which is crucial for understanding the complex physics of blazars. The multiwavelength
variability study of blazars has recently entered a new era. There is a large amount of y-ray
data available from continuous observations of blazars in the HE band by Fermi-LAT. Also,
Swift performed a large number of observations of single objects. For this purpose, a tool that
automatically downloads and analyses data from Swift UVOT observations of blazars was
developed. The Swift UVOT telescope can produce images in each of six filters, namely in V
(500-600 nm), B (380-500 nm), U (300-400 nm), W1 (220-400 nm), M2 (200-280 nm) and

‘W2 (180-260 nm). Providing the name and the coordinates of the source under interest, it



3C 273 MKN 421

Ayl

u . l
J006 2008 2010 2012 2014 2016 2018 2020 2006 2008 2010 2012 2014 2016 2018 2020
Time [years] Time [years]

-
=]
1

10

10 19

-'-
P
e
o
- s
s
-
. o ¥
e
o
. -
vi, [erg 5711

UL, lerg s

H
2
VF. @LlkeV [erg ¢m "5 ']

JF.@1keV [erg cm "5 ']
-
c g -

-
=

Figure 2: The 1 keV light curves of 3C 273 and Mrk 421 blazars.

accesses the Swift archive, downloads all the existing observations and processes them with
the standard procedure. After cleaning and filtering the data, all single observations are
reduced by selecting source counts from a circular region of 5" around the source, while
selecting the background counts from a 20" region away from the source. Then with the help
of uvotsource tool it derives the magnitudes which are converted to fluxes using the
conversion factors and then corrected for extinction, using the reddening coefficient E(B —
V) from the Infrared Science Archive (http://irsa.ipac.caltech.edu/applications/DUST/). The
tool produces the flux measured in each filter in each period for the light curve computation
as well as the flux for each frequency for SED calculations. The tool was used to analyze all
the Swift UVOT observations available from observations of blazar (the results are available
here https://github.com/Davidlsrayelyan/Swift-UVOT-Database).

The developed tool was used to analyse all the Swift UVOT observations of PKS 2155-
304 and S5 0716+71. Between 2004 - 2022, PKS 2155-304 was observed 300 times and S5
0716+71 - 352 times. The light curve of PKS 2155-304 shows that during the initial
observations (e.g., until MJD 55000) the source was in an evaluated emission state in all the
considered bands. For example, in this period the highest flux of the source was
(3.12+£0.07) x 107 1% erg cm™2 s™! observed on MJD 53960.85 in filter M2. Then the
averaged level of source emission in optical/UV bands decreases, but a few times flux
variations in all the considered filters are still evident. For example, the flux in M2 band on
MJD 56046.13 was (5.1 + 0.11) X 107! erg cm™2 s~ which increased to (1.60 + 0.03) X
1071%erg cm™2 s on MJD 56180.67. Such changes in consecutive UVOT observations can
be identified during all the considered periods, which show that this source has a strongly
variable optical/UV emission.

In the light curve of S5 0716+71 two large flaring activities in optical and UV bands are
evident. The first active period was observed between MJD 57030-57060 when the flux in
almost all filters increased from ~5x10"ergem™2s™! to above ~2Xx
1071% erg cm™2 s71. In this period, the highest flux of (3.28 £+ 0.09) X 107 % erg cm™2 s~!
was observed in filter V on MJD 57047.31. The next major flaring activity was observed
between MJD 58200-58300 when the flux again increased above ~ 2 x 10710 erg cm™2 s71.
This source is characterized by variable optical/UV emission, i.e., the flux changes in different

Swift observations. Only between MJD 56600-56800 the source was in a relatively quiescent
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Figure 3: Multiwavelength light curve of PKS 2155-304.

state in the optical/UV bands: during this period, in 14 Swiff observations the flux was

relatively constant with a value of ~ 2 x 107! ergcm=2 s71.
The multiwavelength light curves of PKS 2155-304 and S5 0716+71

contemporaneous changes in the flux in different bands. In order to test whether or not the

show

emission in different bands is varying contemporaneously, i.e., whether the emission in
different bands is related, a Spearman correlation test was applied. The possible correlation
was investigated by computing the correlation rank between the emission in different bands,
i.e., computing Spearman correlation coefficient p. In order to perform an as general as
possible test, the correlation between the emission in the X-ray and y-ray bands, X-ray and
optical/UV bands, y-ray and optical/UV bands was investigated. The results from the
Spearman correlation analysis are given in Table 1 for each two bands providing the

coefficient and probability. The results reported in Table 1 show that the null hypothesis that

10



PKS 2155-304 S5 0716+71
Band-1 Band-2 Spearman coeff. p-value Spearman coeff. p-value
Optical X-ray 06 1.3e-22 0.7 Je-44
uv X-ray 06 3.5e-30 0.7 1.3e-46
Optical ¥ -1ay 07 54e-18 0.6 4.8e-18
uv ¥ -1ay 08 3.6e-19 0.7 1.3e-18
X-ray v -1ay 05 6.1e-8 05 24e-12

Table 1: Results of the correlation study between the emission in different bands.

there is no correlation can be rejected in all cases. However, there is no strong correlation
between the emissions in different bands. For PKS 2155-304, the strongest correlation is
found for UV and y-ray bands, p = 0.8 (Figure 4 left). There is also a milder correlation
between the source emission in X-ray and optical bands with p = 0.6. For S5 0716+71, there
is again a weak correlation between the emission in the X-ray and y-ray bands with p = 0.5
(Figure 4 right). For this source, the correlation is almost at the same level for the optical/UV

vs X-ray and optical/UV vs y-ray bands (see Table 1)).
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Figure 4: The scatter plot of the flux in different bands.

In the chapter 4 the multiwavelength emission from the CTA 102 was investigated. CTA
102 is a FSRQ with a redshift of z = 1.037. Harboring a black hole with a mass of
8.5 X 108 Mg, CTA 102 is one of the brightest FSRQs observed in the HE y-ray band. It was
initially observed by the Compton Gamma Ray Observatory mission having estimated a y-
ray flux of (2.4 + 0.5) X 10”7 photon cm™2 s™1. Then, CTA 102 was scanned continuously
by Fermi-LAT since mid-2008, initially showing that the source is relatively weak in the y-
ray band. However, from 2016 to 2017 it underwent an unprecedented outburst in all the
wavebands. Motivated by the availability of multiwavelength data from CTA 102
observations before, during and after the large outburst, for furthering our knowledge of the
emission processes dominating in the jet of CTA 102 we performed an intense broadband
study of CTA 102 by analyzing data accumulated by Fermi-LAT, Swift XRT, Nustar, Swift
UVOT accumulated during 2008-2022. We have systematically investigated the spectral and
variability properties of the source emission in the optical/UV, X-ray and y-ray bands. The

11
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Figure 5: The multiwavelength light curve of CTA 102.

multiwavelength light curve of CTA 102 in the y-ray (Fermi LAT), X-ray (Swift XRT) and
optical bands (Swift UVOT, ASAS-SN and Catalina Sky Survey) are shown in Figure 6. In all
the considered bands, the source shows multiple periods with significant brightening. For
example, in the y-ray band the highest flux of (2.64 + 0.6) X 1075 photon cm™2 s™* above
166.3 MeV was observed on MJD 57738.5 or in the X-ray band the highest flux was
Fx_rqy[2 — 10 kev] = (5.77 £ 0.63) X 107** ergcm™? s™*. The analyzed data were used
to follow the evolution of the emission spectrum in different bands. The evolution of the
CTA 102 SEDs in time is shown here (https://youtu.be/jFNkI_psAjo). These SEDs were
generated by plotting the y-ray spectra for each of the Bayesian blocks shown in Figure 6
together with the data available in all other energy bands. This animation shows the high-
amplitude and spectral changes in different periods, demonstrating dramatic changes of the
CTA 102 during the prolonged outbursting period.

In order to model the SEDs of CTA 102 in different periods, from the SEDs generated for

12
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Figure 6: The multiwavelength SED of CTA 102 during MJD 56196.7-56202.3.

each Bayesian block there were selected all the periods with sufficient multiwavelength data,
i.e., when the optical/UV data at least in two filters is available together with the y-ray and
X-ray data. In Figure 6 the selected periods are shown in gray. As a result, high-quality SEDs
in 117 periods were assembled which represent various emitting sates of CTA 102 including
periods when it was in a prolonged flaring state in the y-rays. Therefore, this allows to
understand the physical processes dominating in the jet of the source in its quiescent and
flaring states. All the selected SEDs are modeled within the same one-zone scenario. Within
this scenario, the accelerated electrons (protons) are injected in the spherical region of radius
R. This magnetized region with a field strength of B moves along the jet with a bulk Lorentz
factor of I, at an angle of 6§ relative to the observer's line of sight. It is assumed that the
spectrum of the injected electrons is described by a power-law with an exponential cutoff
energy distribution defined as N(¥e) = NoVo PEXp (—Ve/¥cut)s Ye > Ymin- In this scenario,
the first peak in the SED is described by synchrotron radiation as a consequence of the
interaction of relativistic electrons inside the emitting region with the magnetic field.
Instead, the second peak (from X-ray to HE y-rays) is formed by the contribution of inverse
Compton scattering of synchrotron (SSC) and BLR reflected (EIC) photons. The BLR radius
and luminosity of CTA 102 are Rgig = 6.73 X 1017 cm and Lp g = 4.14 x 10%5 ergs™,
respectively, and the BLR is modelled as a spherical shell with a lower boundary of Ry, 51z =
0.9 X Rprr = 6.06 X 1017 cm and an outer boundary of Ryurpir = 1.2 X Rgr g = 8.08 X
107 cm. Assuming that the 10% of the disc luminosity is reprocessed into BLR radiation,
the disc luminosity would be Lg;sc = 4.14 X 10%¢ ergs™1.

To model the broadband SED, a publicly available code, JetSet was used. The
multiwavelength SED of CTA 102 constrained with contemporaneous data observed during
MJD 56196.7-56202.3 and modelled with JetSet is shown in Figure 5. The dashed violet line
shows the disc thermal emission approximated as a black body. The power-law index of the

emitting electrons is p = 1.61 while the minimum and cut-off energies are ¥y, = 51.3 and
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Figure 7: The distribution of the parameters obtained from the fitting of all data-sets composed with

simultaneous data.

Ycut = 685.6, respectively. The synchrotron emission of these electrons in the magnetic field
of B = 4.43 G extends up to 101® Hz explaining the observed data in the optical/UV bands.
Then, the SSC component takes into account the X-ray data (orange dashed curve in Figure
5) dominating only up to 1022 Hz, failing to explain the y-ray data. Instead, the inverse
Compton upscattering of the BLR photons that have higher mean energy and number density
in the jet frame can explain the y-ray data (purple dot-dashed curve in Figure 5). The
modelling allows to estimate the jet parameters such as size of the emission region, R =
2.03 X 10 cm and the Doppler factor § = 29.8. The size of the emission region corresponds
to the flux variability of the order of 1.3 hours, consistent with the rapid multi-band
variability of CTA 102.

The modelling of the single snapshot SED shown in Figure 6 permits to identify the

parameters of the emitting region and the jet for a given period. However, in order to deeply
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investigate the multiwavelength emission processes in CTA 102 something beyond the
single-epoch SED modelling is required. The modeling of 117 high-quality SEDs of CTA 102
observed in different periods is available here https://youtu.be/ 0H1IyNN9PSM. This allows
to investigate the properties of the jet and emitting particles over time. For example, the
power-law index of the emitting electron distribution varies between p = 1.17 — 3.25 with
amean of ppean = 2.08, the distribution of y i, and Yy have a narrow distribution peaking
around YVminmean = 104.6 and Ycytmean = 905.1, respectively, etc.

The modelling allows also to estimate the jet power carried by electrons (L.) and
magnetic field (Lg). The distribution of the luminosities computed as L, = mcRI'?U, and
Lg = mcRiT?Up is shown in Figure 7 panel e). The mean of L, and Lp is at
7.81 X 10** ergs™! and 2.07 x 10% ergs™!, respectively. The distribution of Lg in the
range 2.51 X 10*3 — 3.48 x 10*® erg s™! is broader than that of L, between 1.20 x 10** —
421 % 10*5 ergs™! . The large variations of Ly are mostly due to the high-amplitude
changes of the synchrotron component in the SED of CTA 102. Instead, the high-amplitude
increase of the y-ray flux interpreted as EIC of BLR photons which would affect the electron
content in the jet is compensated by increasing §. The distribution of L, and Lp in Figure 7
panel e) shows that in some periods L./Lg < 1, i.e., the jet is magnetically dominated. Such
a trend is observed when the synchrotron component (defined by optical/UV data) exceeds
the SSC component (defined by X-ray data).

The estimated parameters allow also to assess the total kinetic energy of the jet, namely,
assuming a proton-to-electron comoving number density ratio of N,/N, =~ 0.1, the total
kinetic luminosity defined as Ly, = L + Lg + Ly co1q varies from 4.64 x 10**ergs™ to
3.71 X 10*® ergs™!. The central black hole mass in CTA 102 is estimated to be
8.5 x 108 Mgy, so the Eddington luminosity is = 1.1 X 10*” erg s~1. Therefore, the kinetic
power of the jet estimated in various periods is lower than the Eddington luminosity.

In the chapter 5 the origin of multiwavelength emission from PKS0537-286 is
investigated. PKS 0537-286, at z = 3.104, is a luminous blazar included in the fourth catalog
of AGNs detected by Fermi-LAT. It has been frequently observed in the X-ray band with
various instruments which showed that it is a very bright source with a luminosity of
Ly—rqy = 10*7 erg s~ between 0.1 - 1 keV. Considering multiple observations of PKS 0537-
286 with the Swift observatory carried out between 2005 and 2017 which provide data in
both optical/UV and X-ray bands as well as more than ten years of data in the y-ray band
accumulated by Fermi-LAT, PKS 0537-286 has become an ideal object for exploring the
physics of blazars. Swift observed PKS 0537-286 16 times between 2005 and 2017. Al UVOT
and XRT data, expect ObsID 00030816011 with an extremely short exposure (159.4 sec), were
extracted and analyzed. The results are given in Table 2, where for each observation, the

ObsID, date, exposure, photon index I, flux and C-stat/d.o.f. are provided. The X-ray flux
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Obs. 1D Date Exp. Time (s) r+ Flux® C,, (dof)
30816001 Oct 27, 2006 3040 1.09+0.17 4.18+0.74 1.07 (156)
30816003 Oct 30, 2006 3804 1.33£0.13 4.09+0.55 1.12 (197)
30816004 Oct 31, 2006 4425 1.27+£0.14 3.62+0.50 0.97 (201)
30816005 Feb 10, 2008 6708 1.10+0.11 4.58 +£0.42 1.23 (278)
30816006 Feb 12, 2008 5274 1.01+£0.13 4.14 £0.57 1.11 (226)
30816007 Feb 14, 2008 4822 1.11+0.13 4.16+0.57 1.14 (215)
30816008 Oct 07, 2008 1593 1.04+0.29 3.29+0.98 0.68 (65)

30816009 Mar 12, 2010 1076 1.00+0.34 3.82+1.34 0.91(51)

30816010 Mar 12, 2010 2018 0.93+0.32 2.07+0.69 1.28(49)

30816012 Sep 06, 2011 3931 1.06+0.18 3.01+£0.57 0.86(135)
35240001 Nov 23, 2005 9038 1.17+0.10 3.51+0.37 0.87(306)
35240002 Dec 8, 2005 14750 1.13£0.08 3.84+0.40 1.08(407)
36783001 May 17, 2007 5414 1.32+0.11 420048 1.12(257)
36783002 May 10, 2017 1933 1.28+0.20 428+0.87 1.09(116)
36783003 May 12, 2017 2238 1.03+£0.19 4.52+091 0.98(123)

Swift UVOT
u W1 M2 B A

30816008 20.8+1.2 21.5+1.8 21.9+44 19.7+04 19.3£0.6
30816009 21.0+1.0 202405 21.0+09 200+0.3 18.7+0.3
35240002 20.8+0.1 220+21 21.3+11 195+03 18.8+03

Table 2: Fitting results of the data obtained by the XRT instrument on board SWIFT.

(0.3-10 keV) varies in the narrow range of F = (3.01 — 4.58) X 1072 ergcm™2 s~! being
almost constant during the twelve years of observation of PKS 0537-286. Interestingly, the
X-ray emission is characterized by a substantially hard photon index of < 1.3 which implies
that in vF, representation the X-ray spectrum has an increasing shape. Considering only the
observations with counts > 100, which allow confidential estimation of the parameters, the
hardest photon index is 1.03 + 0.19 observed on May 12, 2017. For most of the Swift UVOT
observations, in several filters, the counts were not enough to measure the source magnitude
and only for ObsIDs 00030816008, 00030816009 and 0003524002 five filters were available.

The y-ray flux and photon evolution in time were investigated by generating the light
curves using the unbinned likelihood analysis method implemented in the gtlike tool. The
flux and photon index were measured in each time interval, restricting the energy range to
(0.1-300) GeV and assuming a power-law spectrum for PKS 0537-286. The y-ray flux in time,
the light curve is generated with a month time binning (Figure 8). There is a clear indication

of flux variability with several times when the flux was above 10~7 photon cm™2 s™1. One
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Figure 8: The y-ray light curve and the photon index of PKS 0537-286.

of such periods starts from MJD 56272 and lasts for 30 days. The highest flux corresponds to
(2.32 £ 0.19) - 1077 photon cm™2 s~ observed during the major flare mentioned above.

The SED of PKS 0537-286 was modeled with one-zone scenario and the results are shown
in Figure 9. Initially, the SED is modelled assuming that only synchrotron photons are inverse
Compton up-scattered to higher energies, neglecting the external photons (solid line in
Figure 9 left panel). The modeling shows that the emitting electrons are distributed with an
index of a = 1.48, the cut-off energy of electrons is y,,; = 5138.4, the minimum energy of
the electrons was estimated to be at yp,j, = 7.34, and the magnetic field B = 44.8 mG. The
results of the SED modelling when both internal and external photons are considered
(SSC+EIC) is shown Figure 9 (right panel). In this case the same parameters are: « = 1.95,
Yeut = 694.6 and B = 0.81G.
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Figure 9: The broadband SED of PKS 0537-286. Left panel: The modeling considering only the SSC model.
Right panel The modeling considering both synchrotron (SSC) and external photons (EIC).
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Pesome

b1asapsl 5T0 MOAKIIACC aKTUBHBIX TaJaKTHYECKUX AP, CTPYsS KOTOPHIX HaIlpaBjIeHa Ha
HabmofaTeNd, a WX M3TydeHHe JUid HaGIIofaresd, M3-3a MJOIJIEPOBCKOTO YCHJIEHHS,
craHoBuTCA fApde. biazapsl camble ApKue U CTAGMIbHBIE MCTOYHUKU 3JI€KTPOMATrHUTHOTO
M3JTydeHUs BO BeesleHHOM, M MX M3TydeHMe BCET/A U3yJYaeTCs TeJIeCKOIIaMH, PaboTaIomuMu
B PasHBIX BOJHOBBIX Juama3soHaX. JlaHHBIe, 3aperMCTPUPOBAaHHBIE B MHOTOBOJIHOBOM
Jyalla3oHe, MO3BOJIAIOT IIPOBOJUTH AETaAbHBIM CIIEKTPAJIbHBIA U BPeMEHHOMN aHAIM3, YTO
BOXHO /IS MCCAeJOBAHMA MEXaHH3MOB M3JTydeHMsS YacTHI, B CTPyax Oimasapos. B
JIEICCePTAIII HCCIIeIOBAHEBI CBOMCTBA M3y deHUs 671a3apoB B
OIITUYeCKOM/ynbTpaduOIeTOBOM U DPEHTTeHOBCKOM /[JMAlla30HaX, TakKe MeXaHU3MBI
u3IydeHus 67a3apoB B MHOTOBOTHOBOM fuarnasoHe. JluccepTanys COCTOUT U3 BeAeHU, IIATH
TJIaB, 3aK/IIOUEHMS U CIIUCKA JIUTEPATyPhL.

Bo BBeZleHMM KPAaTKO PACCMOTPeHA HayYHAs JUTePATypa IO TeMe, TAKXKe IIPe/ICTABIEeHEI
aKTyaJIbHOCTb ¥ I[eJTH TeMEL.

B rmaBe 1 o6CyXZAaauch OCHOBHBIE MEXaHHU3MBI B3aMMOZEHCTBUSA PEIATHBUCTCKHUX
9JIEKTPOHOB B CTPYAX 61a3apoB (CHHXPOTPOHHOE H3JIydeHHe M O6paTHOe KOMITOHOBCKOE
paccesnue). Taxoke OBLIM IpelCTaBIEHBl OCHOBHBIE XapPAaKTEPUCTHKHU TeIECKOIOB Swift
XRT/UVOT u Fermi-LAT, 1 ocHOBHBIE STaIlbl aHaIM3a UX JAHHBIX.

B rmaBe 2 c moMomIp0 MHCTpyMeHTa swift xrtproc GBUI IIpOBefleH CIIEKTPAIBHBIA U
BpeMeHHOM aHaJIu3 JaHHBIX Bcex 61a3apoB, HabmogaBmuxcs 6oee 50 pas ¢ gexabps 2004 r.
mo xomern 2020 r. ¢ momompio peHTreHoBcKoro rteieckoma Swift XRT. B pesymsrare
0o6paboTKH JaHHBIX co3faHa O6asa JaHHBIX, BKIoovaomas Gosnee 31000 cmexTpos
PEHTTeHOBCKUX HabmoieHuii 65 6;1a3apoB, HAMTyYlIKe TapaMeTPhl OIMICHIBAONIUE CIIEKTPEI
M3TydeHUs M IIOTOKA M3JTydeHHs B HECKOJNBKHMX JManasoHax dHepruii. VicciemoBaHsI
IlepeMeHHOCTh IIOTOKOB HCTOUHHUKOB B fuana3oHe 1 k3B, 3aBUCHMOCTS ITOTOKA H3Iy4eHHUS U
GOTOHHOTO WHZEKCAa pasIUYHBIX KIaccOB 061a3apoB, a TaKXKe IyTeM OOBeAUHEHUT
IIPOQHAJU3UPOBAHHBIX JAHHBIX C APXUBHBIMH [JAHHBIMU CIIEKTPaIbHBIE pacIpefeIeHHsI

suepruu (CPD) nCTOYHIKOB.

20



B rmaBe 3 uccienyrorca usmydeHus apkux 6imasapos PKS 2155-304 (z = 0,116) u S5
0716+71 (z = 0,31) B omruyeckom/Y®, peHTreHOBCKOM M Y AMANa3oHAX IIyTeM aHaIu3a
mausbix teneckonoB Swift UVOT, Swift XRT u Fermi-LAT. IlpezxcraBieHo mporpaMMHOe
obecrieyeHre, BRIIIOIHAIONIEe aBTOMAaTU3MPOBAHHbIH aHATHN3 JAHHBIX, 3aPETUCTPHUPOBAHHbIX
manapix TteneckomoM Swift UVOT 3a pasusie rogsl. [l KaKAOrO MCTOYHHKA OBLIN
IIOCTPOEHbl MHOTOBOJIHOBBIE KpHBbIe 0OJeCKa U KCCIE€JOBAHBI KOPPEJIALUH IIOTOKOB
M3JTy49eHUs B Pa3HBIX guamnasoHax BosH. [lokasano, uro CPD, mepeMeHHOCTD U KOPpeIALHS
MeXZy M3Iy4eHUAMH B pasHbIX monocax 61azapoB PKS 2155-304 u S5 0716+71 moryT GbITh
OOBACHEHBI B paMKaxX MOZeJell OJHO30HHOTO CHHXPOTPOHHOTO M3JIy4e€HUA U OOpaTHOTO
KOMIITOHOBCKOTO PacCesHUs CHHXPOTPOHHBIX (POTOHOB.

B rmaBe 4 wusyvannuch MexaHW3MbI u3nydeHus 6masapa CTA 102 (z =1,037) B
MHOTOYaCTOTHOM JIMalla3oHe, IIyTeM aHa/Iu3a JaHHBIX, 3aPETUCTPUPOBAHHBIX B OIITHYECKOM,
yIbTpadMOIeTOBOM, PEHTT€HOBCKOM M Y nuamasoHax c Tesneckomamu Swift-UVOT, Swift
XRT, NuSTAR u Fermi-LAT B mepuog ¢ 2008 mmo 2022 rogmsist. MccnenoBana Koppessanus
IIOTOKOB H3JIydYeHHs MCTOYHHKA Y W3MEHYMBOCTH IIOTOKA M3AydYeHHs B YKa3aHHBIX
[UanasoHax, TOKa3aHo, YTO ITOTOK M3JTyYeHHsS MCTOYHUKA 3HAUYUTETHHO YBEIUIHBAETCS BO
BCeX AuanasoHaX. Vcmons3ys mpoaHanu3WpoBaHHBIE JaHHEIE, GbLIM moproroBieHsl CPD
M3Ty9eHUU MCTOYHHUKA C OJHOBPEMEHHBIMH JaHHBIMM U MCCIEJOBAaHO W3MEHEHUe
PasINYHBIX KOMIIOHEHTOB wu3nydeHus Bo Bpemenu (https://youtu.be/jENKI_psAjo). Us
nmogroroBiaenusrx CPD 117, ¢ mocraroyHsiM 0GBEMOM JAHHBIX, OBLIM CMOZEIHPOBAHEI B
paMKax OLHO30HHOW JIENTOHHOM MOZENH, B IPEAIOIOKEHUH, YTO HUCTOYHHK W3IYIeHUS
HaXOAUTCA BHYTPHU 00JIaCTU IIHMPOKUX JHHUI, U C yIETOM KaK BHYTPEHHUX, TaK U BHEIIHUX
GboTOHHBIX IOJNEH Aaf  OOpaTHOrO KOMIITOHOBCKOTO —paccesHHs. B pesyibrare
MOJeJIPOBaHMS ObUIM OIleHEHBl OCHOBHbBle IIApaMeTphl, ONKCHIBAIOIIHE CTPyI0 U
M3JTydalouiye YacTHUIbl, MCCIef0BAaHO UX U3MeHEeHNe BO BpeMeH!.

B rmaBe 5 feraspHO M3ydYeHBI MEXaHWU3MbI U3Ty4YeHHS B MHOTOYACTOTHOM [HAlla3oHe
6maszapa PKS 0537-286 (z = 3.1), aHanusupys JaHHbIE, 3apETUCTPUPOBAaHHBIE TeIeCKOIAMU
Swift UVOT/XRT u Fermi-LAT B pasusie rogsr. VcciemoBaHa HM3MEeHYMBOCTH IIOTOKA
U3JTyIeHUs UCTOYHUKA, OlleHEeH IIOTOK B aKTUBHBIX COCTOSHUAX. II0IyueHHbIe pe3yIbTaTsl
OBLIN MOJIeIPOBAHbI B PAMKaX OJHO30HHOM JIENITOHHOW MOZIEJIH, IIPeJIIOarasi, YTO JaHHbIe
B PEHTTEHOBCKOM U Y AMAalla30HaX BOZHUKAIOT 3a CUeT (i) TOJIbKO CHHXPOTPOHHBIX (POTOHOB U
(ii) 06paTHOrO KOMIITOHOBCKOTO PacCessHUS KaK CHHXPOTPOHHBIX, TaK ¥ BHEUIHUX (OTOHOB.
PesynbraTsl MOZIeTMPOBAaHHUA IIOKA3BIBAIOT, YTO (DOTOHHBIN MHAEKC U3IyYaIOIUX 3IEKTPOHOB
< 1.9, a B cTpye mpeoO6IamalOT YACTUIHI, CBETHMOCTH KOTOPBIX HAXOAUTCS B AUANA30HE
(105 — 10*°) spr cex™1.
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