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Abstract

Some active galactic nuclei (AGNs) are strong sources of non-thermal radiation. It
is expected that this radiation is produced in collimated outflows of plasma moving
with relativistic speeds, the so-called jets. The non-thermal radiation from AGN jets
extends over the entire electromagnetic spectrum, i.e. from the radio band to the very
high energy ~-rays. This radiation is strongly variable in every energy range. The repro-
duction of these properties of radiation with theoretical models allows us to understand
processes and conditions occurring in AGN jets.

The AGN jets have been the subject of extensive research for several decades.
However, some fundamental questions still remain unanswered. The study of the AGN
jets can give the answers to such basic questions as: How are the non-thermal particles
accelerated inside the AGN jets? Where are the high energy ~-rays produced? What
is the type of particles responsible for the non-thermal radiation?

Most commonly, the non-thermal radiation from AGN jets is modeled with one-
zone homogeneous lepton model. In such a model, the emission region is approximated
by a spherical blob. This blob moves along the jet with relativistic speed. Such model
assumes that the conditions inside the blob are constant and homogeneous. The evident
advantage of this model is the fact that it is determined by only a few free parameters.
However, the observed spectral details and the complex temporal behaviors require
more sophisticated models.

For example, the one-zone synchrotron self-Compton model is not able to explain
the persistent emission from AGN jets. Some AGNs are observed in a low activity state
lasting for months. This persistent emission is observed also in the very high energy -
ray range. In such a long period of time, the parameters in the moving emission region
should change significantly. In this context, I propose the stationary and inhomogeneous
jet model. The parameters in the model change with the distance from the jet base.
In contrast to the one-zone model, I approximate the emission region with a parsec-
scale cone which better describes the shape of AGN jets measured with the radio
telescopes. Due to the elongated shape of the jet, I take into account the non-locally
produced photons when calculating the inverse Compton process. The equilibrium state
of particles in the jet is obtained by the dedicated generation method. My approach
provides a unique tool for modeling of the jets in the persistent, low-activity emission
state.



The results of the commonly used emission models of AGN jets are inconsistent with
the unification model of AGNs. The unification model assumes that the radio galaxies
are counterparts of blazars observed at large angles. Whereas, the modeling of radio
galaxies requires different parameters than the modeling of blazar type of AGNs. I show
that the spectra of both, radio galaxies and blazars, considered in this thesis can be
obtained in terms of the unified model. For this purpose, I develop the two-component
jet model, in which fast-moving plasma, close to the jet axis, is surrounded by slower
plasma. In contrast to previous models of this type, I take into account the strong
interrelation between different jet components in the calculations of the equilibrium
spectrum of relativistic electrons.

In the third model, I investigate the consequences of the production of y-rays in
the vicinity of a super-massive black hole in blazars. Some models, supported by the
observations of the extremely fast flares, assume that the very high v-rays are produced
relatively close to the black hole. In the case of blazars, the jet propagates towards the
observer. Hence, these y-rays have to pass the jet radiation field before they escape to
the observer. These y-rays can be strongly absorbed initiating the inverse Compton e*

pair cascades. I explore this idea in terms of the observed excess in the hard X-rays in
nearby blazar Mrk 421.



Streszczenie

Czes¢ aktywnych galaktyk we Wszech$wiecie jest silnymi zrédtami promieniowania nie-
termicznego. Promieniowanie to jest produkowane w skolimowanych strugach plazmy
poruszajacych sie z relatywistycznymi predkosciami (ang. jets). Promieniowanie nieter-
miczne pochodzace z relatywistycznych strug w aktywnych galaktykach rozciaga sie¢ od
zakresu radiowego az do najwyzszych obserwowanych energii promieniowania gamma.
W kazdym z tych zakreséw, promieniowanie to jest silnie zmienne. Préba odtworzenia
wlasciwosci tego promieniowania, przy uzyciu modeli teoretycznych, pozwala zrozu-
mie¢ zarowno procesy jakie zachodzg w relatywistycznych strugach, jak i warunki w
nich panujace.

Juz od dziesiatek lat, relatywistyczne strugi w aktywnych galaktykach sa przedmio-
tem intensywnych badan. Pomimo to, niektére fundamentalne pytania wcigz pozostaja
bez odpowiedzi. Dalsze badania nad relatywistycznymi strugami moga da¢ odpowiedzi
na takie pytania jak: w jaki sposOb sg przyspieszane czastki nietermiczne wewnatrz
strug? gdzie dochodzi do produkcji wysokoenergetycznego promieniowania gamma?
jakie czgstki sa odpowiedzialne za powstawanie promieniowania nietermicznego?

Najczesciej promieniowanie nietermiczne jest modelowane przez jednorodne modele
leptonowe, ograniczajace si¢ do jednego miejsca emisji. Ten typ modeli zaktada, ze pro-
mieniowanie jest produkowane w sferycznym obszarze, ktory porusza sie wzdtuz strugi
z relatywistyczna predkoscia. Zazwyczaj przyjmuje si¢, ze warunki panujace w miejscu
emisji sa jednorodne i state w czasie. Te uproszczenia powoduja, ze model jest zalezny
tylko od kilku parametréw, co jest niewatpliwa zaleta tego typu modeli. Jednakze, do-
ktadne wymodelowanie obserwowanych widm pochodzacych z relatywistycznych strug
i oddanie ich zmian zachodzacych z czasem wymaga uzycia bardziej skomplikowanych
modeli.

Przyktadem moze by¢ problem jaki opisane wyzej modele maja z wyttumaczeniem
niezmiennej emisji pochodzacej z relatywistycznych strug w aktywnych galaktykach.
Niektore aktywne galaktyki sa obserwowane w stanie niskiej aktywnosci, ktory trwa
miesiagcami. Co wiecej, ta niezmienna emisja jest obserwowana réwniez w najwyzszych
energiach. W tak dtugim okresie czasu, parametry opisujace obszar emisji powinny si¢
znaczaco zmieni¢. W zwiazku z tymi obserwacjami, proponuje inny model emisji z re-
latywistycznych strug, w ktérym warunki w strudze zmieniajg si¢ wraz z odlegtoscia

od podstawy strugi, lecz nie zmieniaja sie z czasem. W przeciwienstwie do prostych



jednorodnych modeli wspomnianych wyzej, przedstawiony w pracy model zaktada, ze
obszar emisji ma ksztalt stozka o dtugosci rzedu parsekow. Takie zatozenie lepiej zga-
dza sie¢ z obserwacjami dokonanymi w zakresie radiowym. Ze wzgledu na wydtuzony
ksztatl obszaru emisji, w trakcie uwzgledniania odwrotnego efektu Comptona konieczne
byto wziecie pod uwage promieniowania produkowanego w odlegtych miejscach strugi.
Stan rownowagi w relatywistycznej strudze jest otrzymywany poprzez zastosowanie
metody iteracyjnej. Czyni to opracowany przeze mnie model unikalnym narzedziem do
modelowania relatywistycznych strug w trakcie ich niezmiennej emisji.

Uzywane powszechnie modele relatywistycznych strug w aktywnych galaktykach
daja wyniki trudne do pogodzenia z modelem unifikacyjnym aktywnych galaktyk. Mo-
del ten zaktada, miedzy innymi, ze galaktyki radiowe sa blazarami obserwowanymi
pod duzym katem do osi strugi. Jednakze, modele galaktyk radiowych wskazuja na
zupetnie inne parametry niz modele blazaréw. W tej pracy pokazuje, ze w ramach jed-
nego modelu mozna uzyska¢ widma obu tych typéw aktywnych galaktyk. W tym celu
opracowatem dwusktadnikowy model relatywistycznej strugi, w ktorym plazma szybko
poruszajaca sie blisko osi strugi jest otoczona przez plazme poruszajaca sie znacznie
wolniej. W przeciwienstwie do poprzednich modeli tego typu, w trakcie obliczen widma
elektronéw biore pod uwage silna wspotzaleznosé pomiedzy tymi dwoma sktadnikami
strugi.

W trzecim z przedstawionych modeli badam konsekwencje produkeji promieniowa-
nia gamma w bliskim otoczeniu czarnej dziury wewnatrz blazaréw. Niektore modele,
inspirowane niezwykle szybkimi flarami obserwowanymi w aktywnych galaktykach, za-
ktadaja, ze wysokoenergetyczne promieniowanie gamma jest produkowane relatywnie
blisko czarnej dziury. W przypadku blazaréow, obserwator jest potozony wzdtuz kie-
runku wyznaczonego przez relatywistyczna struge. W takim przypadku, wysokoener-
getyczne promieniowanie gamma, zanim dotrze do obserwatora, propaguje sie w polu
promieniowania strugi. Wtedy promieniowanie gamma moze by¢ absobowane inicjujac
kaskady elektromagnetyczne. W tej pracy analizuje taki scenariusz w kontekscie nad-
wyzki wysokoenergetycznego promieniowania X obserwowanego z pobliskiego obiektu
Mrk 421.



Chapter 1

Active Galactic Nuclei

Galaxies are cosmic structures consisting of gravitationally bound stars, interstellar
dust, gas and dark matter. Radiation observed in galaxies is composed of radiation
produced by the specific components: stars, gas, and dust forming the galaxy. The
spectra emitted by stars and dust, in the first approximation, can be described with the
black body radiation. The black body radiation is emitted by matter with temperature
T which is in thermodynamic equilibrium (Rybicki and Lightman, 1986).

The nature of radiation from a typical galaxy is thermal. The black body radiation is
emitted in a narrow energy range around the value equal to €, = 2.82 kT (Ghisellini,
2013), where k is the Boltzmann constant. The temperature of stars encountered in
the Universe lays in the range from ~ 3000 K to ~ 50000 K (Longair, 2011). Then, the
radiation from the stars in a typical galaxy form a relatively narrow component from
the infrared (IR) to the ultraviolet (UV). The exact shape of this component depends
on the dominating type of stars in a galaxy. The dust in galaxies absorbs and re-emits
the radiation from stars. It is responsible for the second component in the spectrum of
a galaxy placed at the mid- and the far-infrared. Therefore, spectra from galaxies are
dominated by radiation in the range from IR to UV.

Less common objects, such as compact binary systems, pulsars, pulsar wind nebulae,
supernovae and supernova remnants, can be found in galaxies. Such objects produce
the non-thermal radiation in the whole range of the electromagnetic spectrum, i.e.
from radio (Condon, 1992), through X-rays (Fabbiano, 1989) to y-rays. However, this
radiation is negligible in comparison to the thermal radiation emitted by a typical
galaxy.

A galaxy, as a whole system, evolves relatively slow. Because of that, the radiation
from a typical galaxy changes only over the cosmological timescales. When we exclude
the transient events, like supernovae explosions and gamma-ray bursts, we can assume
that the radiation from galaxies is approximately constant in time.

Several percents of galaxies, observed in the Universe, does not match the descrip-
tion of a normal galaxy. In contrast to common galaxies, they are characterized by a few

extraordinary properties. The bolometric luminosities of these galaxies change in very
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Figure 1.1: The spectral energy distributions of a normal (elliptical) galaxy and a quasar
(3C273). (From Schneider, 2006).

short periods and their radiation is emitted in the whole electromagnetic spectrum,
i.e. from radio to y-rays. Moreover, the exceptionally strong emission lines occur in the
optical part of the electromagnetic spectrum. What is more, most of the radiation is
produced in the central part of the galaxy. Due to these exceptional properties, these

objects have been named active galactic nuclei (AGNs).

The spectra of the majority of AGNs show the broad emission lines in the optical
and the UV ranges emitted by highly ionized atoms. Assuming that emission lines
are emitted by the clouds of gas moving with different velocities with respect to an
observer, the broadening of emission lines is a natural consequence of the Doppler effect.
An emission line emitted by a cloud moving towards the observer is shifted to higher
energy (smaller wavelength) and an emission line from a cloud moving away from the
observer is detected as redshifted (shifted to smaller energy). The total emission from
many clouds with random velocities is observed as broad emission line. In terms of the
Doppler effect, the full width at half maximum (FWHM) of an emission line can be
expressed in km/s. The lines observed in AGNs are characterized by FWHM ~ 1000
km/s. It indicates that the plasma moving with large velocities has to exist in AGNs.
The lines in AGNs are divided into two groups: the broad emission lines, with FWHM
~ 10% — 1.5 x 10* km/s and the narrow emission lines, with FWHM =~ 200 — 2000 km /s
(Sulentic et al., 2000).

AGNs are strongly variable on every time scales — from years to minutes (Ulrich
et al., 1997). The luminosity of AGNs can change by a factor of two during the period
shorter that one day (Wagner and Witzel, 1995). It indicates that the radiation should

be produced in an extremely small region, with the radius R < 10'6 cm. Furthermore,
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Figure 1.2: The optical spectra of different galaxies. (Figure from: astronomy.ua.edu/keel/.
Data for NGC 4579 and 4941 comes from Keel (1983), for Cygnus A from Owen et al. (1990),
for 08144425 and 3C390.3 from Lawrence et al. (1996), for 'Mean quasar’ from Francis et al.
(1991), for NGC 3368 Kennicutt (1992)).

the variability is unpredictable. The sources are variable in every energy range. Gen-
erally, the variability time scales are shorter in higher energy range. In the case of the
most variable AGNs, called blazars, the variability time-scales in X-rays and y-rays
can be shorter than one hour.

All AGNs are strong emitters of X-rays. However, only some of them emit strongly
in the radio and the y-ray ranges producing non-thermal continuum radiation. Based
on the ratio between the radio and the optical flux, AGNs are divided into two types:
the radio-loud and the radio-quiet AGNs (Kellermann et al., 1989). In many cases,
the radiation is highly polarized. The bolometric luminosity of AGNs can be thousand
times higher than the bolometric luminosity of the stars and dust in the host galaxy.
It is clearly visible in Fig. 1.1, where the luminosity of the normal galaxy is compared
with the luminosity of the AGN.

Nevertheless, not all AGNs are characterized by every listed above features. Because
of the observed properties of AGNs, the active galaxies are divided into a few, more or

less precise, types (Tadhunter, 2008).

e Seyfert galaxies — They are the spiral galaxies with relatively low luminosities.
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They are typically weak sources in radio range. Only some of them are detected
in v-rays. They are divided into two groups, the Seyfert galaxies of Type 1 and
Type 2. In the spectra of the first group, both, the broad and the narrow emission
lines are observed. In case of Type 2, only the narrow lines are observed (compare

Seyfert 1 and Seyfert 2 spectra in Fig. 1.2).

e Radio galaxies — They are giant elliptical galaxies and also very strong radio
emitters. This type of AGNs is divided into two classes — Fanaroff-Riley Type
I (FR I) and Fanaroff-Riley Type II (FR II) (Fanaroff and Riley, 1974). In the
first class, radio maps show the single, bright radio source located at the center
of galaxies. The radio maps of FR II objects shows two bright spots, called lobes,
located almost symmetrically around the less bright (in radio range) center of
a galaxy. Due to the appearance of the broad and narrow emission lines, radio
galaxies are divided into the broad-lines radio galaxies (BLRG) and narrow-lines
radio galaxies (NLRG; compare: BLRG and NLRG in Fig. 1.2).

e Quasars — The name of this type of AGNs comes from the name ”quasi-stellar
objects* since these objects are observed as point sources by optical telescopes.
They are extremely luminous AGNs. In the spectra, broad and narrow emission
lines are observed (see: spectrum of "Mean quasar“ in Fig. 1.2). Quasars are
usually radio quiet objects. However, some of them are strong radio emitters.

The radio loudness of quasars is associated with detectable y-ray emission.

e BL Lac objects — The name of this type of AGNs comes from the BL Lac galaxy
- the prototype of this type. BL Lac objects are radio loud. Their spectra do not
show the emission lines (see: "BL Lac object* in Fig. 1.2). Because of that, it is
difficult to determine their distance. BL Lacs are strong ~-ray emitters, up to the
multi-TeV energies. They are extremely variable, even on a time scale of several

minutes.

e LINERs — Low-ionization nuclear emission-line regions. This type of AGN is
characterized by emission lines of low ionized atoms. LINERs form a group of

low luminous AGNSs.

Today, the above division has mainly a historical importance. With the develop-
ment of observational techniques and the growing number of discovered sources, the
intermediate types of AGNs have been discovered. Currently, we are confident that a
large number of the AGN types is a result of the orientation effects and the presence

of a radio jet.



1.1 Main facts from AGNs history

The history of AGNs begins in the first decade of 20th century. In 1908, Edward Fath
measured the untypical spectrum of nebula NGC 1068 (Fath, 1909). In the spectrum
of this nebula, Fath noticed the existence of strong emission lines. Further discoveries
have shown that it was the first measurement of the spectrum of a Seyfert galaxy.
In 1917, this discovery was confirmed by Slipher from Lowell Observatory. At about
the same time, in 1918 Curtis, using optical telescope, observed a bright line with the
length equal to 11 seconds of arc from the nucleus of the object Virgo A in the Virgo
cluster (Boettcher et al., 2012). It was the first observation of an astrophysical jet. 25
years later, in 1943, Seyfert observed the optical spectra of other objects with strong
emission lines. He has found that the width of the broad emission lines corresponds
to the velocity equal to 8500 km/s. However, a real breakthrough has come with the
development of radio astronomy.

In the middle of 20th century, the radio astronomy was advanced enough to identify
the optical objects with the radio point sources. In this way, such galaxies like Virgo A
and Centaurus A were identified as strong radio sources (Bolton et al., 1949). Another
radio source, which was paired with an optical object, was Cygnus A (Baade and
Minkowski, 1954). The emission lines of highly ionized atoms, with width ~ 400 km/s,
was found in the optical spectrum of this object. Additionally, the large distance to
the Cygnus A indicated large radio luminosity of the source. Further measurements
showed that the optical object is located between two strong radio sources.

The growing number of paired radio and optical sources showed that some of them
are distributed isotropically over the sky. This fact suggests their extragalactic origin.
Most of them were identified as galaxies, due to the nebulosity of the optical images.
However, a few of them were point-like optical objects. The spectra of these peculiar
objects showed broad emission lines. The dominant belief was that these point-like
objects are unusual stars (Shields, 1999). In 1963, Schmidt measured the redshift of
one of the point-like objects assuming the cosmological redshift of the broad lines in
the spectrum of 3C 273 (Schmidt, 1963). The measured redshift was z = 0.16 and
corresponding distance is ~ 750 Mpc. Such a large distance means that the luminosity
of 3C 273 was 100 times greater than the luminosity of the Milky Way (Peterson, 1997).
Another object of this type, 3C 48, was characterized by even larger redshift, z = 0.37
(Greenstein and Matthews, 1963). These objects began to be called quasi-stellar radio
sources Or quasars.

At that time, the physical interpretation of AGN phenomenon began to emerge.
In 1959, Woltjer (1959) came to the conclusion that the properties of Seyfert galaxies
were persistent (with a low limit of their lifetime of the order of 10® years), the nuclei
were spatially small (< 100 pc) and extremely massive (> 10® solar masses). Study of
quasars led Greenstein and Schmidt (1964) to similar conclusions.

With the next years, the large number of new discoveries expanded our knowledge
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about AGNs. The pioneering X-ray experiments showed the coincidence between posi-
tions of some AGNs and X-ray sources. Continuous improvement of the resolution of
radio techniques allowed to study the morphology of jets. In 1971, the superluminal
motion of radio structures in jets was discovered in quasars (Shields, 1999). In 1978,
Swanenburg et al. (1978) detected the 7-ray radiation from 3C 273 showing that a
significant part of the radiation is emitted in ~-rays.

All these observational breakthroughs, supported by theoretical studies, led us to

the current understanding of the AGNs phenomenon.

1.2 Central engine and unification view of AGNs

In accordance with the present knowledge about AGNs, the central region of every
AGN have a quite similar structure. A Super-massive black hole (SMBH) is located
at the center of a galaxy. The masses of SMBHs are in range from Mpy = 10°M, to
Mgy = 10'*°M,, where M, is the mass of the Sun. For example, the mass of the black
hole in the nearby radio galaxy MS87 is estimated on Mpy = 6.4(£0.5) x 10° M. More
about the estimation of SMBHs masses can be found in Chapter 3.

A SMBH is ringed by an accretion disk. The accretion disk is formed by the gas,
with the angular momentum, gravitating to a SMBH. The matter in the accretion disk
spirals into a SMBH due to the loss of the angular momentum. During this accretion
process, a part of the gravitational energy is transferred into the thermal energy. The
hot gas cools down radiating the thermal energy. The temperature of the inner parts of
the accretion disk in AGNs is estimated on ~ 10° K. Hence, accretion disks in AGNs
emit most of the radiation in the optical and the UV ranges of the electromagnetic
spectrum.

The accretion process provides an efficient way to convert the gravitational potential
energy into the other form, e.g. thermal radiation. The ratio between the rest mass
energy of the accreted matter and energy converted into radiation is given by the
coefficient 7, i.e.

Ldisk
_ Ldisk 1.1
g MC2 ( )

where Ly is the accretion disk luminosity, M is the mass accretion rate and c is the
speed of light. The accretion efficiency of the matter into the black hole is of the order
of n =~ 0.1 (Frank et al., 2002). The maximum value of the accretion efficiency depends
on the spin of the black hole. It ranges from n = 0.06, for the nonrotating black hole,
up to n = 0.4, for a black hole with the maximum possible angular momentum. For the
comparison, the efficiency of the conversion of hydrogen to helium in nuclear reactions
within stars is n = 0.007.

The luminosity of the accretion disk is often expressed in the Eddington luminosity

units, Lggq. The Eddington luminosity determines the maximum luminosity of the
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spherical accretion process. In such a case, Lggq corresponds to the balance between
the radiation pressure and the gravity. In the case of the accretion disk, the disk
luminosity can be even larger than Lg4. Then, depending on the luminosity, accretion
disks can be divided into two groups: sub-Eddington, when the luminosity of the disk
is smaller than Lg44, and super-Eddington accretion disks when the disk luminosity is
> LEpq.

The standard model of the accretion disk, typically applied to AGNs, has been
proposed by Shakura and Sunyaev (1973). It belongs to the type of the sub-Eddington
accretion disks. This model describes a stationary accretion disk in which the viscosity is
characterized by the constant parameter a. The Shakura-Sunyaev disk is geometrically
thin, i.e. the vertical thickness of the disk is much smaller compared to the radial size.
Nevertheless, the disk is optically thick, i.e. a photon cannot pass through the disk
without absorption. The characteristic temperature of the gas depends on the radius
of the disk as T" o r; 3% The radiation emitted by the Shakura-Sunyaev disk is the
superposition of the black body radiation emitted by rings of the accretion disk at its

different radii.

The other type of an accretion applied to AGNs is the Advection Dominated Accre-
tion Flow (ADAF), see Narayan and McClintock (2008). This model is characterized
by a small opacity (optically thin disk) and an inefficient production of radiation. This
sub-Eddington accretion disk is expected to exist in a low luminosity AGNs, such as
MS87. In the super-Eddington regime, there are mainly considered two models: the slim
accretion disk and thick accretion disk. More details about accretion disks can be found
in Abramowicz and Fragile (2013).

The accretion disk and the black hole in the central part of AGNs are surrounded
by an obscuring dusty torus which is located at the accretion disk plane. The distance
between a SMBH and a torus is typically several parsecs. A torus is optically thick. It
absorbs radiation emitted in the vicinity of a SMBH. This radiation is re-emitted in

the form of the infrared radiation.

Closer to a SMBH (< 1 pc), small clouds of matter are present. They move with
relatively high velocities, of the order of several 1000 km/s. The matter in the clouds is
ionized by radiation from the disk and re-emitted as the broad lines. The place where
the broad lines are produced is called the Broad Line Region (BLR). The clouds at
larger distances emit narrow emission lines. The characteristic velocity of them is lower
than in the BLR, i.e. of the order of ~ 300 km/s.

In some AGNs, prominent jets are present. Jets are the collimated outflows of
plasma moving perpendicular to the accretion disk. The plasma in jets moves with rel-
ativistic velocities. Jets are responsible for the radio loudness of AGNs. In many cases,
the radiation from the jet dominates over the radiation from the other components of

the galaxy.

Based on the above picture of the AGN central engine, the unification model of
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Figure 1.3: The picture of the central engine of AGNs with all characteristic components
present at the vicinity of the SMBH. The different types of observed AGNs depends on the

observation angles (from Beckmann and Shrader (2012)).

AGNs has been developed (see Fig. 1.3; Antonucci, 1993; Urry and Padovani, 1995).
The central engine is not spherically symmetric. Then, the AGN shows different features
depending on the mutual position of the observer and the plane of the accretion disk.
When the AGN is observed at large angle to the AGN jet, the broad lines are hidden
behind the dusty torus. Because of that, observed spectra show only the narrow lines.
When the angle between the line of sight and the AGN axis is smaller, the broad lines
become visible in the spectrum. This mechanism explains the existence of AGNs with
the broad lines in the spectrum (like Seyfert 1 and BLRG) and without them (Seyfert
2 and NLRG).

The radio loudness depends on the jet presence. The angle between the jet axis
and the line of sight (the observation angle) determines the observed type of the AGN
(Urry and Padovani, 1995). AGNs observed at a small observation angle belong to the
class of BL: Lac objects and radio-loud Quasars, called together blazars. Radio galaxies
are characterized by large observation angles. Due to the relativistic motion of the
plasma in jets, emitted radiation is strongly enhanced by the Doppler boosting in the
case of jets observed at small angles to the jet axis (see: Chapter 2). In such a case, the

radiation from the jet can dominate over the radiation from other galaxy components.

Except for the radio loudness and the emission line properties, AGNs can be divided
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Figure 1.4: The kiloparsec jet of radio galaxy MS&7 observed in three different energy ranges:
in radio range with the Very Large Array (left picture), in optical range with the Hubble
Space Telescope (central) and in X-rays with the Chandra X-ray Observatory (right). Picture
from: http://apod.nasa.gov/apod/ap011101.html (Authors: X-ray — H. Marshall (MIT), et al.,
CXC, NASA; Radio — F. Zhou, F. Owen (NRAO), J. Biretta (STScI); Optical — E. Perlman
(UMBC), et al., STScI, NASA).

depending on the accretion rate. The AGNs with larger accretion rates and similar
masses of the SMBH are more luminous. For example, the observed luminosities of the
Seyfert galaxies are relatively small, despite large accretion rates. This effect is caused
by a relatively small mass of SMBH. The main components of the AGN central engine

and the unification scheme of AGNs are summarized in Fig. 1.3.

1.3 Jets from AGNs

Jets are collimated outflows of plasma moving with relativistic velocities. Astrophysical
jets are present in many objects like gamma-ray bursts (Kumar and Zhang, 2015),
microquasars (Mirabel and Rodriguez, 1999), and protostars and young stars (Bachiller,
1996). Jets are observed also in some types of AGNs. The presence of jets in AGNs is
associated with the radio loudness and a strong ~-ray emission.

Jets in AGNs are vast objects. The linear size of a jet in an AGN may significantly
exceed the diameter of a host galaxy. The linear size of the largest jet observed in an
AGN is of the order of mega-parsecs (Machalski et al., 2008). Because of a very large size
of jets, they can be spatially resolved by radio telescopes and, for the nearest objects,
by optical and X-ray telescopes. The example of the jet observed in the different ranges
of the electromagnetic spectrum is shown in Fig. 1.4. Note the very small width of the
jet with respect to its length.

From the other side, jets are launched on much smaller, sub-parsec, scale. The
typical size of the jet close to the SMBH is of the order of the Schwarzschild radius,

1.e.
QGMBH
2

MBH

Rsen = =2.95 x 10° cm, (1.2)

®
where Mgy is the SMBH mass and G is the gravitational constant. The example of
the jet on various scales, from kilo-parsecs to parsec-scale, is shown in Fig. 1.5. The

jet at such a small scale cannot be directly observed due to the limited resolution of
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Figure 1.5: The radio structure of the jet in NGC 6251 from Mpc scale to pc scale. The
relation between the projected size and the position angle for this source is: 1 arcsec ~ 400
pc (Perley et al., 1984). Figure from Bridle and Perley (1984). Data are taken from Cohen
and Readhead (1979), Willis et al. (1982) and Perley et al. (1984))

modern telescopes and the absorption of radiation. Hence, the role of theoretical and

numerical models is very important in the understanding of the launching process of
AGN jets.

Current models of jet launching assume the crucial role of the magnetic field in the
formation, collimation, and acceleration of AGN jets. As the source of energy for the jet

is usually considered the rotational energy of the spinning SMBH and the gravitational
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energy of the matter in an accretion disk. The process of energy extraction from a
rotating black hole has been firstly proposed by Penrose (1969). In the case of AGNs,
the related mechanism allows releasing the spinning energy of the SMBH (Blandford
and Znajek, 1977). In this process (called Blandford-Znajek mechanism), the SMBH
is immersed in the poloidal magnetic field. The rotational energy of the SMBH is
extracted by the magnetic field. The predictions of the Blandford-Znajek mechanism
has been confirmed by numerical simulations (e.g Komissarov, 2001).

The second possibility of powering of AGN jet is the extraction of energy from an
accretion disk. Such a process has been presented by Blandford and Payne (1982). In
this model, the matter from the disk is expelled by the centrifugally driven outflow.
Afterward, the outflow is collimated by the toroidal component of the magnetic field.
In such a mechanism, the outflowing plasma consists of ions and electrons. In the case
of Blandford-Znajek mechanism, it is believed that plasma mainly consists of electron-
positron pairs. It is possible that in AGNs both processes play an important role. Such
a two-component jet has been considered, for example, by Sol et al. (1989). It should be
noted, that also other possibilities of the jet formation has been proposed. For instance,
Lovelace (1976) and Blandford (1976) have proposed the electric-dynamo model.

The plasma inside the parsec-scale jets in AGNs is accelerated to the relativistic
velocities and strongly collimated. The apparent velocities of plasma in blazar jets are
of the order of 3,,, ~ 10c, where c is the speed of light. The velocity can reach in some
cases even 50c (Lister et al., 2009). The observation of the superluminal motion of the
specific components in jets indicates that the Lorentz factor of the plasma is I'; > §,,,
(more details about superluminal motion can be found in Chapter 2). Because of the
large Lorentz factors of jets, the relativistic effects must be included when jet properties
are considered. For example, the radiation emitted by the AGN jets is boosted as a
result of the Doppler beaming, especially for observers located at a small angle to
the jet axis. This effect makes blazars, the excellent tool for the investigation of the
physics of AGN jets. In blazars, the radiation from the jets is much more luminous in

comparison to the radiation produced by their host galaxies or accretion disks.

1.4 Emission from the AGN jets

Radiation from jets in AGNs ranges from radio to very high energy (VHE) ~-rays.
The convenient way to present its spectral energy distribution (SED) is to use the
logarithmic plot of vF, against v (where v is the frequency and F), is observed flux [erg
em~2 s7! Hz™']). Such a plot shows what power is radiated in every decade of energy.

Typically, the SEDs of the inner jets from AGNs show two humps on the v F, plot.
The first, low-energy hump extends from radio to optical, UV or even X-ray range. The
second hump is located in X-ray and vy-ray ranges. These humps are clearly visible in
SEDs of two different objects, radio galaxy M87 and blazar Mrk 501 (see: Fig. 1.6).
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Figure 1.6: The examples of the spectral energy distributions (SEDs) of the two AGNs: radio
galaxy M8T (left plot, from Rieger and Aharonian (2012)) and BL Lac object, Mrk 501 (right
plot, from Abdo et al. (2011a)). Note, how the data points form two humps in every SED.

The double-humped shape of SEDs can be characterized by the peak frequency of the
humps (v for the peak of first hump and v, for the peak of the high energy hump)
and the luminosity of the humps (L for the luminosity of low energy hump and L. for
luminosity of the high energy hump).

The best objects for the studies of emission properties from AGN jets are blazars.
The radiation from the blazar jets is enhanced due to the relativistic boosting. Hence,
it is easier to separate the radiation of the jet from the radiation of the accretion disk,
the dusty torus or the host galaxy. Blazars consist of FSRQ)s and BL Lac objects. The
latter, are divided into three groups depending on the frequency of the first peak, v,:

e low-frequency peaked BL Lacs (LBLs), for v, < 10 Hz;
e intermediate-frequency peaked BL Lacs (IBLs), for 1014 Hz < v, < 10'® Hz;
e high-frequency peaked BL Lacs (HBLs), for v, > 10 Hz.

The statistical study of blazars shows that these objects form a sequence of fea-
tures depending on their bolometric luminosities (Fossati et al., 1998). With increasing
luminosity of a blazar, the low energy peak, v, and the high energy peak, v., are be-
ing shifted to the lower frequencies. The ratio between the luminosity of both peaks,
Ls/L., decreases with the increasing bolometric luminosity of the blazar. Therefore,
the specific type of blazars is arranged in the following sequence: HBLs — IBLs — LBLs

— FSQRs according to increasing luminosity. This blazar sequence is shown in Fig. 1.7.

1.4.1 ~-rays from jets in AGNs

In 1978, the first AGN, quasar 3C 273, has been detected in y-rays (Swanenburg et al.,
1978). The detection of other y-ray sources took more than a decade (Hartman et al.,
1992). The breakthrough came with the launch of the Compton Gamma Ray Observa-
tory (CGRO) with the Energetic Gamma Ray Experiment Telescope (EGRET). The
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Figure 1.8: The number of detected y-ray sources over the years. Left: the number of sources
detected in GeV range. Right: the number of sources detected in TeV range (from Dermer
and Giebels, 2016).

mission of the CGRO has shown that the y-ray emission from AGNs is common. Today,
the total number of known ~-ray AGNs exceeds 1500 in the GeV range (Ackermann
et al., 2015). We also know almost 70 AGNs which emit 7-rays in the TeV energies
(Prandini, 2017). The growing number of ~-ray sources is shown in Fig. 1.8.

The detection of v-rays from AGN jets indicates the existence of extreme processes
and conditions inside jets. The energy of particles emitting the ~-rays must be of the
order of the energy of detected photons. Furthermore, the ~-ray emission from the

AGNs is characterized by violent variability. Frequently, time variability of v-rays from
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blazars is as short as a few hours (e.g. Saito et al., 2013; Hayashida et al., 2015), or
even a few minutes (Aharonian et al., 2007; Albert et al., 2007; Aleksi¢ et al., 2014b).
The example of the extremely fast variability observed in the case of the BL Lac object,
PKS 2155-304, is shown in Fig. 1.9.

The variability time scale, t,4., limits the dimension of emission region in a jet.
According to causality argument and relativistic effects, the radius of the emission
region can be approximated as R > t,,.cD, where D is the Doppler factor. However,
the small radius of the emission region means that the photon density has to be large.
In such an environment, the absorption of HE ~-rays in the e® pair creation process,
v+ — et +e7, is very efficient. Then, the observation of extremely fast flares requires
large Doppler factors (see Begelman et al., 2008).

VHE ~-rays from extragalactic sources can be also absorbed in the extragalactic
background light (EBL). The EBL is the integrated light emitted by galaxies during
the whole history of the Universe. Hence, the EBL contains information about the
evolution of the Universe (see the review about EBL in Dwek and Krennrich, 2013).
The probability of the interaction between the EBL photon and the v-rays is consid-
erable due to the vast distance between the Earth and the AGNs. Then, the observed
spectrum from the distant AGN is partially absorbed. The probability of absorption
in general increases with increasing energy of the y-ray photon. Because of that, the
most energetic radiation from AGNs are observed only from the closer objects (see:
Fig. 1.10). From the other side, knowing the intrinsic spectrum of AGNs at different
distances, it is possible to constrain the EBL (Abramowski et al., 2013). Additionally,
the absorption of y-rays on the EBL can be used to limit the strength of the intergalac-
tic magnetic field (Neronov and Vovk, 2010). The e* pairs, created in the absorption
process of ~-rays on the EBL, develop electromagnetic cascades. The extension and

the level of GeV 7-ray emission produced in such cascades from distant TeV blazars
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allows us to put the constraints on the intergalactic magnetic field.

1.5 Motivation for modeling the non-thermal emis-
sion from AGN jets

Almost all information which we know about AGN jets comes from the electromagnetic
radiation, i.e. from its temporal, spectral and polarization measurements. Then, the
indispensable tools to study physics of jets in AGNs are emission models. The recon-
struction of the emitted spectrum and the temporal behavior of the radiation from jets
with theoretical models allows to determine the possible conditions occurring in the
emission region. A proper model of a jet in AGN may bring us closer to finding the

answers to following questions:

e Which particles contribute to the radiation emitted by jets — electrons (and

positrons), protons or maybe both?

How the emitting particles are accelerated?

What is the jet composition of the emission region?

How the central engines of AGNs are built?

Where is the emission region in the jet located?
e [s there only one emission region or a few?

The answers to these questions expand our knowledge about the physics of jets. The
properties in the emission region should be related to the conditions in the central
engine of an AGN. They are the consequences of their launching process, acceleration,
collimation and dissipation mechanisms occurring in jets.

Today, the most popular interpretation of the multiwavelength spectra of blazars is
the one-zone homogeneous leptonic model (more about emission models can be found
in Chapter 3). This model, in spite of its simplicity, reproduces substantial features of
the multiwavelength spectra of blazars. However, the constantly increasing sensitivity
of telescopes and detectors reveal new details of the radiation emitted by jets from
AGNs, such as the relationship between variability in different energy bands and the
detailed spectral-features of the multiwavelength SED. The observed properties are
difficult to explain with the simplest one-zone models. Therefore, the more complex
models are needed to explain the observed properties.

For example, confirmation or rejection of hadronic models has the consequences for
cosmic ray physics. The jets in AGNs are suspected to be the places of the acceleration
of cosmic rays to the ultra-high energies. Blazars, as a VHE ~-ray emitters, can be

also used as probes of the intergalactic space. VHE ~v-rays are absorbed on the EBL
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in e pair creation process. These pairs can initiate electromagnetic cascades in the
intergalactic magnetic field. Knowing intrinsic VHE spectrum emitted by blazars, it is
possible to constrain the EBL and the strength of the IGMF.

All of this shows the importance of the modeling of the emission from AGN jets.
This thesis is devoted to emission models of non-thermal radiation from the jets. The
aim of my thesis is to develop advanced emission models describing the high energy
processes occuring in AGN jets. The thesis is organized as follows. I start with the char-
acterization of the jet physics. In Chapter 2, I describe the most important radiation
processes considered in my thesis and summarize the relativistic effects occurring in
the AGN jets. Chapter 3 is devoted to the modeling of the jet emission. I present basic
constraints of the parameters inside the emission region and shortly overview of the
models of the jet emission proposed so far. In Chapter 4, I describe the inhomogeneous
and non-local synchrotron self-Compton (SSC) model for the stationary emission from
the parsec-scale jet. Based on this model, I present the stratified jet model in Chapter
5. In this model, the jet consists of the two parallel and inhomogeneous layers — a spine
and a sheath. The electromagnetic cascades propagating in the inhomogeneous jet are

studied in Chapter 6. The thesis is concluded and summarized in Chapter 7.
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Chapter 2

Parsec-Scale Jets in AGNs

2.1 Motion of plasma in relativistic jets

The plasma in AGN jets moves with the relativistic speed. One of the most convincing
proofs for that is the superluminal motion observed in AGN jets. The apparent speed
of bright components (radio knots) in AGN jets is very often higher than the speed
of light, ¢. The superluminal motion is a geometrical effect caused by the motion of a
source moving with the relativistic speed at a small angle to the line of sight.

To find the explanation of the superluminal motion of radio knots in AGN jets, let’s
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Figure 2.1: Left: The source (black star) moves along the jet (grey thick line) with the velocity
¢(. The apparent speed of the source depends on § and the angle between the jet and the
line of sight, #. The apparent speed can be found measuring the observation time of two
photons emitted at time tg and ¢; and position of the source across the sky at the moment of
photons detection. Right: The sequence of images of the jet in the radio galaxy M87. Pictures
are taken by the Hubble Space Telescope between 1994 and 1998. The dotted lines show the
position of radio knots over the time. The apparent speed of the knots is ~ 6¢ (from Biretta
et al. (1999)).
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Figure 2.2: Right: The relation between the observation angle § and the apparent speed for
specific values of the bulk Lorenz factor. Left: The relation between the observation angle 6
and the Doppler factor for specific values of the bulk Lorenz factor. The value of the Lorentz
factor is: I' = 3 (dot-dashed line), I = 6 (solid), I' = 9 (dotted) and I" = 15 (dashed line).

consider a distant source moving with the velocity 5 (in units of the speed of light, c¢)
at an angle 6 to the line of sight (see Fig. 2.1). Let us assume that the source emits
two photons at the time ¢y, and ¢;. During the time interval At = t; — ty, the source
travels the path C' = ¢fAt. In this same time, the photon emited at tq travels the
path cAt. The observer detects second photon after the time Aty = cAt — C cos(f).
The position of the source changes by C'sin(6) after the time At,,s. Hence, the relation
between the real speed of the emitting region, (3, and the apparent speed (,,, is given
by

Bsinf

_ Csin(0)
- 1—[fFcosh’

“wp Atobs

(2.1)

For 8 ~ 1 and 0,4, ~ 1/T (where I' = (1 — 3?)~%/2), the apparent speed is (up, =~
(T2 — 1)1/2. The value of f3,,, for the different I' and 6 is shown in Fig. 2.2.

The typical observed apparent speed of radio knots in AGN jets is ~ 10 (Lister
et al., 2009). It usually does not overcome 50. The correlation between the intrinsic
power of the jet and the apparent speed is observed (e.g. Cohen et al., 2007). In the
most powerful jets, the high apparent speed occurs more often. This indicates that
weak jets are only mildly relativistic (Lister et al., 2013).

The other method to estimate the speed of the plasma in jets is the comparison
of the observed brightness temperature of the jet, T,,s, with the brightness intrin-
sic temperature, T;,;, which can be found assuming the equipartition between the
relativistic electrons and the magnetic field (Readhead, 1994) or by avoiding “the
Compton catastrophe” (Kellermann and Pauliny-Toth, 1969). The relation between
observed and intrinsic brightness temperature is proportional to the Doppler factor
D; = [I'(1 — Bcos b))t The relation between Dj, 0,5 and I' is shown in Fig. 2.2.
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Quantity in observer’s rest frame Relation to the source frame

time, ¢ t' =tD;
photon energy, € ¢ =¢€/D;
cosine of the angle, cos 6 cost = (cos® — 3)/(1 — Bcosh)
specific intensity, I(e) I'(¢') = I(e)/ D}
specific emissivity, j(¢) j'(e) = j(e)/DJZ
absorption coefficient, a(e) o (¢) = a(e)D;

Table 2.1: The most important relativistic transformations used in this work. The primed
quantities are measured in frame co-moving with the source and unprimed in the observer’s
rest frame. In the observer’s rest frame, the source moves with the velocity ¢ at the angle
Oobs- Dj = 1/[I'(1 — Bcosbyps)] is the Doppler factor.

Using both methods, Jorstad et al. (2017) measures of the Lorentz factor, I', and
the Doppler factor, D;, in 37 different AGN jets. The average I' and D, for FSRQ
objects are 11.6 £+ 3.1 and 13.1 £ 6.3, respectively. In case of BL Lacs, the values are
smaller, 7.4 + 2.1 and 10.6 & 2.9, respectively. The above constraints clearly show that
the plasma inside AGN jets moves with the relativistic speed.

However, it is obvious that the plasma at the beginning of a jet must move with
a small speed, I' ~ 1. The best object to study the motion in an AGN jet is the
nearby radio galaxy MS&7. In this galaxy, the gradual acceleration, from sub-relativistic
to relativistic speeds, is observed from ~ 10?Rg., up to 10°Rs.,(Asada et al., 2014;
Mertens et al., 2016), where Rg., = 2GMpy/c* is the Schwarzschild radius (G is the
gravitational constant and Mpp is the mass of the black hole). These observations agree
with the estimation of the bulk plasma acceleration for another nearby galaxy, Cen A
(Krichbaum et al., 1998), and with the numerical simulations of the jet acceleration
(e.g. Vlahakis and Konigl, 2004).

Because of the relativistic speed of the plasma in AGN jets, the effects of special
relativity must be taken into account when the physical quantities are transformed from
the co-moving frame of the jet to observer’s frame. The relations between quantities
in different frames are given by the Lorentz transformations. The consequences of the
Lorentz transformations, among others, are the length contraction in the direction of
motion, Az’ = Az/T", and the time dilation, At" = T'At. The unprimed quantities are
measured in the rest frame and primed quantities are measured in the frame moving
with the velocity equal to c¢f3.

Another consequence of relativistic motion is the Doppler effect. The Doppler effect
describes the relationship between the photon frequency emitted by a moving source
and measured by an observer. This relation is given by v = v//[['(1 — S cos0)] = v'D;;,
where 6 is the angle between the velocity of a source and the line of sight and c(
is the velocity of the source. The similar relation can be obtained for other physical

quantities. For example, the apparent length of a moving bar, measured with photons
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arriving at the same time, is [ = D;l’, where I’ is the length of the bar in the comoving
frame (Ghisellini, 2013). In the Table 2.1, I gather the most important relativistic

transformations used in this work.

2.2 Geometry of the parsec-scale jet

Due to the large distances to the AGNs, the parsec-scale jets can be spatially resolved
only with the very-long-baseline interferometry (VLBI). Then, the information about
the geometry of jets in the smallest distance scales comes from the radio observations.
Very often the shape of the parsec-scale jet is approximated as a cone with the half
opening angle of a jet, ¢. The conical shape of a jet is consistent with the jet geometry
in larger (kilo-parsec) scale. Due to the relativistic motion in jets, the opening angle
of the jet should be inversely proportional to the Lorentz factor of a jet, ¢ ~ p/T';,
where p is the transverse expansion coefficient. The statistical studies of the jet opening
angles with the MOJAVE program (long-term program to study radio structure and
evolution of extragalactic jets) give the estimate for p = 0.26 (Pushkarev et al., 2009)
and p = 0.2 (Clausen-Brown et al., 2013). However, the jet shape can be different from
the conical one. Algaba et al. (2017) found that the average shape of the parsec-scale
jet is quasi-parabolic, with the relation between the radius of a jet, R;, and the distance
from the SMBH, z, given by R; o 2°%.

One of the most important objects for the parsec-scale radio observations is FR I
radio galaxy M 87. The relation between the distance from the SMBH, z, and the
radius of the jet, R;, for the parsec-scale jet of this source, is described by the power
law, R; oc z¥, with k equal 0.59 (Asada and Nakamura, 2012), 0.56 (Hada et al., 2013)
or 0.6 (Mertens et al., 2016). However, beyond z ~ 5 x 10° Rg., = 300 pc, the geometry
of the jet changes to conical one, R; o z'. The minimum transverse width of the jet in
M 87, observed with VLBA (Mertens et al., 2016), is of the order of tens Schwarzschild
radii. The similar shape of the parsec-scale jet has been observed for FR II radio
galaxy Cygnus A (Boccardi et al., 2016b). The profile of the innermost jet is described
by R; o 2°°. But in this case, the minimum transverse width is ~ (227 £ 98)Rs.,
(Boccardi et al., 2016a).

In both cases, in M 87 and Cyg A, the transverse structure of the jet is observed.
The limb brightening and kinematics of the jets suggest the existence of the spine-
sheath structure, where the fast, inner layer is immersed in the slower, outer layer.
The limb brightening was also observed in other sources (e.g. Piner et al., 2009; Nagai
et al., 2014).
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2.3 Transfer of radiation in jets

One of the most fundamental quantities of radiative transfer is the specific radiative
intensity, (). In CGS units system, the unit of the specific intensity is erg s~! cm™2
st~ Hz7!. I(e)dtd AdQdr describes how much energy passes the unit surface, dA, in the
unit time, d¢, from the unit solid angle, d§2, and with the frequency of photons between
v and v + dv. For convenience, in this work, I will describe the intensity (and other
quantities associated with photons) in ranges of photon energy rather than frequency,
i.e. € = hv, where h is the Planck constant.

For the beam of radiation passing through a medium, the intensity changes with
distance. Emission and absorption processes modify the beam. Photons may also be
scattered in a medium but the scattering effects are not considered in this work. The
emission is characterized by the emission coefficient (or emissivity) j. It is defined as
the energy emitted per the unit time, per the unit solid angle, per the unit volume, per

the unit energy of radiation,
dE

= AVdtdQde

When a medium at the propagation distance, s, emits radiation with emissivity, j(s),

j (2:2)

then the intensity increases after the distance S in following way:

=1+ /Osj(s)ds, (2.3)

where [, is the initial intensity.
The absorption process of the radiation is characterized by the absorption coeffi-
cient a(s) [em™]. It describes the intensity decrement with the distance. The intensity

absorbed in the medium after the path S is given by
I = Iy x exp(—7(9)), (2.4)

where S

7(S) = /0 a(s)ds (2.5)
is the optical depth. For the optical depth 7 = 1, the initial intensity is reduced by the
factor equal to e. It defines the threshold between the optically thick and the optically
thin medium. When the optical depth is higher than unity, we consider the medium
as optically thick. It means that the absorption effects are significant. In the opposite
case, when 7 < 1, the medium is optically thin or transparent.

The general form of the solution of the radiative transfer equation is

1(S) = Iy exp <— /OS ads> + /Osj(s) X exp (— /ssa(s’)ds’> ds. (2.6)

However, note that this solution does not include the scattering effects, which strongly
complicate the equation. Fortunately, in the case of the radiation from AGN jets, the

scattering effects can be omitted.
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2.4 Radiation processes in leptonic jets

In my work, I assume that the radiation in the AGN jets is produced mainly by leptons
(e* pairs). Furthermore, it is believed that the density of the plasma in AGN jets is
relatively small, n ~ 10*> cm™ at 1 pc (O’Sullivan and Gabuzda, 2009). In such an
environment, four radiation and absorption processes are especially important: (i) the
synchrotron emission, (ii) the synchrotron self-absorption, (iii) the inverse Compton

scattering and (iv) the e* pair production in 4~y absorption.

2.4.1 Synchrotron radiation

Charged particles, moving with relativistic velocities in magnetic fields, produce syn-
chrotron radiation. As a result, they lose energy. The synchrotron energy loss rate for
the electron with the energy E. = ym.c® (where m, is the electron rest mass and 7 is
the Lorentz factor of the electron) is given by

dy = 207

292 2
i mch37 (% sin*(a), (2.7)

where 8 = /1 — 1/+2 is the electron speed in units of ¢, Ugp = B?/87 is the energy
density of the magnetic field, o7 is the Thomson cross section, and « is the pitch angle,
i.e. the angle between the magnetic field lines and the velocity of the electron (Rybicki
and Lightman, 1986). The average loss rate for isotropic pitch angles (in the case of

many isotropic electrons and/or random magnetic field lines) takes the form:

CUB@? —1). (2.8)

The total synchrotron power per photon energy emitted by a single electron is

V/3e?

Bsin(a) x F (6) , (2.9)

€a

Pe,a(77 6704) = m.c2h

where e is the elementary charge, h is the Planck constant and

Vsin(a), F(z) == / Ky s(y)dy. (2.10)

K53 is the modified Bessel function of the second kind of order 5/3. Function F(z)
defines the characteristic shape of the total synchrotron power. It peaks at x ~ 0.29.

The function has two asymptotic forms for very small and very large values of z, i.e.

z'/3 , T
F(z) o« (2.11)

eexp(—x) , x> 1.

In a rough approximation, the whole synchrotron energy is emitted in a narrow energy

range arround
ehB~?
0N N 22.2 Bg E7., keV, (2.12)
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Figure 2.3: The function F(x), which characterizes the synchrotron spectrum (from Blumen-
thal and Gould (1970)).

where B = 1Bg G and E, = 1Ep., TeV. This approximation is acceptable due to the
relatively sharp shape of F(z) (see Fig. 2.3).
For numerical applications, when the magnetic field is randomly oriented, it is

convenient to use the approximate form of the F'(z) function,

1.808z%3 1+ 2.212%/3 + 0.3472%/3 (o)
~ exp (—x).
V1434227 1 + 1.35322/3 + 0.217243  ©
This function, with accuracy better than 0.2%, has been obtained by Aharonian et al.
(2010).

When the synchrotron radiation is emitted by electrons with the power-law distri-

F(x)

(2.13)

bution, N(y) = K~~° between vin and Ypmqe, then the synchrotron emissivity, jgyn,
can be calculated with

. ]_ Ymin
Jun(e0) = = [ N ()Pl €, 0)d. (2.14)

7.‘— max

The above synchrotron emissivity can be approximated by the power-law function with
with the spectral index p = (s —1)/2 between €,,;, and €4, (given by Eq. 2.12 for vy,
and Yy,ae, respectively). Hence, knowing the shape of the synchrotron spectrum of any
astrophysical object, one can find the spectral index of the distribution of electrons.

The synchrotron photons may be absorbed by non-thermal electrons. This process is
called the synchrotron self-absorption (SSA). It can distort the synchrotron spectrum.
In non-thermal synchrotron sources, the border between the optically thick and the
thin part of a spectrum is given by the self-absorption frequency, rgsa (Rybicki and
Lightman, 1986). The optically thick part of the spectrum is given by the power-law
function with spectral index equal to p = —5/2. SSA is described by an absorption
coefficient, which is defined as (Ghisellini and Svensson, 1991)

assa(€) = 87T7}7L”162 / Nv(g)jv [W’ZPe(E)} d, (2.15)

where P, is the synchrotron power from Eq. 2.9 averaged over the pitch angle.
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2.4.2 Compton scattering

Scattering of photons of energy € on electrons considered in the electron reference frame
is called Compton scattering. This interaction is described by the Klein-Nishina cross
section

do  rje ( € €

1 .92
— = —+ — 6) , 2.16
dQ2 2 €2 €1+€+Sln ( )
where r( is the classical electron radius, # is the scattering angle, and

€
14 (e1/mec®)(1 — cos )’

€1 (217)
is the energy of the photon after scattering. Formula 2.16 is obtained using the quantum
electrodynamics. For the classical physics, where the photon energy is low (e < m.c?)
the Klein-Nishina formula simplifies to the Thomson formula. The cross section for the
scattering in the Thomson regime is given by

d 1

% = 57’(2)(1 + cos?0). (2.18)
After the integration over all scattering angles, the cross section is equal to or = 87rZ /3,
which is called the Thomson cross section. On the other hand, when the photon energy
is much larger than the rest energy of electron, € > m,.c?, the Compton cross-section

approches
3
oele) ~ gU—T[ln(Qe) +0.5). (2.19)
€
The above two approximations, Eq. 2.18 and Eq. 2.19, divide the Compton scat-

tering process into two regimes:

e The Thomson regime, when the photon energy (in electron rest frame) is much
smaller than the rest energy of an electron. The angle averaged Compton cross-

section is equal to o7.

e The Klein-Nishina regime, when €¢/m.c? > 1. The Compton cross section de-

creases with the energy of the initial photon.

When the scattering occurs between an electron with the large kinetic energy and
a relatively low energetic photon in the observational reference frame, the energy of
scattered photon may increase at the expense of the electron energy. Such a variant of
the electron-photon scattering is called the inverse Compton (IC) process, in contrast
to the Compton scattering where the electron at rest is usually assumed. The Compton
up-scatter process is a very important production process of y-rays in astrophysics.

Because of the anisotropy of the Compton cross-section formula, the detailed equa-
tion for the photon spectrum produced in the inverse Compton process has quite com-

plex form. However, a few important (for astrophysical applications) approximations
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Figure 2.4: The evolution of energy of a relativistic electron as a function of time for the

Compton scattering process in the Klein-Nishina regime (from Blumenthal and Gould (1970)).

can be found. In the case of isotropic ambient photons, with the number density n,,

and the isotropic relativistic electrons, the spectrum of scattered photons is

dN, . 30
T = 4€;anh(6)><G(q,F), (2.20)

where

(1 —q)
2(14+Tq)

[ = dey/mec?, ¢ = €,/[L(ymec® — €5)] and ¢, is the energy of the scattered photon

(Blumenthal and Gould, 1970).

The second very important case is the scattering of directed photons on isotropic

G(q,T) =2gIng+ (1 +2¢)(1 —q) + (2.21)

relativistic electrons (Aharonian and Atoyan, 1981). In such a case, the spectrum also

depends on the scattering angle, 8, and it is given by

dNyco  3cor
dtdedé,dQ  16méy?

N0 (€)Go(w, by), (2.22)

where € = €/m.c?, €, = €5/m.c?,

w? 2w 2w

Gl b =1 50w " i —w) b -0

2

(2.23)

and by = 2(1 — cos @)ey, w = € /7.
In the inverse Compton process, the energy of a relativistic electron is transferred
to the scattered photons. In the Thomson regime, the energy of the electron, which

propagates in radiation field with energy density u,.q, decreases according to

dy  4ory*Urea

— = 2.24
dt 3m.c ( )
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An electron scattering photons in the Thomson regime loses energy in small portions.
Then, the above process can be considered as continuous. The opposite situation oc-
curs in the Klein-Nishina regime where the electron loses energy in discrete amounts,
comparable to the initial energy of an electron. This effect, combined with the smaller
cross-section in the Klein-Nishina regime, leads to the evolution of the electron energy
presented schematically in Fig. 2.4.

Deep in the Klein-Nishina regime, an electron, propagating in the field of ambient
photons, loses energy in the random way. The average number of photons with energy
between €; and €; + de; emited by the electron with energy FE. in the short time At can
be calculated applying the formula for the photon spectrum (Eq. 2.20). This spectrum

of produced v-rays in Compron scattering is

N, s dN
Yy _ At/ € de, 9.95
de, o didede, (2.25)

where € is the scattered photon energy and €,,;, = m?c*/[4(E. — ¢;)] (Blumenthal and
Gould, 1970).

In the case of the Klein-Nishina regime, the average energy loss rate is (Schlickeiser,
2009)

dy 1207 , /°° L qG(g.T)
— = — d / dg—=—=% 2.2
dt MeC o M €) 0 q(l +Tq)3’ (2.26)

where G(q,I") is given by Eq. 2.23. In this case, the energy loss-rate increases logarith-
mically with increasing Lorentz factor of electrons, 7.

In the parsec-scale jets, electrons lose energy primarily on two processes: the syn-
chrotron and the IC. In the Thomson regime, the form of the IC energy loss rate has
a similar form to the synchrotron loss rate, i.e. 4 o< v?u, where u is the energy density
of the magnetic field, ug, in the case of the synchrotron process and it is the energy
density of radiation, u,qq, in the case of the IC scattering. Then, the ratio of the IC
and the synchrotron energy losses are proportional to the ratio of the energy densities
of the magnetic field and the radiation, i.e. J7¢/Jsyn X Urqa/up. However, in the Klein-
Nishina regime, the form of the IC loss rate changes. The ratio between the energy
losses can be expressed by the function Fkn, which depends on the electron energy
and the spectrum of photons (Moderski et al., 2005),

gite, Urad

= 9 BN (2.27)

'7syn Up

The form of Fiky is shown in Fig. 2.5 for three different spectra of photons, where
b = 4emax”y/m602 and €,,q; 18 the maximum energy of photons. It is clear that the
synchrotron energy loss-rate dominates over the IC loss-rate for electrons with very

large Lorentz factors when ug >~ tqq.
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Figure 2.5: The ratio between the IC and the synchrotron energy loss-rates for u,.q = up,
where b = 4é€,0.7/mec? (solid lines). The calculation obtained for three different energy
distributions of photons: monoenergetic (mono), power law with index p = 0 and power law
with index p = —0.5. (from Moderski et al. (2005), the dashed lines show the analitycal

approximations).

2.4.3 The ~-ray absorption in e* pair producton process

Two photons can interact with each other producing an electron-positron pair when
their energy is sufficient. This process is possible when the energy of photons is larger

than
2(mec?)?

1 —cos¢’

where ¢ is the angle between the direction of photons.

€1€2 > (228)

When the HE ~-ray photon propagates in the low energy photon field with the
differential photon density at the angle ¢, np, 4(€2), their absorption coefficient is given
by (Gould and Schréder, 1967)

1 .
.y, (6) = 5//nph7¢(62)0',w(61, €2, 9)(1 — cos @) sin ¢ deado, (2.29)
where the total cross section for v + v — et + e~ process is

L+ 6,
1= By

and (3, = (1 — 4m2ct/s)1/2, s = 2¢1€5(1 — cos @).
In the case of the isotropic radiation field the absorption coefficient takes a simpler
form (e.g. Bednarek and Protheroe, 1999a):

2
o
2

0. (€1, €2,0) = —-26,,2- 32|, (2.30)

(1) [(3—5;2) In

1 €Emazx Smax
oy (€1) = / nphg€2) / 504(s) dsde, (2.31)

2
861 €min 62 Smin
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Figure 2.6: The total cross section for vy — et + e~ process, where s = 2¢1€e3(1 — cos ).

where ny(€2) is the isotropic differential photon density, S, = 4m§c4 and S,qx =
4eq1€y.

The shape of the total cross section for the vy — ete™ absorption is very sharp,
with the peak at s ~ 2. Hence, the y-ray photon with energy €; interact mostly with
photons with energy €5 ~ 4m?c* /[e;(1—cos ¢)]. Due to the sharp shape of the total cross
section, the rough estimation of o,, can be obtained with § approximation (Boettcher
et al., 2012),

ore€ € 2m.c?
~ 1) — 2.32
Ty 3mec? (mec2 €9 > ’ (2.32)

where ¢ is the Dirac delta function.
The energy of the electron-positron pair, which is created in the vy — et + e~
process, can be calculated with the following procedure (see Boettcher and Schlickeiser,

1997). The photon energy in the center-of-momentum frame is

o \/6162(1 — Cos @) (2.33)

5 )

where €; and & are the energies of colliding photons in units of m.c?, in laboratory

frame. The lorentz factors of an electron and a positron in the center-of-momentum

frame are v, = €. The center-of-momentum frame moves in the laboratory frame with
the Lorentz factor equal to o
€1 + €

Ve = "ou

Hence, the energy of the electron (or the positron) in laboratory frame, created in

(2.34)

collision of two photons, is
Yo = Vel & BeBeu), (2.35

)
where u is the cosine of the angle between the velocity of the electron (the positron)
and the velocity of laboratory frame in center-of-momentum frame, 51 = /1 — (1/74)?

32



and 50 =\ 1- (1/’)/6)2

2.5 Acceleration of particles in AGN jets

The observation of the non-thermal radiation from blazar jets indicates the existence
of high energy particles in the emission region. The 7-rays from some AGN jets ex-
tend up to ~ 10 TeV. This implies the presence of electrons with the Lorentz factors
~v > 10% What is more, the high energy radiation is variable in very short timescales.
The observed time variability of some flares is shorter than 10 min (e.g. Aharonian
et al., 2007). All of this indicates that the efficient acceleration processes have to occur
in the AGN jets. In general, three mechanisms are considered in terms of the parti-
cle acceleration in AGN jets: (i) stochastic acceleration by magnetic turbulence, (ii)

diffusive shock acceleration and (iii) acceleration in magnetic reconnection.

2.5.1 Stochastic acceleration

The particle acceleration, as a result of collisions of a particle with randomly mov-
ing scattering centers, has been proposed by Fermi (1949). Originally, the mechanism
has been applied to the acceleration of cosmic rays on the moving irregularities of the
interstellar magnetic field. The energy of particles changes with every collision. The
energy increases in the head-on collisions and decreases as a result of the tail-on col-
lisions. Because the probability of head-on collisions is higher than the probability of
tail-on collisions, the average energy of particles increases. The average energy gain in

every collision, AFE, is proportional to the square of the characteristic velocity of the

()2

Because of the proportionality to the square of the velocity V', this mechanism is

irregularities, V, i.e.

called the second-order Fermi acceleration. The model predicts a power-law form of the
spectral distribution of the cosmic rays. This prediction agrees with the observations
of the cosmic rays in the broad energy range.

In general, the particle distribution function in the second-order Fermi acceleration
process can be described as a diffusion in the particle momentum space. The evolution
of particles in the quasi-linear approximation is given by the Fokker-Planck equation
(Schlickeiser, 2002). For the ultrarelativistic case, i.e. pc ~ E, the Fokker-Planck equa-
tion takes the form

on(E,) 0 on(E,0)] 0 [(2D(E) n(E, 1)
% 9B lD(E)ﬁE] ~9E l( 7 T Ecool> n(E,t)] T hou(E) +Q(E,1),
(2.37)

where n(FE, t) is the differential particle number density, D(FE) is the diffusion coeficient,

E.o0 18 the energy loss rate, t.s.(F) is the characteristic escape time of particles and
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Q(E,t) describes injection rate of particles.

The steady-state particle spectra in the second-order Fermi acceleration take dif-
ferent shape depending on the forms of D(FE), Erools tese and Q(E,t). When particles
do not escape from the acceleration region, their spectral distribution is approximately
given by the modified relativistic Maxwellian function, i.e. n(F) o E?exp[(—1/a) x
(—E/E.,)"], where E,, is the equilibrium energy and the value of a depends on the type
of magnetic turbulences and the cooling processes (Stawarz and Petrosian, 2008). Oth-
erwise, the particles take the form of the relativistic Maxwellian modified by the power
law function (Katarzynski et al., 2006; Stawarz and Petrosian, 2008). The second-order
Fermi acceleration process was successfully applied as the acceleration mechanism of

particles in AGN jets (Tramacere et al., 2011; Asano et al., 2014).

2.5.2 Diffusive shock acceleration

The acceleration on magnetic irregularities is possible also on the strong shock wave.
This mechanism has been discovered independently by Axford et al. (1977); Krymskii
(1977); Bell (1978); Blandford and Ostriker (1978). Such a process is much more effi-
cient than stochastic acceleration process. In contrast to the stochastic acceleration, the
average energy gain is linearly proportional to the characteristic velocity of the scat-
tering centers, i.e. AE/FE o V/c. Because of that, the process is called the first-order
Fermi acceleration.

The first-order Fermi acceleration occurs on the supersonic shocks, i.e. U > cg,
where U and ¢, are the velocity of the shock propagation and the sound speed, re-
spectively. The parameters of the plasma before and behind the shock can be found
by solving the system of the conservation equations. In the case of the fully ionized
gas, the velocity of the plasma behind the shock is V' = (3/4)U(Longair, 2011). Then,
in the reference frame of the plasma on one side, the magnetic irregularities on the
other side always flow in direction of the shock. It means that particles always collide
head-on with the irregularities on the other side of the shock. The particle spectrum
in the first-order Fermi acceleration forms a power law. The spectral index depends on
the compression ratio of the shock. For strong shocks, the spectral index is s ~ 2.

The detailed physics of the diffusive shock acceleration is much more complicated
than the simplified picture of the diffusive shock acceleration presented above. The
more realistic model of first order-Fermi acceleration has to include the composition of
the plasma, the modification of the shock properties by high energy particles, the role
of the magnetic field and the relativistic effects (if U ~ ¢).

The acceleration at relativistic shocks is especially important for physics of AGN
jets due to the relativistic motion of outflows. The acceleration at relativistic shock
has been firstly considered by Kirk and Schneider (1987). They found that the spectral
index of accelerated particles is slightly larger than 2. This result has been confirmed
in further works (e.g. Bednarz and Ostrowski, 1998).
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The origin of the shocks in the parsec-scale AGN jets is a separate issue. One of the
possibilities is the existence of the reconfinement shock in a jet (Sanders, 1983). The
energy dissipation by the reconfinement shocks was studied for example by Nalewajko
and Sikora (2009). The other, most popular, possibility assumes that the jet consists
of a large number of shells moving with different, relativistic velocities (Rees, 1978).
Inside the jet, shells collide each other due to their various velocities. The shocks
are developed as a result of collisions of these shells. The shocked matter accelerates
particles in the first-order Fermi acceleration. It should be noted that the radiation
produced in the internal shock model comes from an extended part of a jet. It is
a result of the interaction between many shells (Spada et al., 2001). Malzac (2013)
finds that the dissipation profile along a jet in the internal shock model is inversely
proportional to the distance from the jet base.

The mechanism similar to the difussive shock acceleration may also occur in the
jet with the radial gradient of the velocity. The particles are scattered by the magnetic
inhomogeneities moving with different characteristic velocities which depend on the
radial distance from the jet axis. Such a situation can appear between the jet and
its surroundings or in case of the radially stratified jet (like in case of spine-sheath
structure of the jet, where the fast spine is immersed in the slower outer layer). This
acceleration mechanism has been studied by Stawarz and Ostrowski (2002) and Rieger
and Duffy (2004).

2.5.3 Magnetic reconnection

Due to the high conductivity of plasma, the persistent electric fields does not occur in
AGN jets. However, the electric field can be induced as a result of changing magnetic
field. The process in which the energy of the magnetic field is converted into the other
form of energy (including the kinetic energy of the relativistic particles) is called the
magnetic reconnection. In contrast to the Fermi acceleration, the magnetic reconnection
is efficient acceleration process in the highly magnetized environment, i.e. when the
magnetization of plasma, o, (defined as the ratio between the energy of the magnetic
field and the enthalpy) is large.

In AGNs, a large part of the jet power (~ 10%) is radiated. It indicates that the
relativistic particles carry a large amount of the jet power. From the other side, the
launching mechanism of jets, such as the Blandford-Znajek process (Blandford and
Znajek, 1977), predicts that jets are dominated by the Poynting flux close to the black
hole. Then, the magnetic reconnection gives the answer how the energy of magnetic field
is dissipated. In the magnetic reconnection, even 50% of a jet energy can be converted
to energy of non-thermal particles (Sironi et al., 2015).

The simulations of the magnetic reconnection show that the particle energy dis-
tribution forms the power law with the exponential cut-off. Their spectral index, s,

depends on the magnetization of the plasma. For o > 1, the spectral index asymptot-

35



ically reaches to s ~ 1 (Guo et al., 2014).

Due to the above features, the magnetic reconnection is used to model acceleration
process in AGN jets. For example, Giannios et al. (2009) assume that the extremely
short variability of blazars is caused by the mini-jets produced in the magnetic recon-
nection events (see also Nalewajko et al., 2011). The acceleration of particles in the
magnetic reconnection process may occur also in the magnetic field of the accretion

disk and the disk corona producing extremely short y-ray flares (e.g. Bednarek, 1997).
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Chapter 3

Modeling of the Non-Thermal
Emission from AGN Jets

The observed non-thermal radiation from AGN jets gives a unique insight into the jet
physics. The general properties of jets can be constrained using the physical arguments.
The parameters of the emission region can be also found considering the spectral and
the temporal behaviors of the jet radiation. However, more accurate estimations of the
processes and of the parameters occur;ring in the jet require the application of more
sophisticated methods such as the emission models of the jet.

In this Chapter, I present the methods for estimation of the basic parameters of
the jet (or more accurately, the emission region). Later, I describe briefly the proposed
up to now emission models of the AGN jets. I divide the described models depending
on the type of emitting particles.

3.1 Estimation of the basic parameters of AGN jets

A very important parameter for the physics of AGN jets is the mass of the super-massive
black hole (SMBH) powering the jet. The mass of the black hole can be determined
using a number of methods. In the case of BL Lacs, the most important methods
are inferring the black hole mass from the correlation with the galaxy bulge mass
(Kormendy and Richstone, 1995) and from the correlation with the stellar velocity
dispersion of the stars in a parent galaxy (Gebhardt et al., 2000; Ferrarese and Merritt,
2000). Application of the second method gives masses of black holes in BL Lacs typically
in range 108 — 10°M,, where M, = 1.99 x 103 g is the mass of the Sun. This result
agrees with the masses of black holes in radio galaxies obtained with both methods
(Bettoni et al., 2003). In the case of flat-spectrum radio quasars (FSRQ), the broad
emission lines and the radiation emitted by an accretion disk can be used to estimate
the black hole mass. For example, it can be done with the reverberation mapping

technique (Peterson, 1993). The mass is estimated from the virial relationship between
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the radius of the BLR, Rprr, the velocity dispersion of the broad line, AV, and the

mass of the central object, Mgy, i.e.

R AV?
Mgy ~ %, (3.1)

where G is the gravitational constant. More about different methods of black hole mass
estimations can be found in Ferrarese and Ford (2005).

The black hole masses in AGNs are typically in the range from 10°M, to 10°M,.
The mass of SMBH determines the size of the central engine and the inner jet. The
characteristic spatial-scale for the specific black hole is the Schwarzschild radius, i.e.

the radius of the event horizon of a non-spinning black hole,

M
Rgoy = —— 1 — 295 x 105# = 2.95 x 10" Mg cm, (3.2)
©

where Mgy = 108 MgM,,. The convenient way to express distances in AGNs is to scale
them with Rg.y,.

It is expected that the minimum radius of the emission region in AGN jets should
be of the order of the Schwarzschild radius. The radius of the emission region, R.,, can
be also estimated with the causality argument. The observed variability time scale of

the radiation from an AGN jet, t,,,, limits the size of emission region in following way:
Rem < CtvarDja (33)

where D, is the Doppler factor of the emission region.
The jet power, Pje, is limited by the Eddington luminosity. For this luminosity, the
gravity of the central object with the mass Mgy balances the radiation pressure acting

on a fully ionized hydrogen. The Eddington luminosity is given by

47rGMBHmp

Lpg = € ~13x 10% My erg/s, (3.4)

aor

where m,, is the proton mass. The expected jet power in AGNs for emission over a long
time scale has to be below this value, i.e. Pje; = &jerLEdd, where jer < 1. Because the jet
power is transported from the vicinity of a black hole up to the distance of kiloparsecs,
then this power cannot be carried by relativistic e* pairs which lose energy relatively
fast in the jet environment. The role of cold e pairs seems also to be insignificant
(Sikora et al., 2005). Hence, the jet power consists mainly of the Poynting flux, Pg,

and power of protons (cold or relativistic), P, i.e.

1+
PjetﬁpB—FPp:(l—l—UM)XPp: O_O-MPB, (35)
M

where o)y = Pp/P, is the magnetization parameter (Sikora et al., 2013). The magneti-
zation may change with time and the distance from the jet base. However, at this point,

I assume that the ratio between the Poynting flux and the kinetic energy is constant.
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The Poynting flux is then Pg = &;e;0p Lgda/ (14 0ar). On the other hand, the Poynting
flux in the jet is related to the energy density of the magnetic field in the jet frame,

uy = B?/8m, and the jet cross section, wR?,
Pp = IwR5c3;B% /8, (3.6)

where I'; is the bulk Lorentz factor of the jet, ¢3; is the plasma velocity in the jet and
B is the magnetic field strength.

Moreover, I assume that the jet has a conical shape with the half-opening angle
¢ = p/I';. The perpendicular dimension of the jet at the distance z from the black hole
is given by
pMszscn
————— cm

Dot e, (3.7)

Rj(z) ~ %z =2.95 x 10" x
J

where zg,, is the distance from the black hole in the units of the Schwarzschild radius.
The parameter p, describing the transverse expansion of the jet, has been estimated
on 0.2-0.3 based on the radio observations of the parsec-scale jets (see Section 2.2).

The value of the magnetic field at some distance, z, can be found comparing Eq.
3.5 and Eq. 3.6, i.e.

1/2
fjetUM ) %

—1/2 — _
e Mg ' x p7t x 25) G (3.8)

B ~6.3x 10" x (
Assuming that oj; ~ 1, such a result roughly agrees with the value of the magnetic
field strengths in the jets found by O’Sullivan and Gabuzda (2009) using core-shift
effects in AGN jets.

3.2 Estimation of parameters from spectral prop-

erties of blazar jets

The broad-band spectra of blazars can be used to estimate the physical parameters of
the emission region. In general, the broad-band spectral energy distributions (SEDs)
consist of two humps, where the first hump is produced by relativistic electrons in the
synchrotron process. The second hump is produced in the IC process, in terms of the
most popular leptonic scenario. The number of the free parameters can be limited from
spectral properties of these humps. The constraints of the parameters can be found by
assuming that (i) the radiation is produced by a small part of the jet (blob), (ii) the
conditions in the blob are homogeneous, (iii) leptons and photons are isotropic and
(iv) the synchrotron self-Compton (SSC) process is dominant process for production
of y-rays.

In the SSC process (in Thomson regime), the ratio between the luminosities of both

humps (the synchrotron, Ly, and the IC, Lgs¢) is proportional to the energy densities
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' aq) in the frame

of the magnetic field (uz = B?/87) and the synchrotron radiation (u

co-moving with the blob, i.e.

!
Lsy” _ Upqq _

Lsyn
r 4,0

(3.9)

2

where t,qq = Lgyn/ 47?RemcD;1. From Eq. 3.9 and Eq. 3.3, one can find relation between

the Doppler factor and the strength of the magnetic field,

2L
pps = V2Len (3.10)

" S L
The relation between B and D, can be also determined by the comparison of the
location of the peaks in the v-versus-vF), plot. In the SSC model, the synchrotron and
the IC peaks are produced by electrons with these same energies, Ey, = 73, m.c?, where

Ypr 18 the Lorentz factor of particles producing mainly the radiation of the peaks. The

!/

characteristic energy of the synchrotron photons in blob frame, €,

= hvgy,, is given by
Eq. 2.12. The characteristic energy of the v-ray photons, produced in the IC scattering,
is €550 = (4/3) X 7€,y (e.g. Blumenthal and Gould, 1970). The relation between B
and D; can be found by the comparison of these two formulas,
_ 16mmec egyn

BD; =
J 3eh ESSC,

(3.11)

where €5y, = Djeg,,, and essc = Dj€gge-

The value of B and D; can be found by solving the system of Eq. 3.10 and Eq.
3.11. However, in reality, there are a number of problems with such a method. The
luminosities of the humps and the locations of peaks in the blazar spectra change
over time. Blazars are characterized by significant variability thus several instruments
have to observe the source in the same time. Furthermore, only a part of the energy
range of the electromagnetic spectrum is observed by the modern telescopes. Then,
the precise determination of energy in which the peaks appear in the spectrum is not

always possible.

3.3 Leptonic models of emission from AGN jets

The most common emission model for AGN jets assumes that the radiation from the
internal jet in AGNs is produced by relativistic leptons (electrons and positrons). The
leptonic origin of the jet radiation is supported by very inefficient hadronic processes
(Sikora, 2011). Many different leptonic models have been developed. They assume dif-
ferent acceleration processes and different degree of simplification of the jet physics.
Here, I divide the leptonic models in terms of the features of emission region. I distin-

guish:
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e The SSC one-zone models, where radiation is produced in a single region. The
emission region is characterized by constant and homogeneous parameters. The

IC radiation is produced in SSC process.

e The external Compton models, where also one emission region occurs but the
scattered radiation comes from the external sources (e.g. an accretion disk, BLR,

dusty torus).

e The multi-component models, where radiation is produced in two or more emis-
sion regions. The emission regions can interact with each other or be independent.
Typically, every emission region is characterized by different but constant param-

eters.

e The models of the collision of the jet with compact objects. In such models, the
emission region is the place of interaction between the jet (or a dense blob) with

compact objects, such as star or a cloud.

e The inhomogeneous models, where the parameters of the emission region change

with distance in a smooth way.

3.3.1 Omne-zone, homogeneous SSC models of AGN jets

The SSC, one-zone model form the simplest case of the emission models. Many variants
of this model are developed depending on the adopted assumptions. Typically, this

model bases on the following assumptions:

e the majority of radiation comes from the compact emission region with spherical

shape (in the frame co-moving with emission region), called a blob;
e the parameters in the blob are homogeneous and persistent;

e the blob is filled by relativistic electrons which are distributed isotropically (in
the blob frame);

e the magnetic field in the blob, B, is randomly oriented;

e 7-rays are produced in the SSC process on the isotropically distributed syn-

chrotron photons;

e the blob size is estimated from the variability time-scale of the observed emission

(according to Eq. 3.3).

Due to a small number of the free parameters, the one-zone model is commonly
used to fit the jet emission from blazars (see e.g. Abdo et al., 2011a,b). This model
is also used to model the emission from radio galaxies (e.g. Abdo et al., 2009a,b;

Banasinski and Bednarek, 2014). The number of the free parameters can be limited by
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Figure 3.1: Schematic diagram (not to scale) illustrating the production of IC 7-rays in the
AGN jet in terms of the different external Compton models: (i) Comptonization of photons
from the accretion disk (egsk), (ii) Comptonization of photons from the dusty torus (ergr),
(iii) Comptonization of photons from the broad line region (eprr) and (iv) Comptonization

of the synchrotron photons from the blob (egyn) reprocessed by the clouds in the BLR (€pipr).

the observed spectral properties (see Chapter 3.2), the condition of y-ray transparency
of the emission region and the comparison of different time scales (e.g. Maraschi et al.,
1992; Bednarek and Protheroe, 1997b; Tavecchio et al., 1998; Bednarek and Protheroe,
1999a).

3.3.2 External Compton models of AGN jets

The parsec-scale jet in AGNs is surrounded by the external sources of low energy
photons, in particular an accretion disk, a broad-line region (BLR) and a dusty torus.
Such photons can make a significant contribution to the total density of radiation in
the parsec-scale jet. Furthermore, the external radiation, seen by the emission region
(blob), is significantly modified due to the relativistic effects. Because of that, the
possible scattering of the external photons is considered as the process responsible
for the ~-ray emission in some blazars. It is believed that the Comptonization of the
external photons produces the majority of radiation in flat-spectrum radio quasars
(FSRQ). In these objects, the accretion disk is especially luminous and the broad lines
are strong.

Many models are created depending on the main source of the external photons.
The model in which ~-rays are produced by scattering of the accretion disk radiation
has been proposed by Dermer and Schlickeiser (1993). The Comptonization of photons
from the broad emission line region has been investigated in Sikora et al. (1994). Also,

the dusty torus has been considered as the source of the photon field for relativistic
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electrons in blazars (Blazejowski et al., 2000).

Another model in which the y-rays are produced by scattering of external photons
is called the mirror Compton model (Ghisellini and Madau, 1996; Bednarek, 1998). In
such a model, the relativistic electrons in the blob produce the synchrotron radiation.
This radiation is reprocessed back to the blob by the clouds from the broad line region.

Then, the reprocessed radiation is Comptonized by the electrons from the blob.

3.3.3 Interaction of AGN jets with compact objects

The central engine in AGNs is surrounded by clouds, stars, and globular clusters.
These objects, from time to time, enter into an AGN jet. During such an event, the
relativistic plasma interacts with the compact object. If the collision between the star
and the plasma in a jet happens close to the jet base, the envelope of the star may
be blown out. However, in such scenario, the radiation processes of hadrons are much
more efficient (e.g. Barkov et al., 2010).

At a greater distance from the jet base, the jet pressure can be balanced by the
pressure of the stellar wind. As a result, the shocks appear around the compact ob-
ject. On these shocks, electrons can be accelerated to high energies. These electrons
produce ~-rays in the Compton scattering of stellar photons. Such a scenario has been
investigated by Bednarek and Protheroe (1997a); Araudo et al. (2013); Bednarek and
Banasinski (2015); Wykes et al. (2015).

When the jet pressure is small enough, clouds can penetrate the jet avoiding de-
struction. This leads to the formation of the shocks between the jet plasma and clouds
where particles can be efficiently accelerated. Such an interaction between the cloud
and the jet plasma in terms of the leptonic processes has been studied by Araudo et al.
(2010).

The interaction of a relativistic blob with the radiation from a star passing a jet
has been also studied in Banasinski et al. (2016). In this case, the relativistic electrons
already present in the jet scatter radiation from the massive star immersed in the jet
volume. In such a case, the short y-ray flares can be produced, without the counterpart

in the synchrotron radiation (so-called orphan flares).

3.3.4 Multi-component models of AGN jets

Many problems are encountered when the emission from blazars is described in terms of
the one-zone models. Firstly, the one-zone models predict a strict correlation between
all energy ranges. However, some flares occur only in a part of the electromagnetic
spectrum. One of the most surprising such events are the “orphan” flares in the ~-
ray range (e.g. Krawczynski et al., 2004). Secondly, the Doppler factor of the emission
region, determined by fitting spectra with one-zone models, is of the order of 15. While

the radio observations suggest much smaller Doppler factor (e.g. Piner and Edwards,
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2018). Because of that, more complex models have to be developed.

The simplest multi-component model is the scenario in which the radiation from
the blazar is produced by two compact blobs. When the blobs are independent, the
model comes down to two one-zone models, in which the total emission is the sum of
the emission radiated by specific blobs. This approach has been used in Tavecchio et al.
(2011); Barres de Almeida et al. (2014); Shukla et al. (2015).

Another version of the two-component model has been also developed by Katarzynski
et al. (2001). In this model, the high energy part of the spectrum is produced by a com-
pact blob. The low energy part is emitted by the inhomogeneous conical jet. Such a
model, commonly called as the blob in jet model, has been also used to describe the
spectra of the low synchrotron peaked blazar, AP Librae (Hervet et al., 2015).

The multi-component model of the jet emission has been also proposed by Giannios
et al. (2009). They propose the scenario, in which small jets are created in the magnetic
reconnection process within an AGN jet. This jets in a jet model provide the emission
region moving with bulk Lorentz factor order of 100 in the observer’s frame (see also
Bednarek et al., 1996).

The observations of the limb-brightening in AGN jets suggest the stratified structure
of jets. Based on these observations and the relatively slow motion of the jets observed
in TeV blazars, Ghisellini et al. (2005) propose the spine-sheath model of the emission
from AGN jets. In such a model, the radiation is produced in two regions, where each
region is characterized by the different parameters, especially by the different bulk
Lorentz factors. The important aspect of this model is an interrelation between the
regions. The radiation from the first emission region is amplified by relativistic effects
in the frame of the second emission region. The spine-sheath model has been also
applied to the FSRQs (Sikora et al., 2016).

3.3.5 Inhomogeneous models of AGN jets

The parameters in the emission region in a jet can change over time and location.
When the parameters change relatively smoothly, then the model is inhomogeneous.
Some of the models mentioned above can be included to the group of inhomogeneous
models, like the blob-in-a-jet model, where the parameters of the jet component change
over the distance from the jet base. Blandford and Koénigl (1979) have shown that the
flux of the radio emission from the conical inhomogeneous jet is flat, provided that
the magnetic field decreases linearly with distance from the jet base and the electron
energy density is in the equipartition with the magnetic field energy density.

Some of the inhomogeneous models focus on the thin shells propagating along the
jet (Asano et al., 2014). In other inhomogeneous models, the emission comes from a
relatively large part of the jet (Ghisellini et al., 1985; Boutelier et al., 2008; Potter
and Cotter, 2012). However, in every case, the number of the free parameters of the

models is much larger than in the case of one-zone, homogeneous model, which is the
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disadvantage of these models.

3.4 Hadron models of AGN jets

It is clear that AGN jets consist not only of electrons and positrons, but also heavier
particles like protons and ions. Then, it is possible that a part of the radiation is emitted
by hadrons. The hadronic models of AGN jets base on this assumption.

Hadronic models are motivated by the existence of the ultra-high energy (UHE)
cosmic rays, with energy above 10! eV. Jets in AGNs are considered as a site of
the UHE cosmic ray acceleration. Hadrons with such high energies can interact with
photons, a magnetic field or protons inside a jet. As a result, very high energy ~-rays
are emitted.

One of the approaches to the y-ray production in AGN jets is the proton initiated
cascade (PIC) model (Mannheim et al., 1991). Energetic hadrons interact with the low
energy synchrotron photons inside the jet and produce secondary particles in the Bethe-
Heitler pair production process and the photomeson production process (Mannheim
and Biermann, 1992; Mannheim, 1993). Miicke and Protheroe (2001) propose the syn-
chrotron proton blazar model, which takes into account both, the synchrotron process
of charged particles and the interaction of protons with photons produced in the jet.

In a similar way to the leptonic models, the protons can interact with photons
produced in different places. For example, protons can collide with photons from the
accretion disk (Protheroe, 1997; Bednarek and Protheroe, 1999b) or with photons from
the broad-line region (Atoyan and Dermer, 2003). At last, according to mirror Compton
models, the photons from the jet can be reprocessed by clouds in BLR and reflected
into the jet creating the target for hadrons (B&ttcher, 2005).

The high energy photons can be produced by UHE protons in the synchrotron
process. Such a model requires protons with energy ~ 10'? eV and the magnetic fields
with relatively large strength, B ~ 100 G. Such a model has been considered, for
example, by Aharonian (2000).

Relativistic protons can also interact with the matter in AGN. Then, the required
energy of protons is much smaller. Such a model has been proposed by Bednarek
(1993). In this model, the relativistic protons collide with matter from the funnel of
an accretion disk. Relativistic protons can also interact with the matter of the clouds
entering the jet (Dar and Laor, 1997; Beall and Bednarek, 1999). Another scenario has
been proposed by Barkov et al. (2010). They considered a scenario, in which a red giant
pass the AGN jet close to the jet base (see also Bosch-Ramon et al., 2012; Barkov et al.,
2012). In this model, the envelope of the red giant is blown by the jet. The protons
are accelerated on magnetic perturbations and interact with the matter from the star.
The collision of the star with the jet occurs close to the jet base, where the magnetic

field is relatively strong. Because of that, it is possible that the HE radiation can be

45



also produced in the synchrotron process of protons.
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Chapter 4

The Stationary Non-Local

Inhomogeneous Jet Model

The flaring emission is usually interpreted in terms of the homogeneous synchrotron
self-Compton (SSC) model. This model assumes that a compact emission region (blob),
with the fixed parameters, moves along the jet with a large Lorentz factor. Such a simple
homogeneous model can naturally explain the short time scale flares. However, the long-
time scale, persistent emission cannot originate in the single, fast-moving blob. It is
expected that the blob expands with the distance along the jet and the basic parameters
responsible for radiation processes should change significantly. For the jet pointed at
the observer, the distance traveled by the blob can be estimated with Az = 2F?0At,
where At is the observed time scale, I'; is the Lorentz factor of the blob and c is the
speed of light. For the typical Lorentz factor of blazars (I'; ~ 10) and the time scale
of the order of a month (At = 2.6 x 10° s), the distance scale traveled by the emission
region is larger than 5 pc. Therefore, parameters of the compact blob should change
significantly.

For example, the constant emission with the time scale greater than a month was
observed from two best investigated up to now objects, Mrk 421 (Abdo et al., 2011b;
Aleksié et al., 2015a) and Mrk 501 (Abdo et al., 2011a; Aleksié et al., 2015b). During the
recent multiwavelength campaigns, both objects are observed in the low activity state.
For the most of time, they emit low level, persistent emission. These objects have been
also observed with the High Altitude Water Cherenkov (HAWC) observatory, which
affirms the presence of the persistent VHE ~-ray emission from both sources (Albert
et al., 2017). With the development of the observation techniques, it is expected that
more objects will be detected in a quiescent and persistent state. As a result, the models
describing the low level and constant emission will be required.

In this Chapter, I examine the scenario in which the majority of radiation is pro-
duced in the extended (parsec-scale) part of a jet. To describe this emission I develop
the model of the inhomogeneous and stationary jet. In such a model, the basic pa-

rameters of the jet, like the magnetic field strength and the spectrum of electrons, will
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change significantly along the jet. The radiation will come from the whole considered
part of the jet. Due to the elongated shape of the jet, the radiation produced by the
jet will be significantly anisotropic (also in the co-moving frame of the jet). Therefore,
the IC scattering of non-local photons has to be taken into account in the calculation
of the produced ~v-ray radiation.

In order to simulate the emission from the stationary and inhomogeneous jet, I
develop the numerical emission model. The shape of the jet is simplified to a truncated
cone. I assume that the plasma inside the jet moves with a constant velocity which
corresponds to the constant bulk Lorentz factor of the jet, I';. The basic parameters of
the jet are normalized at the jet base. They change with the distance from the jet base,
z. I presume that the radiation is produced by the relativistic leptons (electrons and
positrons). The contribution to the radiation from other particles (such as relativistic
protons) is neglected. The leptons are accelerated in a large part of the jet. Their dis-
tribution evolves along the jet. The evolution of electrons is described by the kinetic
equation (e.g. Kardashev, 1962). In the model, I take into account the synchrotron emis-
sion, the inverse Compton scattering (in the Thomson and the Klein-Nishina regimes),
the synchrotron self-absorption and the absorption on the extragalactic background
light (EBL). Moreover, the model takes into account the anisotropy of the radiation
produced in the jet due to its conical geometry. The radiation in a specific region in
the jet depends on the radiation produced self-consistently in the whole volume of the
jet.

The model is examined for a wide range of parameters. I show how the multi-
wavelength spectra depend on the parameters describing the geometry of the jet, the
magnetic field and the electron acceleration process. In the last section, I interpret the

spectra of the nearby BL Lac object, Mrk 421 in terms of the considered model.

4.1 Theoretical description of the model

I consider a part of the jet with the base located at zy = 0. Note that the distance
between the jet base and the super massive black hole (SMBH) is not determined.
The calculations are performed to the maximum distance z,,, along the jet (see: Fig.
4.1). It is assumed that the acceleration of leptons occurs between distances zy and
Zend = 0.1 X 2Zp42- The radius of the jet at the base is Ry. The jet has a conical shape,
which is characterized by the half-opening angle (the angle between the jet axis and
the jet edge), ¢. Hence, the radius of the jet at the specific distance, z, for the small
opening angle is

Rops(2) = Ro + ztan ¢ ~ Ry + z¢. (4.1)

A more convenient way is to consider the processes occurring in the jet in the plasma
rest frame. In this frame, the distribution of electrons is isotropic. It is assumed that

the motion of the plasma in the jet is characterized by the constant Lorentz factor I';.
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Figure 4.1: Schematic picture of the jet in the observer rest frame (not to scale). The jet base,
with the radius Ry, is located at the distance zy. The acceleration begins at the jet base and
continues up to z¢nq. The jet is considered up to zpmar = 102¢ng. The half-opening angle of
the jet is ¢ and the observation angle is 6,,s. The distance between the jet base and the black
hole (central engine) is not specified in the model. All quantities characterizing the jet are

normalized to the jet base.

Then, the cross-section of the jet in the plasma rest frame is described by

where p is the coefficient of the transverse expansion, 3; is the speed of the plasma in
the jet in units of the speed of light, ¢, and ¢’ = z/8;cl’; is the time in the plasma rest
frame. Note that in the plasma rest frame the distance to the jet base changes with
time according to 2’ = B;ct’.

I determine the strength of the magnetic field in the plasma rest frame as

B(Y) :BO< Ho )b, (4.3)



where By is the magnetic field strength at the jet base and b is the index which describes
the magnetic field profile. For b = 1, the magnetic field is dominated by the toroidal
component. When the parallel component of the magnetic field dominate, then b = 2,
i.e. B o< (Ro/R(t))%.

The relativistic electrons are injected in the jet continuously from the distance z
up to zeng- Injection is described by a function Q;,; = dN/dz'dt'dy, where the energy
of the electron in the plasma rest frame is E/ = ym.c* and m, is the electron mass *.

I assume that @Q;nj(7,t') has a power law form with an exponential cutoft,

Quui (1) = Q) 77 o), (4.4
where 7,,4:(t') is the maximum Lorentz factor of electrons and
Ry \*
t) = 4.5
Q)= o (s (45)

is injection profile. If electrons are injected continuously within the jet with similar
power in every part of the jet, then ¢ = 0. If the power in electrons injected to the jet
is proportional to the energy density of the toroidal magnetic field, then ¢ = 2. Q) is
obtained from the normalization of the total power injected in the relativistic electrons
L, ie.

L;nj = mec2//Qmj(fy, t")ydz'dy. (4.6)

L;,; is the free parameter of the model.
The maximum Lorentz factor of the injected electrons, v,,4., is obtained from the
comparison of their acceleration time scale, ..., with their total cooling time scale,

tcooh i.e.
tacc(’Y) - tcool(/y)v (47)

where the acceleration time scale is parameterized by the acceleration coefficient 7, i.e.
tace = Rp/nc and Ry, is Larmor radius of electrons. The total cooling time scale is given
by the energy loss rate, Teoor = —7/(dVi0t/dt’), where

d%ﬁot _ d’ysyn d/Y(zd + d’YIC
dt’ dt’ dt’ e’ -

AYsyn /At , dyaa/dt’, dyie/dt’ are the synchrotron, the adiabatic and the inverse Comp-

(4.8)

ton (IC) energy loss rates, respectively. The IC cooling rate is calculated not only in
the Thomson regime but also in the Klein-Nishina regime. In the expanding jet, the
adiabatic energy loss rate should be taken into account (see Appendix A in Zdziarski
et al., 2014). In the case of the jet with the shape of the truncated cone given by Eq.
4.2, the adiabatic cooling rate is
d~, 2 ic
(;t’d =30-Dg iﬁ;ﬁjct/'

(4.9)

T use primes to denote quantities in the plasma rest frame. However, electrons are considered
always in the plasma rest frame. Then, for the sake of formulas clarity, the Lorentz factor of electrons

in the plasma rest frame, «, appears without the prime sign.
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Figure 4.2: Schematic view of photons propagating in the jet, observed from the slab located
at z’. The photon field at the distance z’ consists of backward photons, from the regions
placed at the distance 2/, (between z{ up to 2’), and forward photons, from regions at the
distance 2z (between 2’ up to z},,.)-

I assume that t.,, is much shorter than the escape time scale of electrons from
the emission region. Then, the differential spectrum of electrons in a thin slab with
the thickness dz’/, N.(v,t') [electrons cm™!], evolves in time only as a result of the
cooling processes and the rate of injection of fresh electrons into the jet. In this case,
the spectrum of electrons is described by the kinetic equation with the following form

ON.(v,t') _ 0 (d%ot
dt’

ot’ Oy

N{(7, t’)) + Qini (7, ). (4.10)

/

oh» at the time ¢ depends on the conditions in the

The local density of photons, n
whole jet. Because of that, I solve the radiation transfer equation in order to calculate
ny,y,- For simplicity, I assume that photons from the other parts of the jet are mono-
directional. The directions of photons produced closer to the jet base are parallel to
the jet axis. I call them the backward photons and represent by subscript “+”. The
direction of the photons produced above the considered layer at z’ is opposite to the
direction of the jet axis. These photons are called as the forward photons and they are

4

represented by “—”. The schematic representation of the geometrical situation allowing
to understand the method of calculations of the local density of photons is presented
in Fig. 4.2. The local density of photons in the slab at distance 2’ = 3;ct’ from the jet
base is composed of the forward and the backward photons. The backward photons are
produced in a part of the jet located between z{, and z’. The forward photons, which
direction is opposite to the jet axis, are produced above the distance z’, up to z/ The

max-*

local density of photons in the slab at the distance 2’ is calculated with the following

formulas: e
n (2" = —/ " (6, 2 ) exp(—Ts54) AQdz_ (4.11)
CE Jz
1 /7
n, (€ 2") = —/ 76,9 2y ) exp(—Ts54)AQd 2z, (4.12)
Cce Jzg

where j(€, ; z+) (in units of [erg cm™ s™! sterad ™' GeV™!]) is the synchrotron emissiv-

ity at the distance z4 and 7554 is the optical depth of the self-synchrotron absorption
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Figure 4.3: The method of the estimation of the solid angle, A2, between two slabs. The
slabs are located at 2z’ and 2z’ . The distance between the slabs is |2/ — 2’|. The solid angle,
A(), is estimated as the surface of the spherical cap of the sphere with radius r with height
of the cap, h = r — |2 — 2/|, divided by the surface of this sphere.

(SSA). The solid angle at which photons emitted from a slab at 2/, reaches a slab at

2’ is estimated from

A, ) = 2 opq = G2 =2l (4.13)

r2 r

where 27rh is the area of the spherical cap and h = r — |(2}, — 2’)| is the height of
the spherical cap. The distances r is expressed by r = [(z} — 2/)? + R;(2)?]Y/? (see
Fig. 4.3). The method of calculation of AQ) for two slabs is shown in Fig. 4.3. For this
approximation, almost a half of the photons produced in the slab at z/, contributes to
the local density of photons in the slab at z’ when the distance between slabs is very
small. In the case of very distant layers only small fraction of photons produced at
!, reaches the slab at z’. Such an approximation is reasonable for the quite extended
shape of the jet.

The electrons are isotropic in the specific slab. However, the radiation field is
strongly isotropic. Then, the formula for the IC scattering of directed photon beam on
the isotropically distributed electrons must be used (see e.g. Aharonian and Atoyan,
1981). Because the cross-section for the Compton scattering is large for a small scat-
tering angle (especially in the Klein-Nishina regime), the IC radiation is produced
efficiently at a very small angle to the jet axis, for the scattering of the forward ra-
diation, or relatively large angle to the jet axis, for the backward radiation. These

geometric effects are described in details in the Section 4.4.1.

4.2 The steady spectrum of electrons and local den-

sity of photons in the non-local jet model

In the inhomogeneous jet, the local conditions change with the distance from the jet

base. According to Eq. 4.10, in order to obtain the differential spectrum of electrons
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The calculation of Fgy,, Fic

Figure 4.4: Diagram demonstrating the algorithm used to calculate the spectra emitted by
the inhomogeneous, non-local model of the jet. In the first generation (n = 1), the electron
(ne) and the photon (n,;) distributions are obtained including only the synchrotron and the
adiabatic cooling processes. In the next generations (n > 1), the effect of the IC cooling
process on the synchrotron photons is included to the calculations of n. and n,,. When the
conditions in the layer are stabilized (n > 3), then the synchrotron (Fj,,) and the IC (Fi¢)

fluxes, emitted by the non-local and homogeneous model of the jet, are calculated.

at the moment, ¢/, it is necessary to know the previous state of plasma and local
conditions inside the jet. The knowledge about the local magnetic field is needed in
order to take into account the synchrotron losses. The transverse expansion has to
be known to include the adiabatic losses. The information about the local density of

photons is crucial for the IC losses.

In contrast to the one-zone model, the local density of photons in an elongated jet
depends on the conditions in other parts of the jet. The strict interrelation between
different parts of the jet is an inseparable property of the extended jet models. Then,
I use the generation method to calculate the steady differential spectrum of electrons,

ne, at a specific place. In the first generation, I calculate n,; taking into account only
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Figure 4.5: Local energy density of photons in the plasma rest frame. Figure (a) shows
local density of photons as a function of distance from the jet base for different generations:
the first generation of calculations (dot-dashed line, only synchrotron and adiabatic cooling
processes are included), the second generation (dashed), the third generation (dotted) and
the fourth generation (solid line). Figure (b) shows the local density of photons (for the
third generation) as a function of distance for: the backward photons (dashed line), the
forward photons (dotted) and the total energy density of photons (solid). Parameters used

in calculations are listed in Tab. 4.1.

the synchrotron and the adiabatic cooling processes. The IC process is ignored due to
an unknown local density of photons. n.; is obtained by solving Eq. 4.10. Information
about n,; allows to calculate the local density of photons, n,,, according to Eq. 4.11
and Eq. 4.12. In the second generation, I include the IC cooling of electrons. The local
density of photons from the first generation is used in the calculations of n.; in the
second generation. In a similar way the next generations are calculated, i.e. the local
density of photons from the previous generation is used in the calculation of n; in the
current generation. The scheme of the generation method of calculation of steady n.
and nyy, is shown in Fig. 4.4.

The comparison of the local energy densities of the synchrotron photons is shown
in Fig. 4.5. In the first generation, the energy of electrons is lost only in the adiabatic
and in the synchrotron processes. Therefore, the local density of photons is noticeably
larger. In the second and next generations, where electrons lose energy also on the IC
process, the density of photons is smaller. I have found that after the second generation
the local density of photons is almost stable.

As I mentioned in section 4.2, it is assumed that the local low-energy photon field
is composed of the forward and the backward photons. In Fig. 4.5, I present the local
density of photons as a function of distance from the jet base. The local density of
the forward photons dominates close to the jet base. On the other hand, the backward
photons slightly dominate at the outer part of the jet. The maximum local density of
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Figure 4.6: The differential energy density of photons as a function of photon energy for the
forward photons (a) and for the backward photons (b). The specific curves shows the spectra
for different distances from the jet base equal to: 10Rg.;, (dot-dashed line), 102Rg, (solid),
102 Rse, (dashed) and 10%*Rg.; (dotted). Parameters used in the calculations are listed in

Tab. 4.1.

photons occurs at distance 2’ ~ 10 Rgep.

Because the backward and the forward photons arrive from the different parts of
the jet, the spectra of low energy photons are different. Then, not only the level of the
energy density of photons but also the shapes of the photon spectra depend on the
distance from the jet base. In Fig. 4.6, I show the differential energy densities of the
synchrotron photons for four different places in the jet. For the smallest distances from
the jet base, the energy density of the forward photons is much larger than the energy
density of the backward photons. For such distances, the energy density of the backward
photons extend to lower energies due to the lower efficiency of SSA process (the path
traveled by photons is smaller). For the largest distances, the situation is reversed. The
energy density of photons is slightly dominated over the backward photons. Whereas,
the energy density of the forward photons extend to lower energies than the energy
density for the backward photons.

To solve the kinetic equation for electrons given by Eq. (4.10), I use the numerical
method described by Chiaberge and Ghisellini (1999). This algorithm is based on the
implicit difference scheme presented in Chang and Cooper (1970). In Fig. 4.7a, I present
the results of the numerical calculation of the differential spectrum of electrons. This
figure shows the differential electron energy density for different generations. The elec-
tron spectrum depends on the generation. The maximum energy of electrons decreases
when the IC cooling is included in the calculations. In order to get stable electron
spectra, the method has to be repeated typically three times. After third generation,
n. is already stable (Fig. 4.7b).

The electron spectrum changes with the distance from the jet base. The density
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Figure 4.7: (a) The equilibrium spectra of electrons (in the plasma rest frame) at the distance
from the jet base, z,ps, at: 10Rg., (dot-dashed line), 102 Rg; (solid), 103 Rs., (dashed) and
10* Rgcp (dotted line). (b) The spectra of electrons at the distance zyps = 103 Rg,y, for different
generations: the first generation (dot-dashed line, only synchrotron and adiabatic cooling
are included), the second generation (dashed), the third generation (dotted) and the fourth

generation (solid line). The parameters of the model are listed in Tab. 4.1.

of electrons decreases with the distance as a result of the increasing cross-section of
the jet. The magnetic field and the local density of photons decrease with the distance
along the jet (cf. Fig. 4.5b). Because of that, the energy losses of electrons drops and
the maximum energy of electrons increases with the distance from the jet base (see Eq.
4.7). These dependencies are shown in Fig. 4.7b.

The knowledge about the equilibrium conditions in the jet, i.e. ng (7, 2’), npn(e, 2),
and B(z'), allows to calculate the emissivities and the absorption coefficients. Finally,
the observed flux of the emitted radiation from the jet is obtained. The formulas for

the radiation processes are discussed in Chapter 2.

4.3 Spectra produced for different parameters of
the jet

4.3.1 The example of spectral energy distribution

As an example, I calculate the multiwavelength spectra emitted by the jet in terms
of the considered inhomogeneous non-local model for typical parameters of BL Lac
objects. The model is defined by the following parameters. The black hole mass used in
the calculation is Mpy = 108M,,. It is a typical mass of black holes in AGNs. For such
a mass of the SMBH, the Schwarzschild radius is equal to Rge, ~ 3 x 10 cm. The

calculations are carried out for the region in the jet between zy = 0 t0 Zpmaz = 10" Rgen.
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Parameter Symbol Value Unit

Mass of the black hole Mgy 108 M,
Bulk Lorentz factor of the jet I'; 10 -
Radius of the jet base Ry 10 Rg.y,
Transverse expansion coefficient p 0.2 -
Magnetic field at the jet base By 1 G
Index of magnetic field profile b 1 —
Power injected in electrons L, 10" erg/s
Index of injection profile q 1 -
Spectral index of electrons S 2.0 -
Acceleration coefficient n 1076 -
Minimum energy of electrons Vimin 1 MeC?
End point of electron acceleration Zend 106 Rgen
Observation angle Oobs 0.1 rad

Table 4.1: The basic parameters of the jet used in the calculations in this Chapter. I use

parameters from this table, unless otherwise noted.

However, electrons are accelerated only to zenq = 10°Rge,. Above zenq, the electrons
only lose energy. The radius of the jet at its base is fixed on Ry = 10Rg.,. The bulk
Lorentz factor of the jet is constant. It is equal to I'; = 10, which is a commonly
accepted value for blazars (see: Chapter 1.). The observation angle of the jet is 6,55 =
1/I';. For this angle, the Doppler factor is D; ~ I';. Assuming that the transverse
expansion coefficient is p = 0.2 (Clausen-Brown et al., 2013), the half-opening angle of
the jet is ¢ = p/I'; = 0.02 rad. I assume that the magnetic field in the jet is inversely
proportional to the jet radius, R;, i.e. b = 1. The strength of the magnetic field at
the jet base is By = 1 G. The power in relativistic electrons injected into the jet is
much smaller than the Eddington luminosity. It is equal to L, . = 10*2 erg/s. The
acceleration coefficient is = 107%. The spectral index of injected electrons is fixed to

the value of s = 2. All these parameters are listed in Tab. 4.1

In Fig. 4.8 (on the left), I show the example of the spectral energy distribution (SED)
of produced radiation which is calculated by using the considered model. I present the
radiation produced in the synchrotron process and in the IC process in the case of the
scattering of the backward and the forward photons. The low-energy break, visible in
the synchrotron spectrum, is located at ~ 10~% eV. It is caused by the self-synchrotron
absorption (SSA) process. In Fig. 4.8 (on the right plot), the synchrotron flux is shown.
Note that the optically thick synchrotron flux is flat which is in agreement with the
predictions of the model of Blandford and Konigl (1979).

The considered model reconstructs properly the shape of the spectra of the typical
HBL blazars in a low activity state. The peak of the synchrotron bump is located at
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Figure 4.8: (Left plot) The Spectral Energy Distribution (SED) of the multiwavelength spec-
trum for the parameters listed in Tab. 4.1 in the observer rest frame. Specific curves represent
radiation from different emission processes: synchrotron radiation (dot-dashed curve), IC ra-
diation from scattering backward photons (dashed), IC radiation from scattering forward
photons (dotted) and total radiation emitted by the jet (thick-solid curve). (Right plot) The
observed flux of synchrotron radiation. A visible break is seen between the optically thick and
the optically thin emission regimes due to the SSA process in the jet. Note that the optically
thick part of the spectrum is flat. It is in agreement with results found by Blandford and
Konigl (1979). The luminosity distance to the source is dj, = 220 Mpc.

~ 1077 GeV, i.e. at the typical value for the low luminosity blazars (Ghisellini et al.,
2017). The photons of the high energy peak have the multi-GeV energy. The SED shows
significant curvature at both peaks. The synchrotron and the IC spectra with energies

between the peaks and the SSA break can be well described by single power-laws.

4.3.2 Geometry of the jet

In the considered model, I assume that the jet has the shape of the truncated cone with
the radius at the base Ry. The half-opening angle of the jet is ¢ = p/I';, where I'; is
constant. p is expected to take the value of the order of ~ 0.2. I investigate the emission
from the jet for different values of p. Except for the standard value p = 0.2, I also
examine the jet which has almost cylindrical shape, p = 0.05, and the jet characterized
by fast transverse expansion, p = 0.5 (see Fig. 4.9a). In the case of a slow transverse
expansion of the jet, the magnetic field in the jet is almost independent on the distance.
On the other hand, the density of relativistic electrons increases due to the continuous
injection of electrons. Therefore, the emission processes in the jet are more efficient.
In the opposite case, when the cross-section of the jet expands rapidly, the strength of
the magnetic field decreases fast and the adiabatic cooling becomes important.

The jet radius at the base is characterized by the parameter Ry. The smaller value
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Figure 4.9: (a) SEDs for the different transverse expansion parameter: p=0.05 (dotted line),
p=0.2 (solid) and p=0.5 (dashed). (b) SEDs for the different radii of the jet: Ry = 3Rgeh
(dashed line) Ry = 10Rg., (solid) and Ry = 30Rg.;, (dashed). Other parameters of the model
are listed in Tab. 4.1.

of Ry means that the density of photons is larger for region placed close to the jet
base. But, the influence of Ry on the conditions inside the jet is more complex because
of all parameters of the jet change proportional to R(z) which is given by Eq. 4.1.
The parameters of the jet change relatively slowly close to the jet base. The difference
between the values of parameters at the jet base and at the distance z becomes notice-
able for distances z > Ry. The SED obtained for the small value of Ry shows strong
IC emission due to the higher density of the low energy photons. Simultaneously, the
synchrotron emission is weaker due to the rapidly decreasing strength of the magnetic
field. This behavior is clearly seen in Fig. 4.9b. It should be reminded, that the value
of Ry is given in units of the Schwarzschild radius. Therefore, the absolute value of R,

depends also on the mass of the black hole, Mgy.

4.3.3 Magnetic field

The strength of the magnetic field is a crucial component of the jet. It regulates the
emission efficiency of the synchrotron radiation in jets. The magnetic field is especially
important for the HBLs, where the synchrotron cooling process dominates over other
losses in the jet. Furthermore, the synchrotron radiation produced by the relativistic
electrons in the magnetic fields is an important photon field for the inverse Compton
scattering. In the considered model, the magnetic field is governed by two parameters:
the strength of the magnetic field at the jet base, By, and the index defining the profile
of the magnetic field, b (see Eq. 4.3).

If the Poynting flux along the jet axis is conserved, the profile of the magnetic field

should be inversely proportional to the radius of the jet, i.e. b = 1. In case of the
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Figure 4.10: (a) SEDs for different index of magnetic field profile: b =1 (solid line), b =1.5
(dotted) and b =2 (dashed). Right plot (b) SEDs for different strength of magnetic field at
the jet base : By = 10 G (dashed line) By = 1 G (solid) and By = 0.1 G (dotted). Other

parameters of the model are listed in Table 4.1.

dominant poloidal magnetic field or in case of the acceleration of relativistic particles
at the expense of the magnetic energy, the magnetic field decreases much faster with
the distance, i.e. b > 1. In Fig. 4.10a, I present the SEDs for three different models of
the magnetic field profiles (different values of the parameter b). For a higher value of
b, the luminosity of the jet decreases as a result of the inefficient cooling of electrons
in more distant regions of the jet.

The strength of the magnetic field at the jet base is one of the most important
parameters of the jet. The synchrotron cooling depends on the magnetic field like
Ysyn < B?. Therefore, even a small change of By has a significant influence on the shape
of SED. For a small value of By, the IC bump dominates the SED. Only electrons with
the higher energies emit efficiently synchrotron radiation, thus the spectra are flat.
For higher values of By, the strength of the synchrotron bump increases. As a result
of the efficient cooling process, the spectra are smooth and broad. This behavior is
shown for different values of By (see Fig. 4.10b). The energy of the break caused by the
self-synchrotron absorption increases for the increasing strength of the magnetic field.

The location of peaks of the IC bump depends on the maximum Lorentz factor
of electrons according to Eq. 4.7. When the cooling processes are dominated by the
synchrotron process, then Y. oc B~'/2. If the magnetic field is strong (By = 10 G),
then the maximum energies of electrons close to the jet base are relatively low due
to the large synchrotron losses (Ymax ~ 10%). In more distant parts of the jet, Ymaz
increases gradually as a result of decreasing magnetic field. Similar situation occurs
for By = 1 G. However, in this case, Yy ~ 10° close to the jet base. Therefore, the
peak of the IC bump is located at higher energies. For the low value of the magnetic

field strength, By = 0.1 G, the energy losses on the synchrotron process are lower than
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Figure 4.11: (a) SEDs for the different total injected power in relativistic electrons: Lj, . = 104
erg/s (dotted line), Lj,; = 10*2 erg/s (solid) and L, = 10%3 erg/s (dashed). (b) SEDs for
the different spectral indices of injected electrons: s =2.3 (dashed line), s =2.0 (solid) and

s =1.7 (dotted). Other parameters of the model are listed in Tab. 4.1.

on the adiabatic process. Hence, the maximum energy of electrons is governed by the

adiabatic loses. In this case, Vyq is almost constant in the whole jet, Ymae ~ 10°.

4.3.4 Electron acceleration

The non-thermal radiation emitted by jets is assumed to originate in the leptionic
processes produced by the relativistic electrons. The distribution of the relativistic
electrons affects the emitted multiwavelength spectra. Typically, the power law distri-
bution of the electrons with the low energy and the high energy cut-offs is adopted.
High energy electrons (and positrons) lose efficiently energy in typical conditions of
the internal jets. This suggests that the electrons have to be accelerated close to the
emission place, (in situ acceleration). In the model, I assume that the electrons are ac-
celerated in an extended part of the jet located between zy and z.,4. In this region, the
fresh electrons are injected with the power law distribution and the exponential cut-off.
The electron’s distribution is parametrized by the spectral index, s, the local normal-
ization of the injected electrons, (), the minimum energy of the injected electrons, V,in
and the maximum energy of the electrons, 7,,... The local normalization, (), depends
on the total power injected into the jet in the form of the relativistic electrons, Ly;.
The form of the dissipation profile is governed by the parameter g (see: Eq. 4.4 and Eq.
4.6). Ymae 1s calculated self-consistently by the comparison of the total cooling time
scale of the electrons with their acceleration time scale. The latter is characterized by
the acceleration coefficient, 7.

The relation between observed SED and the injected power in the relativistic elec-

/

in; 18 shown in the Fig. 4.11a. The luminosity of the synchrotron radiation rises

trons, L

61



/

inj- The IC radiation increases with the square of

roughly linearly with the increasing L
L;, ;- Such a behavior is characteristic for the synchrotron self-Compton (SSC) process.

The luminosity of IC bump is proportional to the energy density of low energy photons

/
ngo

and the density of electrons. Increasing the injected power, L. ., both this quantities

increase linearly. Then, the luminosity of the IC bump increases much faster than L, ..
Note that the mentioned above features are correct only when the synchrotron bump

exceeds the IC one, i.e. when the synchrotron energy losses dominate over the IC losses.

When the IC radiation dominates over the synchrotron radiation, the power emitted

in v-rays begins to increase linearly, where the synchrotron power change clearly slower.

!/

For very large L;,, ;, the spectra are smooth and broad as a result of large loss rates even

for electrons with relatively low energies. Note, that with increasing L;,,; the position of
the break caused by SSA in the synchrotron spectrum between the optically thin and
the optically thick parts is shifted to higher energies. This is due to the linear relation

between the absorption coefficient and differential number of electrons (see Eq. 2.15).

The injected electron spectrum have a power law form. The spectral index, s de-
pends on the acceleration process and on the conditions in the acceleration region. The
most commonly adopted value of the spectral index is 2.0. Distribution of electrons
with a similar value of the spectral index can be formed in the acceleration of the
shocks. I show SEDs produced by electrons for different values of the spectral index,
the hard one (s = 1.7), the soft (s = 2.3) and the classical value (s = 2) (see Fig. 4.11
b). The spectral index affects the slopes of both, the synchrotron and the IC spectra.
When the spectral index decreases, then the number of electrons with the highest en-
ergy also increases. These electrons lose energy most efficiently. Therefore, the total

emitted power is larger in the case of the harder spectral index.

The acceleration time scale of electrons, 7., is characterized by the acceleration
coefficient 7. This parameter affects the maximum electron energy in a specific place
of the jet (according to Eq. 4.7). Then, with increasing 7, the observed spectra are
shifted to the higher energies. The dependence of the spectra on 7 is presented in Fig.
4.12a. Note, that for a larger value of 7, the observed luminosity of the jet increases
due to the more efficient cooling processes of the electrons with the highest energies.
The peak of the synchrotron bump shifts almost linearly with 7. The peak of IC bump
for large n shifts slowly to the higher energies. This effect is caused by the scattering
of the synchrotron photons deeply in the Klein-Nishina regime. Note that even for the
very large value of 7, the peak of the IC bump is located around 100 GeV.

The injected power-law distribution of electrons may be truncated at low energies.

It is described by 7,.,. For a large value of 7,,;,, and this same value of L;nj more
energy is injected in the HE electrons which lose energy more efficiently. Therefore,
with increasing value of ,,;,, the luminosity of the jet also increases.

The form of the acceleration profile along the jet axis, Q(t') = Qo(Ro/R(t'))?, is a

very important issue in the elongated jet model. In contrast to the one-zone model, the
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Figure 4.12: (a) SEDs for the different acceleration coefficients: n = 107% (dotted line),
n =105 (solid) and n = 10~® (dashed). (b) SEDs for different minimum energy of electrons
injected into the jet: v = 1 (solid line), Y = 3 X 102 (dotted) and vpmin = 3 X 103
(dashed). Other parameters of the model are listed in Tab. 4.1.
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Figure 4.13: (a) SEDs for the different index of injection profile: ¢ = 2.0 (dashed line), ¢ = 1.0
(solid) and ¢ = 0.0 (dotted). (b) The luminosities emitted from the characteristic region of
the jet (with volume V = WR;-’(ZOI,S)) as a function of distance from the jet base in observers
frame (more details in the text). Different lines indicate different values of ¢: ¢ = 2.0 (dashed
line), ¢ = 1.0 (solid) and ¢ = 0.0 (dotted). Other parameters of the model are listed in Tab.
4.1.

acceleration occurs in the large volume of the jet, between zy and z.,4. I consider three
various values of ¢, which characterize the acceleration profile. When ¢ = 0, the same
amount of energy is injected into every part of the jet. As a result, the majority of
radiation is produced at the outer part of the jet, at distance ~ z.,4. In this region, the
magnetic field is weak and the density of the synchrotron photons is low. For ¢ = 1, the

radiation is produced in a broad part of the jet. Such emission profile was considered by
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e.g. Malzac (2013). For ¢ = 2 mainly the region close to the base of the jet produces a
large amount of radiation. This means that such dissipation profile can be successfully
replaced with the one-zone model.

I compare the radiation produced in the jets with different dissipation profiles (see
Fig. 4.13). For small ¢, the y-ray luminosity of the jet is small because a large part of
electron’s energy is being injected in a radiatively non-efficient region of the jet. In the
case of ¢ = 2, the dissipation occurs mainly close to the jet base where the magnetic
field is strong and the radius of the jet is small. This provides the most favorable
conditions for production of the synchrotron and the IC radiation.

I show the dependence of the total emitted power as a function of the distance from
the jet base in Fig. 4.13b. This dependence is shown for different values of ¢. In each
case, | calculate the radiation produced in the characteristic region of the jet, which
volume is defined by V' = WR? in the observer rest frame, i.e. the volume of the cylinder
with the cross-section of the jet at a specific distance and with the length equal to the
radius of the jet. The power emitted from the volume V' is R;(z) x €?dN/(dtdedz). I
conclude that if the dissipation of energy in the jet is described by 0 < ¢ < 1, then the

extended jet model has to be considered.

4.3.5 Observation angle

The low energy radiation in the extended jet is significantly anisotropic in both the
observers and the plasma rest frames (in the contrast to the simplified homogeneous
one-zone SSC model, which assumes that the radiation and electrons are isotropic in
the emission zone in the plasma rest frame). Because of that, the radiation produced in
the IC process is also anisotropic. The cross section for the IC scattering is the largest
when the scattering angle (the angle between the direction of incoming photons and
the line of sight) is very small. It is especially important for the IC scattering process
in the Klein-Nishina regime. However, note that in the Klein-Nishina regime, the cross
section for the IC scattering is gradually decreasing with the energy of the scatered
photons. The angular dependence of the IC cross section means that the IC bump in
the AGN spectrum will be larger for the small observation angles (then the forward
photons are scattered) or for the relatively huge observation angle. This means that
the backward photons are scattered efficiently.

The SEDs for selected observation angles, 6, are shown in Fig 4.14. With decreas-
ing observation angle, the observed luminosity of the jet increases as a result of the
Doppler boosting effect and the energy of photons are shifted to the higher energies.
The dominant component of the IC radiation changes significantly for large and small
observation angles. For small 6,,,, most of the radiation comes from the scattering of
the forward photons. Otherwise, for large 0, the 1C radiation is produced mainly in
the Compton scattering of the backward photons. Both components, from the scatter-

ing of the backward and the forward photons, are comparable when the observational
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Figure 4.14: SEDs for four different values of the observation angles: 0,,,=0.03, 0,,s=0.1,
Oops=0.3, O,p5s=0.7 rad. The total emission from the jet is showed by the solid lines, the IC
radiation from scattering of the backward photons by the dashed lines, and of the forward

photons by the dotted lines. Other parameters are listed in Tab. 4.1.

angle is close to 1/I'; (see Fig. 4.14 for 6,55 = 0.1 rad). For this angle, the ratio between

the luminosities of the synchrotron and the IC bumps is the largest.

4.4 Application of non-local inhomogeneous jet model
to Mrk 421

As an example, I interpret the long-term observation of well-studied blazar Markar-
ian 421 (Mrk 421). Tt is the relatively nearby object with the redshift z = 0.031,
which corresponds to the luminosity distance equal to 140 Mpc. Mrk 421 belongs to
high-frequency BL Lacs, with the low and high energy peaks located in X-ray and
~v-ray ranges. This blazar has been the first extragalactic source detected in VHE
range (Punch et al., 1992). Typically, it is modeled with the one-zone SSC model (e.g.
Bednarek and Protheroe, 1997b; Tavecchio et al., 1998).

Here, I interpret the Mrk 421 SED in terms of the inhomogeneous stationary model.
I compare the SED calculated with the model with the observations that were carried
out during the 4.5-month long campaign (Abdo et al., 2011b). During this campaign,
Mrk 421 was in the low-activity state. More details about the variability during this
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Parameter Symbol Model A Model B Unit

Mass of the black hole Mgy 3 x 108 3 x 108 M,
Bulk Lorentz factor of the jet I'; ) 30 -
Radius of the jet base Ry 10 10 Rg.,
Transverse expansion coefficient p 0.2 0.2 -
Magnetic field at the jet base By 2.1 0.27 G
Index of magnetic field profile b 1 1 —
Power injected in electrons Li,;,  49x10% 95x 10" erg/s
Index of injection profile q 0.6 1 -
Spectral index of electrons S 1.5 2.0 -
Acceleration coefficient n 1.8x107% 7x1077 -
Minimum energy of electrons Yomin 1 1.5 x 103 m.c?
End point of electron acceleration — zeng 109 106 Rgen
Observation angle Oops 0.1 0.03 rad

Table 4.2: The parameters of the inhomogeneous model for Mrk 421.

campaign may be found in (Aleksi¢ et al., 2015a). This object gives a good opportu-
nity to interpret this low-activity state in terms of the non-local, inhomogeneous and

stationary model of the jet.

The weakness of the inhomogeneous model in the comparison with one-zone SSC
models is a relatively large number of free parameters. The considered model is char-
acterized by 13 free parameters. Such a large number of parameters allows to model
one SED with different sets of the parameters. However, note that the one-zone SSC
model presented in Abdo et al. (2011b) has a similar number of free parameters (11
free parameters) despite a substantial simplicity of the model. Moreover, in the inho-

mogeneous stationary model, the electron spectrum is obtained self-consistently.

Here, I examine two different scenarios. In the first model, I assume that the bulk
Lorentz factor of the jet is relatively small (of the order of a few). This agrees with the
radio observations of Mrk 421 (e.g. Lico et al., 2012). In the second model, I adopt a
much larger value of the bulk Lorentz factor, I'; > 10, which is often used in modeling of
TeV blazars. In both cases, the black hole mass is Mgy = 3 x 10®M, what is consistent
with the estimations of the black hole mass for Mrk 421 (Wu et al., 2002; Barth et al.,
2003). The transverse expansion coefficient is p = 0.2 (Clausen-Brown et al., 2013)
and the radius of the jet at the base is Ry = 10Rgs.,. | also assume that the magnetic
field is dominated by the toroidal component, i.e. b = 1. These assumptions reduce the
number of free parameters to 8. The values of other parameters are obtained with the
SED modeling of Mrk 421.

In Fig. 4.15, T show the example of the SED modeling of Mrk 421. I include the
effects of ~-ray absorption on the extragalactic background light (EBL). The optical
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Figure 4.15: SEDs of Mrk 421 calculated with the inhomogeneous model of the stationary
jet. Data points (red, open circles) are reconstructed from Abdo et al. (2011b). The left plot
shows the fit for the Model B and the right plot for the Model A. The another model (Model
A on the left plot, Model B on the right plot) is shown with the dashed grey line. The EBL
absorption is included according to the model of Gilmore et al. (2012). The parameters of
the models are listed in Table 4.2.

depth for the absorption on the EBL is taken from Gilmore et al. (2012). The values of
the parameters used in the modeling are listed in Tab. 4.2. Note, that in this inhomo-
geneous model, the high energy part of the synchrotron spectrum is characterized by
a relatively large curvature. In one-zone models, it is compensated by the postulated
breaks in the electron distribution. It is noteworthy that the inhomogeneous model
reproduces correctly also the low energy part of SED in the radio range.

Model A is characterized by the small bulk Lorentz factor, I'; = 5, the relatively
strong magnetic field (strength of magnetic field at jet base is By = 2.3 G) and the
hard spectral index (s = 1.5) (see Fig. 4.15 on the right). The dissipation profile, in
this case, is described by ¢ = 0.6.

In the model B, the Lorentz factor is much higher, I'; = 30 and the magnetic field
at the base of the jet is smaller (By = 0.3 G). The spectral index is s = 2.0. It is a
typical spectral index in the case of the acceleration in the first-order Fermi process.
The power injected in relativistic electrons is inversely proportional to the jet radius
(i.e. ¢ = 1). The correct description of the radiation flux requires a large value of the
minimum energy of accelerated electrons (Y, = 1.5 x 10?).

Both models describe well the multiwavelength spectrum of Mrk 421. The observa-
tion of short flares in Mrk 421 favors the model B due to the large Doppler factor of the
jet. From the other side, the radio observations of the jet in Mrk 421 indicate a much
lower value of the Lorentz factor. Then, it is impossible to conclude which appllied set

of the parameters is more realistic.
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Chapter 5

Stationary Stratified Jet Model

In the previous Chapter, I consider the inhomogeneous, non-local model of the jet. In
that model, the basic parameters of the jet change along the jet axis, i.e. with the
distance from the jet base. However, they do not change with the distance transverse
to the jet axis. In general case, it is very likely that the parameters also change in the
perpendicular direction. For example, the bulk Lorentz factor of the jet, I';, should
gradually decrease from the maximum value expected at the axis of the jet (I'; ~ 10)
towards the external regions where it is I'; ~ 1. This gradual change of the Lorentz
factor of the jet has a huge impact on the physical processes and the radiation emitted
from the jet. In such more realistic jet, the radiation from the outer region moving with
the small Lorentz factor is enhanced in the frame of the inner region with the larger
I';. As a result, the efficiency of the Compton scattering process can be significantly
amplified.

Stratified structure of the jet, with the plasma velocity changing with the distance
from the jet axis, was suggested by Chiaberge et al. (2000) as a solution of the incon-
sistencies in the unification scheme of FR I galaxies with BL Lac objects. Also, radio
observations of jets in AGNs suggest complex transverse velocity structure of the jet.
The observed low Lorentz factors of jets in TeV ~-ray blazars (Piner and Edwards,
2016, 2018) are in contradiction with the high Doppler factors inferred from the SED
modeling (Ghisellini et al., 2010) and from the modelling of the extremely fast flares
observed in the TeV ~-rays (Begelman et al., 2008). The transverse velocity structures
of the AGN jets are also consistent with the limb-brightening of jets detected in many
AGNs (Piner et al., 2009; Nagai et al., 2014; Boccardi et al., 2016b). Furthermore,
the transverse gradient of the bulk Lorentz factor of the jet has been measured in the
nearby radio galaxy M 87 (Mertens et al., 2016).

The evidences of the transverse structure of jets in AGNs became the basis for
spine-sheath model, in which the fast spine is surrounded by another component with
smaller velocity (Ghisellini et al., 2005). The spine-sheath model was also adopted to
the case of blazars with strong emission lines (Sikora et al., 2016). Spine-sheath model

has been also proposed as likely explanation of the TeV ~-ray emission from radio
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Figure 5.1: The stratified jet in the observer’s frame. The jet base is located at the distance
zp. The jet consists of two components, the outer component with radius at the base Rg,
and the inner component with Ry ;. The observer is located at the angle, 8, with respect
to the jet axes. The relativistic electrons are injected in the region of the jet between zg and

Zend- Above zenq, electrons only lose energy up to distance zpq. = 10 X zeng.

galaxies (Tavecchio and Ghisellini, 2008, 2014; D’Ammando et al., 2015; Janiak et al.,
2016).

In this Chapter, I develop an inhomogeneous, non-local spine-sheath jet model
(schematically shown in Fig. 5.1). This model can be applied to the quiescent states
of blazars and radio galaxies. This two-component model is based on the jet model
described in Chapter 4. I calculate photon field in the specific jet component of the
jet including the effects of the relativistic boosting and the anisotropic distribution of
radiation produced in the other jet components. Due to the interrelation between these
jet components, I use the generation method to obtain the steady radiation fields of
low-energy photons and the equilibrium spectrum of relativistic electrons in the jet.
Afterward, I examine the features of the model for different observation angles. Finally,
I use the model to describe the spectra of the HBLs and the FR I radio galaxies in

terms of the unification model.
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5.1 Theoretical description

I consider a jet which is composed of two co-axial cone-shaped components, the in-
ner spine and outer layer (see Fig. 5.1). Both components are described by the model
discussed in Chapter 4. The inner component and the outer component (also called
sheath) are characterized by different sets of physical parameters, including different
values of the bulk Lorentz factor I';. Thus, the model considered in this chapter rep-
resents the developed version of the two-zone spine-sheath model. In this model, the
radiative relation between both components is taken into account, i.e the radiation
from one components affects the condition in another component. However, the ex-
change of particles between the components is not included to the model. In contrast
to the original spine-sheath model (e.g. Ghisellini et al., 2005), the emission regions are
elongated and inhomogeneous.

In analogy to the single component model described in Chapter 4, I start from
defining the geometry of the model. The bases of both components of the jet are
located at the distance zy = 0. The radii of the components are different. I assume that
the radius at the base of the outer component is equal to Ry, and the inner component
is Ro; (see: Fig. 5.1). The transverse expansion of the jet components in the plasma
rest frame is described by the factor p, < 1, where n denotes the outer (o) or the inner
(1) component, respectively. Then, the radius of the specific jet component is described
by

R,.(2) = Ry + ¢z, (5.1)

where the half-opening angle of the jet, ¢ is equal ¢ ~ p, /T, and T, is the bulk
Lorentz factor of the specific jet component. I assume that ¢ is the same for the inner

and the outer jet components. Then, I get relation

Pn > QL. (5.2)

Note that for this assumption, the jet at a very large distance from the jet base is
dominated by the inner component. In fact, the existence of the limb-brightening close
to the jet base and the lack of the limb-brightening in a larger distace has been observed
in the X-rays for radio galaxy Cen A (Kataoka et al., 2006).

Each component is a source of soft radiation which penetrates another component.
This external (from the point of view of a specific jet component) photon field is
relativistically boosted due to the difference between the speeds of the jet components.
As a result, the energy density of the external photon field can contribute significantly
to the total energy density of the low energy photons in a specific jet component. It has
an impact on the electron spectrum in a specific jet component and on the observed
IC radiation emitted from the jet.

In order to calculate the photon field in the inner (outer) component, which has

been produced in the outer (inner) component, I simplify the transverse structure of
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the jet. I assume that the whole radiation from the inner component is emitted at the
axis of the jet. In case of the outer component, I assume that the radiation is produced
at the distance Ry(z) from the jet axis, which I call the effective radius of the outer
component. The effective radius is obtained by the averaging of the outer component
radius, i.e.

B fRi"((ZZ)) 2r2dr

Ro(z) = —F—.
2(%) fRi"((ZZ)) 2mrdr

(5.3)
In case of R; < R, it approaches the value Ry ~ 2/3R,,.

Each component is described by a different speed of the plasma. Then, there are
two co-moving frames, associated with the inner and the outer jet components. The
quantities in the inner component frame are designated by the single primes and the
quantities in the outer component by the double primes. In the co-moving frames of
the jet components, the plasma conditions change with time. Let’s assume that a thin
slab of the plasma is injected at the base of the inner component at time ¢, = 0. After
time ¢’ (where ¢’ is the time measured in the frame of the inner component), this slab
is located at a distance of 2/ = (§;ct’ from the jet base. In this same way, the distance
from the base of the outer component is z” = S,ct”.

Let us consider two thin slabs in the co-moving frame of the outer component. The
thin slab of the inner component component is located at the distance z{. The thin
slab of the outer component is located at the distance 2. Such a system of two slabs
is schematically shown in Fig. 5.2. The number density of the low energy photons in
the inner component slab at distance z{ coming from the component slab at distance

2l per unit solid angle, ", is given by (Dermer and Schlickeiser, 1993)

"o n_om

ni(e”, Q" 21, 20) = ]Z;E:E(lj)zg o(u o qu>, (5.4)
where N,(¢”,2) is the differential number of photons emitted by the thin slab at
distance 24 per unit of time, L” = ((Az")? + R2)Y2, Az" = 2! — 2 is the distance
between the slabs, p = cos” = Az"”/L"” and § is the Dirac delta function. The above
formula (Eq. 5.4) is transformed to the co-moving frame of the inner component using
the Lorentz invariance, n;(e, ) /e (Rybicki and Lightman, 1986). Then, the differential
density of photons coming to the inner slab at z] from the outer component slab at 2}

in the co-moving frame of the inner component is
ro S I\ 2 "o
ni(679721722> _Dznl<€ 7Q 21722)7 (55)

where D; = [[io(1 4+ Biopt,)] ™ = [Tio(1 — Biop?)] is the relative Doppler factor between
inner and outer jet component, I';, = I;[,(1 — 3;5,) is the relative Lorentz factor
between the inner and the outer jet component, and 3;, = (1 — I';2)1/2. Note that
the angle between direction of photons, coming from the slab in the outer component,

and the jet axis, #7 = arccospu”, also changes in the inner component frame. The
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Figure 5.2: The schematic picture of two slabs, in the inner and the outer jet components,
with simplified geometry, in the co-moving frame of the plasma in the outer component (left)
and in the co-moving frame of the plasma in the inner component (right). It is assumed that
all radiation in the outer slab is produced in the circle with radius Ry and electrons in the
inner slab are located at the jet axis. The outer slab at the distance 24 emits the synchrotron
photons, which arrive at the inner slab located at the distance z{ from the jet base. The
distance between the slabs is Az”. The angle between the direction of photons and the jet
axis is 07. The photons are scattered at the angle 6/, ,, by the electrons in the inner slab. The
observer is located at the angle 0, (given by unit vector e/, ). The relative Lorentz factor
between slabs is I';o. 1 is the azimuthal angle. Note that after the change of the frame, the

real structure of the slabs can vary greatly in both frames and it is only a schematic picture.

transformation of the cosine of the angle p” from the co-moving frame of the outer

component to the co-moving frame of the inner component is given by

r_ :U’fz/_ﬁio

= ) 5.6
He 1 - ﬁio:u/z/ ( )

The photons from the outer component (coming to the inner slab at the angle
i) are scattered by the electrons in the inner component. Because electrons in the
plasma rest frame are isotropic, I can use the formula for the scattering of directed
photon beams on isotropically distributed relativistic electrons derived by Aharonian
and Atoyan (1981). Thus, the radiation produced per solid angle Q. in the inner
component by the slab located at the distance 2] by scattering photons from the outer

component is

. AN o Zmas ds! 27rd Tmaz d~ de’
n[C(Gl, zl? obs) - 0 ’22 0 1/} ol €
Y Emin

min
n€(7,> Zi) ni(€/7 le Zi? Zé)
(7/)2 6/2

-f(E/l?e/?,y/?M;cat)? (57)
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Figure 5.3: The schematic picture of two slabs in the case of scattering of the radiation from
the inner component by electrons in the outer component, in the co-moving frame of the
plasma in the inner component (left) and in the co-moving frame of the plasma in the outer
component (right). It is assumed that all radiation in the inner slab is produced at the jet
axis. Electrons in the outer slab are located in the circle with radius Ry. The inner slab at
the distance z] emits photons, which arrive at the outer slab at the distance z5. The distance

between slabs is Az’. The angle between the direction of the photons and the jet axis is €.,.

i

<cat DY the electrons in the outer slab. The observer is

The photons are scattered at the angle 0
located at the angle 6,55 (given by unit vector €/, ). The relative Lorentz factor between slabs
is I'jo. 9 is the azimuthal angle. Note that after the change of the frame, the real structure

of the slabs can vary greatly in both frames and it is only a schematic picture.

where n. is the differential density of electrons, 7,,:, is obtainded form the kinematic
condition, ¢ is the azimuthal angle, pis.q; is the cosine of scattering angle (the angle
between the directions of photons before and after the scattering) and f (e}, €, 7', tthear)
is given by Eq. 2.22 in Chapter 2.

The unit vector pointing towards the observer is

e:)bs = (Sin 9/ 07 COs 9/ ) = ( I (Mi)bs)Qv Onu/obs)? (58)

obs» obs

and the unit vector, which describes the direction of the photons in the co-moving

frame of the inner component, is

ey, = (sinf’ cost,sin @ sin1p, cosb,) = (/1 — ()2 cos b, /1 — (pl)?sine, ).

(5.9)

Then, the cosine of scattering angle fis.q¢ is given by
:u;cat = e;bs ) e;)h = Mlzl’bi)bs + \/1 - (M(z)g\/l - (:u,z)Q COS¢- (510>

In a similar way, I obtain the density of photons from the inner component in

the reference frame of the outer component. However, some formulas differ due to the
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different velocity of the jet components and the geometry of the slabs in the outer and
the inner jet component (see Fig. 5.3). The density of photons in the outer component

at distance z can be written as

/ /

MY, 34,30) = o] B = ) (5.11)
where N;(€',2}) is the total number of photons with energy € produced by the slab
in the inner component at distance zj. Note, that the density of photons n, (given by
Eq. 5.11) is larger by factor 27 than the density of photons n; (given by Eq. 5.4). It is
the result of the approximation of the inner slab as a point source, in contrast to the
outer-component slab, which is approximated as a ring.

The transformation formula between the co-moving outer component frame and the

inner component frame, analogously to Eq. 5.5, is given by
no(e”, ', 25, 2)) = D?ny(€, Y, 2}, 21), (5.12)

where the Doppler factor in this case is D, = [[io(1 — Biopt?)] ™ = [Tio(1 + Biopt’,)] and
W= (i + Bio) /(1 + Boptl).

Due to the additional photon field from another jet component, in the total energy
loss rate (given by Eq. 4.8) have to be included the cooling process on photons produced
in another jet component. Then, the total energy loss rate, in the case of the stratified
jet, has to be supplemented by energy loss rate for the inverse Compton scattering
on the inner component photons (in the case of the outer component) or the outer

component photons (in the case of the inner component).

5.2 The equilibrium spectrum of electrons and local

density of photons in stratified jet

The calculation of the emission from the stratified jet is much more complex than the
calculation of the emission from the sequence of the independent jet components. The
radiation from one component affects the cooling processes in every other component.
What is more, the radiation from one component is enhanced by the relativistic boost-
ing in the reference frame of the other jet components. Then, the IC cooling process on
the external radiation (radiation from other jet components) may exceed other cooling
processes. Therefore, the strong exchange of radiation between different jet components
has to be taken into account.

To obtain the radiation emitted by the stratified jet, I use the generation method
(see Fig. 5.4). Firstly, I model both jet components separately, without the influence of
another component. For this purpose, I use the model described in Chapter 4. In this
way, I calculate the density of photons from the specific jet component in every place

in the jet. This stage of calculations is called the first generation. In the next step, I
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Figure 5.4: Diagram demonstrating the algorithm used to calculate the spectra produced in
the self-consistent spine-sheath model of the jet. In the first generation (n = 1), the electron
distribution (n.) and the photon distribution (n,;) are obtained separately in terms of one-
component jet model described in Chapter 4 (see Fig. 4.4). In the next generations (n > 1),
the IC cooling process on external photons is included into the calculations of n. and n,, for
the specific jet component. When the conditions in the jet components are stabilized (n > 3),

then the synchrotron (Fy,,) and the IC (Fj¢) spectra from the jet are calculated.

add the external radiation to the component using the transformation formulas given
by Eq. 5.5 and Eq. 5.12. As an example, I show the photon densities of external and
internal radiation in the Fig. 5.5. It is assumed that the power injected in relativistic
electrons into the outer component is three times greater than the power injected into

the inner component, ie. L) . =~ 3 x L! Despite this, the photon density in the

mj,o mj,n°
inner component is higher dlje to the smailler radius, i.e. Ry, = 3 X Ry, (all model
parameters can be found in Table 5.1). Including the relativistic effects between the
jet components, the photon field in the outer component is dominated by the radiation
from the inner component (in the co-moving frame of the sheath). In the case of the
inner component, the external photon density is at the level of the internal density
of photons (in the co-moving frame of the inner component). I conclude that in the
spine-sheath model, the external radiation dominates the internal radiation at least in

one of the two jet components.

When the external photon field is added, I can calculate the second generation of

the electron spectra. In the second and later generations, the total energy loss rate,

76



-3
p / ergcm™?)

12 dN

log(e

l09(205s / Rsen) l09(205s / Rsen)

Figure 5.5: The photon density as a function of the distance from the jet base (in the
Schwarzschild radius). (a) The density of photons in the inner component (in the co-moving
frame of the inner component). (b) The density of photons in the outer component (sheath,
in the co-moving frame of the outer component). I show the energy density of the backward
photons (dashed line), the forward photons (dotted line), the density of photons from another
component (dot-dashed) and the total energy density of photons in a specific jet component

(solid line). The parameters of the model are listed in Tab. 5.1.
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Figure 5.6: The spectrum of the electrons for in the subsequent generations: the first gener-
ation (dot-dashed line), the second (dashed), the third (dotted) and the fourth (solid). (a)
The electron spectrum in the inner component. (b) The electron spectrum in the outer com-

ponent. The electron spectra are calculated for the distance z,,s = 100Rg.;. The parameters

of the model are listed in Tab. 5.1.

Yot, includes the synchrotron, the adiabatic, the synchrotron self-Compton, and also
the external IC cooling processes. Knowing all the cooling processes occurring in the
jet, I can solve the kinetic equation describing the evolution of electrons (given by Eq.

4.10). In such a way, the second generation of the electron spectra is obtained. Other
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Figure 5.7: SEDs calculated for different generations: the first generation (dot-dashed line),
the second (dashed), the third (dotted) and the fourth (solid). The radiation from the inner
component (on the left plot) and the radiation from the outer component (on the right). The

parameters of the model are listed in Tab. 5.1.

generations are calculated using the external density of photons from the previous
generation. In this way, the self-consistent equilibrium spectrum of electrons is reached.
In the Fig. 5.6, I show how the electron spectra change in the specific generations. The
large differences between the first and the second generations are due to the additional
photon fields included in the second generation. With subsequent generations, the
differences become smaller. After the fourth generations, the electron spectra in both
jet components become stable (see Fig. 5.6). The scheme of the generation method for
the calculation of the equilibrium spectra of electrons, ne.., and photons, n,,, is shown
in Fig. 5.4.

The differences between particular generations are especially visible for the IC ra-
diation emitted by the jet components (see Fig. 5.7). After the first generation, the
IC luminosity of the jet increases due to the additional external radiation. Note that
the shape of the IC radiation emitted by the component is regulated by the external
photon field. After the first generation, the shape of the synchrotron radiation changes.
The luminosity of the synchrotron component decreases as a result of the additional
IC cooling process on the external radiation. The multiwavelength spectra obtained in
specific generations are shown in Fig. 5.7. It may be surprising that the level of the
IC radiation from the inner components increase so much in contrast to the IC radia-
tion from the outer component. This effect is caused by the anisotropy of the external

radiation. This issue is discussed in more detail in the Section 5.3.2.
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5.3 Spectra from the whole jet obtained in the spine-
sheath model

Below, I investigate the inhomogeneous spine-sheath model. I present SED of the jet for
the selected set of the model parameters. I examine the SED for different observation

anles.

5.3.1 The example of spectral energy distribution obtained
with the model

The presented stratified model of the jet assumes that the inner component is immersed
in the outer one. Then, the effective cross-section of the outer component is m(R2 — R?).
In order to avoid the influence of the cross-section of the inner component on the outer
component, I assume that the cross-section of the inner component is smaller than the
cross-section of the outer component. I adopt the value of the radii of the specific jet
components at the base at 30 Rg.;, and 10 Rg,, for the outer and the inner jet component,
respectively. Close to the jet base, the cross-section of the inner component is only 11%
of the cross-section of the outer one.

For blazars in which the luminosity of the synchrotron component is comparable to
the luminosity of the IC one (L, ~ L;c), the energy density of the magnetic field and
the energy density of the low energy photons in the emission region should be similar
to each other, i.e. vy ~ ul ., (see Eq. 3.9). In the case of the stratified jet, the external
radiation is relativistically boosted. Then, the energy density of the low energy photons
can be dominated by the external radiation. In such a case, the similar luminosities of
both, the synchrotron and the IC, components are achieved for a higher value of the
magnetic field, than it is expected in the local SSC model.

The synchrotron peaks in FR I radio galaxies, such as M87, Cen A and NGC
1275, which are detected in VHE ~v-rays, are located at ~ 1 eV. Due to the large
observation angle, it is reasonable to assume that this synchrotron radiation is produced
by the outer component. In terms of the model described in Chapter 4, the peak of the
observed synchrotron radiation at ~ 1 eV indicates that the acceleration coefficient, 7,
is of the order of 107 (which results from Eq. 2.12 and Eq. 4.7). For such a small value
of 1, the maximum energy of the electrons is only E,.. ~ 10(B/1 G)~'/2 GeV. From
the other side, the VHE radiation detected from these objects suggests the existence
of electrons with energy ~ 1 TeV. Such large energies of electrons require much more
efficient acceleration process (determined by 7). Based on this, I assume that the outer
component is characterized by a relatively small acceleration coefficient, n ~ 1078, in
contrast to the inner component which is characterized by n ~ 1075,

As an example, I chose the acceptable set of parameters which allows to reproduce

the typical HBL spectrum for a small observation angle. The half-opening angle of the
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Parameter Symbol  Spine  Sheath Unit

Mass of the black hole Mgy 10? 10? M,
Bulk Lorentz factor of the jet I'; 9 3 -
Radius of the jet at the base Ry 10 30 Rg.y,
Transverse expansion coefficient p 0.6 0.2 -
Magnetic field at the jet base By 1 3 G
Index of magnetic field profile b 1 1 —
Power injected in electrons L, 3x10" 10%  erg/s
Index of injection profile q 1 1 —
Spectral index of electrons S 1.6 1.6 -
Acceleration coefficient n 107° 1078 -
Minimum energy of electrons Yrnin 1 1 MeC?
End point of electron acceleration — Zeng 106 106 Rgen
Observation angle Oops 0.1 0.1 rad

Table 5.1: The reference parameters for the spine-sheath model of a jet. In the calculations

described in the Chapter 5, I use parameters from this table, unless otherwise noted.
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Figure 5.8: SED calculated for the stratified jet for the parameters listed in Table. 5.1, in
the observer reference frame. The radiation from the outer layer (dotted line), from the inner
component (dashed) and the total radiation emitted by the stratified jet is shown by the solid

line.

jet is fixed at ¢ = 0.07 rad. According to Eq. 5.2, the p; = 0.6 and p, = 0.2 for I'; =9
and I', = 3, respectively. The parameters are listed in Table 5.1. The SED calculated

with these parameters is shown in Fig. 5.8.
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Figure 5.9: SEDs calculated for the stratified jet for the different observation angles (the value
of the observation angle is shown on the plot). Specific curves represent radiation emitted
by the outer component (dotted), the inner component (dashed) and both jet components
(solid). Note that with the increasing of the observation angle, s, the ratio between the
luminosity of the synchrotron and the IC humps, produced in the specific jet component,

changes significantly.

5.3.2 Observation angle

The dependence of the observed radiation from the stratified and elongated jet on
the observation angle, 6, is complex due to the anisotropy of the local photon field
and different velocities of the jet components. The radiation from the faster, inner jet
component is Compton upscattered by the slower, outer layer mainly in the direction
opposite to the propagation of the jet due to the Doppler beaming of this radiation. Due
to the same effects, the faster component upscatter the radiation from the slower one,
mainly in the directon of the jet propagation. Therefore, the parts of the jet described
by these same set of parameters emit different spectra depending on the observation
angle.

The relation between the observation angle and the emitted SED is shown in
Fig. 5.9. The ratio between the synchrotron radiation from the inner and the outer
jet components changes with the observation angle due to the Doppler beaming. The

synchrotron radiation from the inner component, which moves with the larger Lorentz
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factor, decreases much faster with increasing observation angle than the synchrotron
radiation from the outer component. Therefore, the radiation from the inner compo-
nent dominates the SED for small observation angle of the jet, i.e. 6,5 < 0.3 rad. For
large 6,, the apparent luminosity of the radiation from the outer layer is much higher.

The noteworthy feature of the spectra calculated in terms of the model is the ratio
between the luminosities of the synchrotron and the IC humps. The luminosities of
both humps are almost equal in the case of the inner component and small 6,,,. With
increasing observation angle, the synchrotron hump starts to dominate the IC one.
For 6, = 0.7 rad the luminosity of the synchrotron hump is almost ten times higher
than the luminosity of the IC hump (see dashed line in Fig. 5.9). In the case of the
outer component, the behavior of the synchrotron and the IC humps is reversed. The
luminosity of the IC hump produced by the outer component overcomes the synchrotron
hump. This effect drops with the increasing observation angle. For the outer component,

this effect is even more visible (see dotted line in Fig. 5.9).

5.4 Interpretation of the blazar sequence for HBLs

and FRI radio galaxies in spine-sheath model

According to the unification model of the radio loud galaxies (Urry and Padovani,
1995), the BL Lac objects are the counterparts of FR I radio galaxies. Provided that
the unification model is correct, the smooth transition between SEDs of BL Lacs and
FR I galaxies should be observed depending on the observation angle. Furthermore,
the accurate model of AGN jets should be able to reproduce such a transition.

The peaks of radiation in HBLs type of blazars (in eF, versus € plot) are located
in the X-rays and in the sub-TeV range. On the other hand, the low energy peaks of
the radio galaxies occur in the optical-UV range (Abdo et al., 2009b; Fukazawa et al.,
2015). The persistent TeV ~-rays in these objects are not observed or they are seen on a
much lower level than the GeV ~-ray emission. It is obvious that the one-zone model is
unable to explain simultaneously the SEDs of the HBLs and FR I galaxies. Therefore,
I try to reproduce SEDs of HBLs and FR I radio galaxies with the spine-sheath model.

As a reference point, I use the observations of IC 310. This nearby radio galaxy
(redshift z = 0.0189, Bernardi et al., 2002) shows behavior typical for blazars, i.e. rapid
variability in X-rays and ~-rays (Aleksi¢ et al., 2014c). The mass of the black hole in IC
310 is estimated on Mpy ~ 3 x 108M,, (Aleksi¢ et al., 2014b). The observation angle
of this misaligned blazar was estimated on 0.18-0.35 rad (Aleksi¢ et al., 2014b). The
broadband spectral energy distribution was measured in a quiescent state by Ahnen
et al. (2017). The modeling of this spectrum is shown in Fig. 5.10. The parameters of
the model are listed in Table 5.2. The jet components are charecterized by the Lorentz
factor equal to 2 and 6 for the outer and the inner components, respectively. Note

also the relatively large value of the magnetic field strength in the comparison to the
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Parameter Symbol Spine Sheath ~ Unit

Mass of the black hole Mgy 3 x 10% 3 x 108 Mo,
Bulk Lorentz factor of the jet I 6 2 -
Radius of the jet base Ry 3 30 Rgen,
Transverse expansion coefficient p 0.6 0.2 -
Magnetic field at the jet base By 7 5 G
Index of magnetic field profile b 1 1 —
Power injected in electrons L, 53x10" 22x10*" erg/s
Index of injection profile q 0.7 1 -
Spectral index of electrons S 1.6 1.6 -
Acceleration coefficient n 107° 3x 1077 -
Minimum energy of electrons Yinin 300 103 mec?

Table 5.2: List of parameters used to fit spectra of the misaligned blazar I1C 310.

one-component models of Mrk 421 obtained in Chapter 4.

The radiation produced by the jet in the spine-sheath model for different obser-
vation angles are compared with the observed spectra of FR I radio galaxy, 3C 78
(Fukazawa et al., 2015), and with the nearby HBLs, i.e. Mrk 501 (Abdo et al., 2011a)
and Mrk 421(Abdo et al., 2011b). All three sources, together with IC 310, belong to the
group of low-luminosity AGNs. In order to compare the results for different observation
angles, the calculated spectrum of IC 310 is recalculated for the redshifts correspondig
to the mentioned objects, i.e. z = 0.029 for 3C 78, z = 0.031 for Mrk 421 and z = 0.033
for Mrk 501.

The calculated SEDs reproduce characteristic features of the multiwavelength spec-
tra of these two HBLs (such as the peaks energy), for the observation angle 0, < 0.15
rad. Also, the characteristic shape of the SED of the radio galaxy 3C 78 (NGC 1218)
is reconstructed (see black lines in Fig. 5.10). However, the level of the recalculated
spectra of IC 310 is smaller than the level of the spectra observed from 3C 78, Mrk 421
and Mrk 501. It indicates that the jet power or the Lorentz factor of the components in
these sources have to be higher than in the case of IC 310. Also the other parameters
may be different. For example, the black hole mass in 3C 78 is estimated at ~ 10° M,
(Bettoni et al., 2003).

In order to precisely compare the shapes of the SEDs calculated for different angles
with the measured SEDs of 3C 78, Mrk 421 and Mrk 501, I shift vertically the calculated
spectra on the plot (see red lines in in Fig. 5.10). The calculated spectra are raised
by factor 4, 8 and 10 in the case of 3C 78, Mrk 421 and Mrk 501, respectively. After
these modifications, the calculated spectra fit well to the observer spectra from the

considered AGNs. The exemption is Mrk 421 where some differences are noticeable.

The spectra obtained for different angles form a unification sequence of the BL Lacs
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Figure 5.10: The observed SED obtained with the stratified, inhomogeneous and non-local
jet model for the different observation angles. The value of the observation angle is reported
on the plots. The results of the modelling are compared with the measured SEDs for IC 310
(Ahnen et al., 2017), 3C 78 (Fukazawa et al., 2015), Mrk 501 (Abdo et al., 2011a) and
Mrk 421 (Abdo et al., 2011b). Specific figures show SEDs emitted by the inner component
(black dashed line), the outer component (black dotted) and the sum of radiation from
both jet components (black solid). The SED emitted by both jet components (solid lines) is
corrected for the EBL absorption according to Gilmore et al. (2012). For clarity, the obtained
spectra of 1C 310 in the case of 3C 78, Mrk 421 and Mrk 501 are raised by factor 4, 8 and
10, respectively (red solid lines). The parameters of the model are listed in Tab. 5.2.

with the radio galaxies. They compose smooth transition between the characteristic
shapes of spectra for radio galaxies (e.g. 3C 78), through the misaligned blazar (e.g.
IC 310) to the HBL (e.g. Mrk 501 and Mrk 421). In terms of this model, for the
case of a large observation angles (> 0.35 rad), the IC bump is expected to exceed the
synchrotron bump. On the other hand, for a very small observation angles, both bumps
should be characterized by hard spectra extended to larger energies (cf. Costamante
et al., 2018).
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Chapter 6

Electromagnetic Cascades in

Extended Inhomogeneous Jet

Exceptionally short flares in the X-ray and the y-ray ranges have been observed from
some AGNSs. For these events, the variability time scale is close to or even smaller than
the light-crossing time of the supermassive black hole (SMBH), which is the smallest
physically reasonable size of the emission region. The most extreme examples of such
behavior are the flares in PKS 2155-304 (Aharonian et al., 2007), Mrk 501 (Albert
et al., 2007) and IC 310 (Aleksi¢ et al., 2014b). The variability time scale can be even
shorter than the light crossing time of the black hole horizon when the emission region
moves with the relativistic velocity. Then, the observed variability time scale is shorter
than the intrinsic variability time scale of the emission region by the Doppler factor,
D;. This explanation does not work for the radio galaxy IC 310 because it is expected
that the Doppler factor for IC 310 is relatively small, i.e. of the order of a few, due
to the relatively large observation angle of the jet (Kadler et al., 2012). This fact may
indicate that y-rays are produced in the immediate vicinity of SMBH.

Models of the ~-ray production in the vicinity of a SMBH have been considered
by several authors. Such models can be divided into three group. In the first groups,
particles are accelerated in the vacuum gap region close to the SMBH. In this model,
the particles accelerated in the black hole magnetosphere emit the high energy (HE)
radiation analogous to the emission mechanism of the pulsar models (Neronov and
Aharonian, 2007; Hirotani et al., 2016). The second group of the models assumes that
the emitting particles are accelerated in the magnetic reconnection which occurs close
to the jet base where the jet is dominated by the Poynting flux. In the jets-in-a-jet
scenario, the extremely fast flares are produced by small blobs of plasma which leave
the reconnection site with relativistic velocities in the frame co-moving with the jet. In
that case, the bulk Lorentz factor of the emission region can reach a value of the order
of 100 (Giannios et al., 2009). In the third group of models, the magnetic reconnection
occurs in the magnetic field of the accretion disk or the X-ray corona. Afterward, the

accelerated particles streaming along the magnetic field lines emit the very high energy
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(VHE) curvature radiation (Bednarek, 1997).

In the case of blazars, where the angle between the jet axis and the line of sight is
smaller than the opening angle of the jet, HE ~-rays have to propagate in the radiation
field of the jet. They can be absorbed in collisions with low energy photons. As a result,
e* pairs are created. Such e* pairs produce secondary photons in the IC process which
can be also absorbed. In this way, the electromagnetic cascades are developed within the
jet volume. If the cascades propagate close to the line of sight and the cooling of leptons
is efficient then the observed duration of the cascade (corrected for the relativistic and
the geometrical effects) is comparable to the injection time of the primary VHE ~-rays.

In this chapter, I present scenario where a persistent radiation is produced in the
extended parsec-scale jet but the flares are caused by VHE ~-rays emitted from the
vicinity of the SMBH. These ~-rays have to propagate in the radiation field of the
jet. The primary and the secondary v-rays are absorbed by the radiation produced
within an extended jet, initiating IC e* pair cascades. The persistent emission from
the parsec-scale jet is obtained in terms of the non-local, inhomogeneous jet model
described in Chapter 4. The HE radiation from the IC e* pair cascades is calculated

by using dedicated Monte Carlo simulations.

Theoretical description

In the first approximation, the shape of AGNs jets can be well estimated by the trun-
cated cone with the half-opening angle ¢. When the observer is located at the angle
to the jet axis 0,5 < ¢, then y-rays produced close to the jet base have to propagate
inside the jet volume. Because of the elongated shape of the jet, the propagation path
of v-rays is comparable to the length of the jet. Thus, the probability of the absorption
is much higher than for the observer located at 6,5 > ¢. Then, it is plausible that the
jet is optically thick for the HE ~-rays. In such a case, the VHE ~-rays produced close
to the jet base are absorbed within the jet before they are able to reach the observer.
Absorbed v-ray photons, with energy ¢, create electron-positron pairs with an energy
of roughly ~ €/2. In this way, the population of energetic e* pairs can appear in the
jet region, even if the cooling time scale of such energetic leptons is very short and the
local conditions are not favorable for the acceleration of leptons to such large energies.

In the model described in Chapter 4, the radiation is emitted in a large part of
the extended jet. Then, the e* pairs produced in photon-photon absorption process
appear in a relatively large volume. They produce secondary radiation close to their
place of origin. Then, the emission region of the secondary radiation is also relatively
large. However, the observation period of the secondary emission from the cascades is
relatively small for small observation angles.

For instance, let me assume that the IC e* pair cascade in a specific blazar is

initiated by VHE 7-rays. These y-rays are injected into the jet during the very short
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period of time, At;,;. The secondary e* pairs are created in a part of the jet with the
length, Az. Moreover, the cooling time of the e* pairs in the place of their creation is
also very short. Then, the observed variability time scale of the radiation produced in
the e* pair cascades depends on the observation angle 6. This variability time scale
is approximately equal to Aty ~ (1 — cosOys)Az/c.

The accurate calculation of the electromagnetic cascades, developing inside the jet
volume is a very complicated task. The radiation inside the jet is non-isotropic. The
parameters of the jet change with the distance from the jet base. Photons and e* pairs
must be traced in the three dimensions. The conditions in the jet can change with time.
Because of all these complications, it is necessary to apply a number of simplifications.

First of all, I limit the problem to the one spatial dimension. I assume that the
injected photons move parallel to the jet axis, i.e. the secondary e* pairs are created at
the jet axis. Then, the direction of emitted secondary y-ray photons also agrees with
the direction of the jet axis. Such a simplification is justified by the elongated shape
of the jet, in which the local radiation is dominated by photons from the forward and
the backward regions of the jet (see Fig. 4.2).

Created e® pairs appear at some distance z,,, along the jet. They are immediately
isotropized by the random component of the magnetic field (in the frame co-moving
with the plasma). These pairs are advected with the plasma along the jet axis with the
velocity 3; = (1—T;%)"2, where I'; is the bulk Lorentz factor of the jet. These e* pairs
lose energy on the synchrotron and the IC processes. They also emit the secondary -
ray photons which can be absorbed. I assume that the secondary synchrotron and IC
radiation is collimated into a cone with the half-opening angle ~ 1/T';.

The synchrotron and the IC radiation is emitted by the secondary particles pro-
duced in the IC e* pair cascade. This radiation leads to increase the local density of
photons in the jet. However, I assume that these additional photons do not affect the
absorption and the scattering processes of electrons previously present in the jet. The
energy of the secondary e® pairs is of the order of ~ TeV. Therefore, the secondary
e* pairs produce the synchrotron radiation in the X-ray range for typical parame-
ters of the jet. For such energies, the IC scattering occurs deeply in the Klein-Nishina
regime, where the Compton cross-section is relatively small. Simultaneously, the excess
of the X-ray radiation does not lead to a significant increase of the ~-ray absorption.
Therefore, slight absorption effects can be safely neglected.

With these simplifications, I calculate the place of absorption of the primary v-rays,
the energy of created e pairs, and the energies of the secondary photons emitted by
them. The absorption probability of photons with energy, €y, which are injected at the

jet base at z = 2y is
py(€0) =1 — exp(—7y,(€0)), (6.1)

where 7, is the optical depth for the v-rays along the jet axis. When the v-rays are
absorbed, then the place of the absorption is found with the Inverse Transform Method.
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Figure 6.1: The schematic picture of IC e* cascade in the radiation of the inhomogeneous jet.
The primary y-ray photon, €g, is injected at the jet base located at zy. The photon is absorbed
in the synchrotron radiation of the inhomogeneous jet. The e pair is created as a result of
the absorption at distance z4ps. The eT pair is isotropized in the random magnetic field and
advected with the plasma of the jet. The secondary leptons emit the synchrotron photons. The
secondary ~y-ray photon, €1, is produced at distance z.,, as a result of IC scattering process
of the secondary particles with the synchrotron radiation. The secondary v-ray photon, €1,

can be also absorbed in the synchrotron radiation of the jet or it can escape from the jet.

The cumulative distribution function (CDF) for absorption at distance zys is calculated

from B
1 —exp(— [7o" oy (2, €0)d2)

1 — exp(—T74(€0))
where a.,,(z) is the absorption coefficient and z is the distance from the jet base.

F(zaps, €0) = , (6.2)

Afterwards, the absorption place can be found with the inverse function of F' and the

random number, u, from a uniform distribution over (0, 1),
Zabs = FH(u). (6.3)

The energy of the electron-positron pair can be found with the procedure described
in Chapter 2. Firstly, the photons are transferred to the center-of-momentum frame.
The e* pair is created with the equal energies and opposite momentum vector in the
center-of-momentum frame. In the last step, the energy of the leptons is transformed to
the reference frame. The electron-positron pair is isotropized in the random magnetic
field. They lose energy on the synchrotron and the IC processes. The synchrotron and I1C
cooling in the Thomson regime is subtracted continuously from the electron during its
propagation within the jet. However, in the Klein-Nishina regime the electron-positron
pair loses energy in the discrete amounts (as shown in Fig. 2.4).

Due to the isotropy of electrons in the co-moving frame of the jet, it is more conve-
nient to consider the emission process in the jet frame. In such a frame, the emission
probability of HE photon per unit time, dt’, in IC process is given by
dg? - / dél / ae / d€yn dt’de’d]\c;e’ldQ" (64)

syn
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Figure 6.2: Diagram demonstrating the algorithm used to calculate the emission from the
IC e* cascades initiated by VHE ~-rays. The primary VHE ~-rays are injected into the jet.
Some of them are absorbed in the radiation field of the jet and produce the e* pairs. These
pairs cool in the jet and produce the secondary HE ~-ray photons. Such photons can also be
absorbed in the jet volume. Alternatively, they can escape from the jet. The calculations are
continued as long as the energy of the e® pairs are large enough to produce the HE ~4-rays or

the et pairs do not leave the jet volume (i.e. the position of a lepton is smaller than 2,4z ).

where d(? is the solid angle, € is the energy of scattered photon in the reference frame

/
syn

and dN/dt'de|de,,, dSY is the formula for the Compton scattering of directed photons

syn

on the isotropically distributed relativistic electrons (given by Eq. 2.22). If the HE

of the plasma, €, is the energy of the synchrotron photons form the inhomogeneous jet

photon is emitted, its energy is found with the Inverse Transform Method.

6.1 Numerical implementation

The spectra of y-ray photons emitted in the e* pair cascade process are calculated with
the method illustrated in Fig. 6.2. In the first step, the VHE ~-rays are injected into
the jet. They are described by the photon energy, €y, the place of emission, z.,, = 0 and
the time of emission ¢, (all in the observer’s reference frame). Some of the photons are

absorbed within the jet volume. The rest of the photons escape from the jet reaching
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the observer. For sources in cosmological distances, the absorption on the EBL must
be also included.

The absorbed photons create the electron-positron pairs at the place z4+ = zus,
the time t1 = 245/C + tem and the energy E.. The e® pairs are isotropized by the
random component of the magnetic field of the jet. They are advected with the jet
plasma. The e* pairs lose energy continuously on the synchrotron process and on the
IC scattering process in the Thomson regime. The HE leptons interact also with the
low energy photons in the IC process in the Klein-Nishina regime and lose energy in
discrete amounts. The energy of leptons decreases by the amount equal to the energy
of the produced HE photon. As a result, the HE photons are emitted. These steps are
repeated until a lepton leaves the volume of the jet (z+ > zp4.) oOr the energy of a
lepton decreases below 100 MeV. After every step, At, t+ and z4 increases by At and
cfB;At, respectively.

The secondary HE photons can also be absorbed in the radiation field of the jet.
However, for secondary HE ~-rays, the optical depth for v+~ — et + e~ process is
smaller because the place of emission is already at some distance from the jet base,
i.e. Zey, = z+. Also the time of emission is delayed compared to the initial photons, i.e.
ey, = T4

The photon emitted at the time t.,, and at the distance from the jet base z.,, is
detected by the obeserver after the period of time equal to
Zem | dr
c + o’

(6.5)

tobs = tem —

where dj, is the luminosity distance to the jet base. I assume here that the observerva-

tion angle is equal to 6, = 0, i.e. the observer is located at the jet axis.

6.2 Intrinsic y-ray opacity for different parameters
of the jet

Most often, the geometry of the emission region in blazars is approximated as a spher-
ical blob with the radius obtained from the variability of the source, 7., ~ 0.5¢Dt,q;.
The optical depth for v+~ — e™ 4 e~ process, 7,,, is proportional to the product of
the photon density and the radius of the emission region, i.e. o< nypTem. In the case of
the uniformly emitting sphere, the number of non-absorbed photons is proportional to
reduction factor R. The reduction factor of the y-rays in such a homogeneous sphere
is

1—e ™

R (6.6)

Tyy
The different situation occurs for an elongated and inhomogeneous jet. In this case,
the optical depth depends on the direction and the place of the origin of ~-rays. If

a 7-ray is produced close to the jet base and propagates along the jet axis, 7, is
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Figure 6.3: (a) The optical depth for the v+~ — e + e~ process in the jet described for the
parameters of the Model A (solid line) and the Model B (dashed line; see parameters in Table
4.2). (b) The optical depth for the v+~ — e + e~ process for the Model A as a function of
the injection distance from the jet base for different energies of the primary ~-rays: £, =1
TeV (dot-dashed line), E, = 3 TeV (dashed) and E, = 10 TeV (dotted).

calculated by integration of absorption coefficient for v + v — e™ + e~ process during

its propagation along the jet,

Tlezen) = [ e, 2)dz, (6.7)

em

where 2,4, is the end of the active part of the jet and the absorption coefficient, a,,, is
given by Eq. 2.29. The propagation path for the photon in the case of small observation
angle, ~ (Zmaz — Zem), is much larger than the characteristic size of the emission region,
Roys(z), given by Eq. 4.1. It is expected that in the case of the elongated jet observed at
a small angle, the absorption of v-rays produced close to the jet base can be significant.
Especially, the efficient absorption occurs in a jet with a large density of low energy
photons. In terms of the inhomogeneous jet model presented in Chapter 4, the condition
of the large density of photons is fulfilled for the large power injected in relativistic

/
injg

for the ~-ray absorption also become more extreme when the emission region is small,

electrons into the jet, i.e. the large value of L, . (see Eq. 4.6). The conditions favorable

i.e. for small values of Ry and p (see Eq. 4.2).

I have calculated the optical depth for two models of the SED of Mrk 421 discussed
in Chapter 4 (Model A and Model B in Table 4.2). In the Model A, which is character-
ized by the low bulk Lorentz factor, the jet is optically thick for photons with energies
larger than 1 TeV (see Fig. 6.3a). Model B is optically thin even for VHE ~-rays. I show
also the optical depth as a function of distance from the jet base for the y-rays injected
with different energies (see Fig. 6.3b). The optical depth, 7,,, is constant in the region
close to the jet base. In the outer part of the jet, 7,, decreases quickly. However, note

that for other values of ¢ (see Eq. 4.4), the profile of 7., may be different.
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6.3 Spectra from the cascades for different param-

eters of the primary VHE photons

6.3.1 Injection of the monoenergetic VHE ~v-rays

As an example, I consider the injection of the primary ~-rays with the monoenergetic
distribution into the jet described by the parameters of the Model A (see Table 4.2).
The photons with energies ¢, and with a direction parallel to the jet axis are injected at
the jet base. The injected photons are partially absorbed initiating the IC e* cascades.
The spectra of the secondary photons are presented in Fig. 6.4. The calculations are
performed for four different energies of the primary photons: 3 TeV, 10 TeV, 30 TeV
and 100 TeV. The injected power in the primary photons is equal to L., = 10*? erg/s in
the observer’s frame. The primary v-rays are injected during the period of time equal
to Atin; =3 x 103 s.

The shape of the y-ray spectrum is similar for all considered energies of the primary
~-ray photons. However, the levels of the spectra are inversely proportional to the
energy of the primary photons. The primary y-ray photons with higher energies produce
more energetic e pairs. Leptons with high energies lose more energy in the synchrotron
process than in the IC process. Deep in the Klein-Nishina regime, the energy loss rate
for the IC process increases only logarithmically with increasing energy of electrons,
whereas the synchrotron energy loss rate increases with the square of the electron’s
energy.

For the jet parameters used in the calculations, the optical depth of y-rays in the jet
radiation field is equal to unity for photons with energies close to €, = 1 TeV (see the
grey line in Fig. 6.4b). For all considered energies of the primary ~-rays, the secondary
~v-ray spectrum has a peak below the threshold energy, €;,.. Above this energy, the
spectra have sharp cut-offs.

The synchrotron spectra from the cascades initiated by the monoenergetic photons
are shown in Fig. 6.4a. The synchrotron peak depends on the initial energy of y-rays,
€p. The energy of the peak is determined by Eq. 2.12 in which the energy of electrons
can be approximated by a half of the energy of the initial y-ray photons. The luminosity
of the synchrotron radiation is roughly the same for different energies of the primary
~-ray photons because the synchrotron cooling process dominates in the jet, especially
for the VHE electrons.

The time scale for the development of the cascade observed at a very small angle
is comparable to the period of the injection of the primary VHE photons. Two light
curves for the secondary emission from the e* cascades are shown in Fig. 6.5. The
light curves are calculated for the two initial energies of the primary ~-ray photons,
i.e. ¢g =3 TeV (Fig. 6.5a) and Eey = 30 TeV (Fig. 6.5b). All the light curves have the
peaks at the end of the injection period. After the injection phase, the energy of the
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Figure 6.4: The secondary synchrotron (a) and v-ray (b) spectra produced in the IC e* pair
cascades propagating within the jet and initiated by the mono-energetic primary ~-rays. The
energies of the primary ~-rays are: ¢y = 3 TeV (dotted line), ¢g = 10 TeV (dashed), g = 30
TeV (solid) and ¢y = 100 TeV (dot-dashed). The thick grey line, on the plot (b), shows the

energy for which 7., = 1 at the base of the jet. In every case the the power injected in primary

~-rays into the jet is L,

= 10*2 erg/s. The parameters of the model are listed in Table 4.2
(Model A).

max

tobs /tmj tobs /tmj

Figure 6.5: The light curves of the secondary ~-ray radiation from the IC e* pair cascade for
two energies of the initial photons: ¢g = 3 TeV (a) and ¢y = 30 TeV (b). The light curves
shows the ~-ray fluxes above 100 GeV (the energies of y-rays characteristic for the TACTS,
solid line) and between 100 MeV and 300 GeV (the energies of ~-rays characteristic for the

Fermi LAT telescope, dashes line). Both light curves are normalized to the peak in the photon
distribution, V. The parameters of the jet are listed in Table 4.2 (Model A).

emitting y-rays decreases as a result of the cooling of e* pairs.

The SEDs of the secondary y-ray emission from the cascades for different epochs are

shown in Fig. 6.6. This figure shows the evolution of the secondary emission produced
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Figure 6.6: The v-ray spectra produced in the IC e cascades which propagate within the
jet. The energy of initial photons are ¢g = 3 TeV (a) and ¢y = 10 TeV (b). The power
injected in the primary vy-rays is L, = 10*? erg/s. The injection period of the primary -rays
is Atin; = 3 X 103 s. The lines represent different epochs after the beginning of the flare:
0<t< Atmj/?) (SOlid line), Atmj/?) <t < 2Atmj/3 (dotted), 2Atmj/3 <t < Atm]‘ (dashed)
and Aty,; <t < 4At;,;/3 (dot-dashed). The parameters of the model are listed in Table 4.2
(Model A).

in the IC e* cascades with time. After the injection period, the peak of the ~v-ray
spectrum is shifted to lower energies and the spectrum decreases as a result of the

electron cooling.

6.3.2 Injection of VHE ~v-rays with the power-law distribution

As a second example, I examine the case of the injection of the primary 7-rays described
by the power law spectrum. I assume that the energies of the primary photons ranges
from €,,;, = 100 MeV to €,,,. = 10 TeV. The different spectral indices of the primary
photons are considered in Fig. 6.7. The power injected into the jet in the form of
the primary ~-ray photons is L, = 10*? erg/s. As in the previous section, the jet is
described by the Model A (see Chapter 4). For this model, the energy threshold for
the absorption of y-rays is ¢, = 1 TeV. The synchrotron and the IC spectra of the
secondary emission from the cascades are shown in Fig. 6.7a and Fig. 6.7b, respectively.

The secondary synchrotron radiation changes slightly for different spectral indices.
Only the part of the spectrum close to the peak depends on the spectral index. The
secondary y-ray 1C spectrum is almost independent on the spectral index of the primary
~v-rays. The location of the peak of the secondary IC spectrum is smaller than the
threshold energy, €;,.. The IC spectrum at low energies is described by the power law
with the spectral index close to -1.5. I conclude that the value of the spectral index

of primary 7-rays does not affect the shape of the secondary spectrum from the IC e*
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Figure 6.7: The secondary synchrotron (a) and 7-ray (b) spectra produced in the IC e
cascades propagating within the jet. The spectrum of the primary ~-rays is described by
the power law with the spectral index equal to: s = 1.0 (dotted line), s = 1.3 (dashed) and
s = 1.6 (solid). This spectrum is defined in the range from €,;, = 100 MeV to €4, = 10
TeV. In every case the same power in primary ~-rays has been injected into the jet, equal to
L., = 10*2 erg/s. The parameters of the model are listed in Table 4.2 (Model A).

cascades in the jet.

6.4 Application of the et cascade-inside-jet model

to blazars

The excess of the hard X-rays in the nearby BL Lac objects has been recently reported
by Kataoka and Stawarz (2016) and Madejski et al. (2016) for Mrk 421 and PKS2155-
304, respectively. In the X-ray band, the high energy part of the spectrum (between
10 and 50 keV) shows a concave shape. The concave and variable hard X-rays are also
observed in case of LBLs (Giommi et al., 1999; Tagliaferri et al., 2000). The excess
in Mrk 421 has been observed during two of four observations within a few days. It
indicates that this excess is characterized by the relatively fast variability time scale,
tvar ~ 1 week. In this section, I propose that the observed excess in Mrk 421 is caused
by the synchrotron radiation emitted by the e* pairs from IC e* cascades in the jet.
These cascades are initiated by the VHE 7-rays from the vicinity of the SMBH. In
the modeling, I assume that the primary v-rays are described by power-law spectrum
with a single spectral index. I adopt the spectral index recently measured in the case
of the of the TeV flare of misaligned blazar IC 310 which is equal to 1.8 (Aleksi¢ et al.,
2014b). The flare observed in this source is expected to originate close to the SMBH.

In the first step, I model the broad-band spectrum of Mrk 421 using the non-local

inhomogeneous model described in Chapter 4. The calculated spectrum fits very well to
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Parameter Symbol 56302 MJD  Unit

Mass of the black hole Mgy 3 x 108 Mo,
Bulk Lorentz factor of the jet I'; 6 -
Radius of the jet at the base Ry 10 Rg.,
Transverse expansion coefficient p 0.2 =
Magnetic field at the jet base By 3.5 G
Index of magnetic field profile b 1 —
Power injected in electrons L. 1.1 x 10" erg/s
Index of injection profile q 0.8 -
Spectral index of electrons S 1.5 -
Acceleration coefficient n 1.5 x 1077 -
Minimum energy of electrons Vimin 2 x 103 mec?
End point of electron acceleration Zend 106 Rgen
Observation angle Oops 0.033 rad

Table 6.1: The parameters of the non-local inhomogeneous model of the stationary jet which
desribe the observed SED of Mrk 421.

log(Lys / erg s—)

-12 -10 8 -6 -4 -2 0 2 ) 5 4 -3 -2 -1 0 1 2 3 4

log(e / GeV) log(e / GeV)

Figure 6.8: (Left) The SED of Mrk 421 during observations at 56302 MJD (data from
Balokovi¢ et al. (2016)). The black solid line is obtained with the non-local inhomogeneous jet
model described in Chapter 4. The parameters of the model are listed in Table 6.1. (Right)
X-ray and «-ray spectrum of Mrk 421 with the visible excess at hard X-rays (red circles, data
from Kataoka and Stawarz, 2016). The primary v-rays are injected into the jet (thin solid
red line) with the spectrum observed during the flare in misaligned blazar IC 310 (Eisenacher
Glawion et al., 2015). The secondary emission from the cascades is shown with the thin black
lines. The emission from the extended jet is presented with the dashed line. The thick black

line represents the total emission from the jet.
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the spectrum observed in the campaign in 2013 dedicated to Mrk 421 (Balokovié¢ et al.,
2016). During this campaign, Mrk 421 was in a low activity state and the hard X-ray
excess was observed. The data has been well fitted by the non-local inhomogeneous jet
model with the parameters described in Table 6.1. The calculated SED is presented
in Fig. 6.8 (on the left). The opacity threshold, i.e. 7.,, = 1, occurs for the primary
~v-ray photons with energies equal to €, ~ 2 TeV. If the v-rays with higher energies
are injected into the jet, then the e® pairs from the IC cascades have to appear in the
volume of the jet.

The quiescent spectrum of the jet, modified by the radiation from the e* cascades,
is shown in Fig. 6.8 (on the right). The additional component associated with the
synchrotron radiation produced in the IC e* cascades appears at the keV-MeV energy
range. The level of the secondary ~-ray flux from the cascades is much smaller than
the flux of the IC radiation from the inhomogeneous jet due to smaller losses on the
Compton process in the Klein-Nishina regime. The spectrum of the primary VHE ~-
rays is described by the power law with the spectral index, s = 1.8. The lower and
the upper cutoffs of the spectrum is equal to €,,;,, = 100 GeV and €,,,, = 30 TeV,
respectively. Such spectral index and cutoffs in the spectrum agree with the spectrum
observed from IC 310 (Eisenacher Glawion et al., 2015). The total power injected in
the primary VHE photons is P, = 4.1 x 10*2 erg/s. The primary v-ray photons are
injected into the jet during the injection period equal to At;,; = 3 x 10% s.
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Chapter 7

Summary and Conclusions

In this thesis, I discussed the non-thermal emission from jets in AGNs. In the first part,
I described the phenomenon of AGNs. The description of an AGN has been confronted
with a typical galaxy. I presented the main facts about the history of AGN studies.
Further, the main components of AGN were characterized, with special attention to the
jets in AGNs. All of this was described in Chapter 1. Chapter 2 focused on the parsec-
scale jets in AGNs. I summarized the information about the geometry and motion of
the plasma in the parsec-scale jets. I also introduced the acceleration processes and the
main leptonic radiative processes which may occur in jets. In Chapter 3, I reviewed
the models of emission from AGNs. The models are divided into two groups depending
on particles responsible for the emission. I also describe the general estimations of the
conditions in the emission region of the parsec-scale jet. In further part of the thesis, I

present the results of the jet modeling with inhomogeneous models.

The stationary non-local inhomogeneous jet model

In Chapter 4, I developed the non-local inhomogeneous emission model of the jet. In
this model, the majority of radiation is produced in the extended part of the parsec-
scale jet. The local photon field, at a specific distance from the jet base, contains
photons from different parts of the jet (see Fig. 4.2.) Due to the elongated shape of the
emission region, the photons in the jet has anisotropic distribution. This anisotropy of
radiation, due to its non-local production, is taken into account in the model during the
calculation of IC process. For this reason, different regions of the jet are interpreted.
I include this interdependency in the model by using the generation method (see Fig.
4.4). Every generation of calculations takes into account the jet conditions from the
previous generation. In this way, the stationary states of the distributions of electrons
and low-energy photons are obtained.

The parameters in the jet change with the distance from the jet base. I assumed that
the basic parameters of the jet, such as the cross-section of the jet, the strength of the

magnetic field and the power injected in relativistic electrons, are described by a power-
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law functions dependent on the distance from the jet base, z. They change substantially
along the jet. However, the conditions inside the jet, such as the local distribution of
the electrons, the local density of photons and the efficiency of the cooling processes,
are calculated self-consistently. The photon spectra obtained in terms of this model
has been examined for the wide range of the parameters in Chapter 4.4.

The necessity of using the stationary inhomogeneous model arises from the obser-
vations of persistent, low-activity states of jets in AGNs. Note that for the time scale of
the order of a month, the emission region moves by a few parsecs. Then, the parameters
in the emission region should change significantly. I applied the model to the nearby
BL Lac object Mrk 421 (see Chapter 4.5). This object has been observed in the low-
activity state by the long-term campaign in 2009 (Abdo et al., 2011b). I reproduced
the SED measured during this observation with two sets of the model parameters. In
one case (see Model B, Table 4.2), the model was characterized by a large value of
the Lorentz factor (I'; = 30) and small value of the strength of the magnetic field
(By = 0.27 G). Such values of these parameters are commonly used in modeling of
Mrk 421. Alternatively, I modeled the jet with the second set of parameters in which
the bulk Lorentz factor is small, I'; = 5 (see Model A, Table 4.2). Such small value of

the Lorentz factor is consistent with radio observations of jets in TeV BL Lacs.

Stationary stratified jet model

Based on the model considered in Chapter 4, I developed the two-component syn-
chrotron self-Compton model of the jet. In this model, fast-moving plasma located
close to the jet axis (the spine) is surrounded by slower moving plasma at the edge of
the jet (sheath). Such a model of the jet, called the spine-sheath jet model, is moti-
vated by a number of theoretical and observational indications, such as, for example,
the limb-brightening of AGN jets. The model was described in detail in Chapter 5.

The radiation from one of the jet components is relativistically enhanced in the
reference frame of the second jet component. Then, the IC processes occurring in the
specific jet component depends on the conditions in the second component. Due to
the strong interrelations between both jet components, I used the generation method
in order to obtain the steady-state conditions in the jet. In the first generation, I
independently calculate the jet components, i.e. the inner spine and the outer layer. In
the further generations, I included the impact of another component on the IC process
in the specific jet component. In this way, I obtain self-consistently the electron and
photon spectra (see Fig. 5.4).

I applied the model to the observed SED from the misaligned blazar IC 310 (see
Fig. 5.10). I have shown that the spectra calculated for different angles to the jet axis
yields the typical SED features of blazars. When the observation angle is small, the
calculated spectra are consistent with observations of HBLs e.g. Mrk 501, Mrk 421.

On the other hand, the spectra calculated for a large observation angle are compatible
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with SEDs from radio galaxies, e.g. 3C 78. Such a result agrees with the unification
model of the jetted AGNs, in which blazars are the counterparts of FR I radio galaxies

observed at small angles.

Electromagnetic cascades in extended inhomogeneous jet

Some models of the v-ray production in AGNs predict that the radiation is produced
close to the jet base. They are motivated by extremely fast flares observed in blazars and
radio galaxies. However, in the case of blazars, which are aligned towards the observer,
the v-ray radiation, before reaching the observer, should pass by the jet volume. Such
~v-rays may be absorbed in the low-energy radiation produced in the jet. Absorbed
photons can produce the high energy e* pairs. In this way, the IC e* pair cascades can
be initiated in the volume of the jet. Such a scenario was considered in Chapter 6.

To calculate the photon density and the absorption coefficient for v+~ — e~ +e™
process, I used the model described in Chapter 4. I showed that for specific parameters,
the jet is optically thick for photons with energy ~ 1 TeV. Then, the high energy ~-
ray photons, passing the jet volume, can be absorbed initiating the IC e* cascades.
I examined the secondary radiation produced by the cascades for different forms of
injected primary ~-rays (see Chapter 6.3).

The model has been successfully applied to the nearby BL Lac object, Mrk 421. The
multiwavelength SED of Mrk 421 has been obtained with the model of the stationary
jet from Chater 4. The observed excess in the hard X-rays, difficult to explain with
one-component models, has been modeled with the IC e* cascades developed in the
jet (see Fig. 6.8). For the injection spectrum of primary ~-rays, I used the spectrum
observed in the misaligned blazar IC 310, which is interpreted in terms of the model of
~v-ray production close to the SMBH. Such a scenario can explain the observed excess

in the hard X-rays in blazars.
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