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Abstract

The temporal evolution of multi-wavelength spectra from TeV blazars is mod-
elled. The characteristic double-peaked spectral shape seen in blazar activity is
reproduced. The radiation is assumed to originate in an evolving pair plasma that
populates a compact, ultra-relativistic emission region moving outwards along the
AGN jet axis in a randomly oriented, uniform magnetic field. The TeV compo-
nent is explained through the Inverse Compton upscattering of the self-produced
synchrotron photons and of the photons originating externally to the jet. The
accretion disc and the Broad Line Region are considered as the sources of soft
external target photons. The effects of the emission region’s passage through the
Broad Line Region on the evolution of the observed spectra have been investi-
gated in this study. The emission region is modelled as a homogeneous spherical
blob that is populated by isotropic particles which subsequently cool radiatively.
For the calculation of the observed spectra, time-travel effects within the blob
volume are taken into account, producing the observed spectra that are correctly
treated as a superposition of spectra from different epochs, for each instance in
time. In the treatment of the Inverse Compton Scattering, the full Klein-Nishina
cross-section has been taken into account, allowing to model the radiation from
the highest-energy particles without the usual approximations. Other effects,
such as the synchrotron self-absorption, the pair production of the generated TeV
photons on ambient fields and the extinction of the TeV light by the extragalactic
background light have been taken into account. Particle energy losses at a single
energy are not approximated with an average energy loss at every energy, but
(for the first time, to the author’s awareness) with a distribution function over
a range of energies. To reproduce the photon spectra self-consistently from the
evolving particle distribution, a detailed, fast numerical code has been developed,
that relies on the kinetic-equation solving approach, in the hope of using it to
fit the future time-resolved spectral observations. Predictions of the lightcurves
and the averaged photon spectra have been made on timescales of 10 - 30 min
in expectation of the results from the current generation of Cherenkov telescopes
(HESS, MAGIC, VERITAS), along with the detailed coverage from the X-ray
missions (XMM) and the previously uncharted intermediate range (GLAST).
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Chapter 1
Introduction

Although studied extensively for over 40 years, Active Galaxies remain one of
the most impenetrable puzzles of astronomy. These mesmerising objects are as-
cribed a large number of superlatives — the most energetic, the most luminous,
the most distant objects known, the youngest galaxies observable, the most pow-
erful accelerators. Relatively rare, constituting only a few percent of all known
galaxies, they are invaluable sites for examining the most extreme physical con-
ditions and processes, and also our primary probes of the edges of the observable
Universe and, correspondingly, its early epochs. Although having been observed
at all redshifts, they seem to be far more numerous at the higher ones, the fact
that may suggest their connection to the galactic evolution. Regardless of this,
their abundance at high redshifts seems to imply that this evolutionary phase can
persist for about 100 million years. In the most extreme cases, this gives us the
opportunity to get an insight into the formation and early evolution of the Uni-
verse’s firstborn galaxies, only a billion years after Big Bang. Furthermore, AGN
also seem to play an important role in heating the X-ray emitting atmospheres of
elliptical galaxies and clusters of galaxies, thereby controlling the growth of large
galaxies even at comparatively small redshifts.

The intrigue of these objects comes from their innermost region, the Active
Galactic Nucleus (AGN). These are known to be as small as the Solar System, yet
show traits of enormous and often variable activity, sometimes outshining the rest
of their hosts and appear to radiate alone as much energy as thousands of normal
galaxies. It was realised early on that the amount these objects radiate in the
blue — UV regime could not be due to starlight, not even due to the radiation from

the most extreme stars (temperature- and mass-wise). And even though there is
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still a small minority of models which attempt to explain this peculiar behaviour
with supernovae or starburst activity, it is nowadays widely accepted that these
enormous observed bolometric luminosities, ranging from 10%° — 10% erg/s, can
only be generated through a highly efficient process. The natural explanation is
the gravitational energy release from the galactic gas and dust accreting onto the
central supermassive black hole (SMBH), and its conversion into radiative energy.
This process has a potential of reaching efficiencies as high as 40% (Eddington
limit for a spinning, Kerr black hole), as opposed to less than a percent for the
thermonuclear reactions that occur in stars. The masses of such gargantuan black
holes, as inferred from observed luminosities, range from millions to several billion
solar masses.

This chapter provides a background to the field of AGN physics, and more
specifically the subgroup of blazars, that this thesis is concerned with. The second
chapter gives an overview of relevant radiative processes. In the third chapter the
radiation fields in AGN are discussed with the details of the geometry of relevant
regions and their parameters, while their interactions with the jet radiation and
the subsequent evolution of the particle population are outlined in the fourth
chapter. The fifth chapter presents and discusses various simulations with differ-
ent scenarios that reproduce the observed rapid variability (flares) from blazars.

The last chapter provides a summary and an outlook.

1.1 Unified Model & AGN Paradigm

AGN come with a wide variety of observational signatures. Historically, they have
been sorted into many different schemes, based on either one or a combination
of various classification criteria, such as the morphological and spectral proper-
ties, total power radiated and variability. This has led to a very user-unfriendly
nomenclature, confusing to any newcomer to the field. Today, the zoo of observed
AGN is interpreted within the Unified Model of AGN to be due to a combina-
tion of orientation and obscuration effects, as well as some intrinsic variations
in the individual object’s characteristics, such as power, central black hole mass
and ambient conditions (see figure 1.1). In addition, these parameters may be
intercorrelated, and may bear a connection to the evolutionary stage. Spectra of
AGN are particularly complex and can have a number of characteristic features.

The ‘blue bump’, often visible in UV and soft X-ray (usually peaking in hard-
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Narrow Line
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Figure 1.1: The current paradigm for radio loud AGN (adapted from
Padovani 1998). The accretion disc surrounds the central SMBH, and it
stretches out to about 100 gravitational radii, where it extends to a compact
molecular torus, and beyond that to a much more extended dusty torus.
Above the disc there are fast moving, hot clouds of gas, that are believed
to be the sources of broad emission lines. These “clouds” are so close to the
central engine, that they can barely hold themselves together, due to the
large gravitational effects. The signature of this region is not present in all
AGN spectra, the observation explained by the obscuring torus of material
that, viewed from certain directions, can be in the way. Much further away
there are cooler and slower gas clouds, where the narrow lines originate
from. The fact that Narrow Line Region has been observed in all the AGN
provides an important evidence of the activity far enough from the centre
to not be extinguished by a dusty torus.
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Radio Loudness  Luminosity

Optical emission line properties

Type 2 (narrow line) Type 1 (broad line) Type 0 (unusual)

Radio-quiet Low Seyfert 2 Seyfert 1
High NELG
IR Quasar? QSO BAL QSO?
Radio-loud Low NLRG: FR I, BLRG Blazars: BL Lacs,
High FR I SSRQ, FSRQ (FSRQ)

Decreasing angle of the jet axis to the line of sight

Figure 1.2: Unification scheme for AGN, adapted from Urry & Padovani
(1995). The classification is made on the basis of the observed emission lines,
that imply the orientation effect, but also the bolometric luminosity and
the radio emission, which seem to be the intrinsic features of the sources.
It is not yet well understood what causes these fundamental differences
in AGN, but it is often speculated that in some way the black hole spin
and/or the disc accretion rate might be responsible. Observationally, almost
all combinations of the three properties appear allowed (except maybe for
Type 0 low-luminosity radio-quiet AGN). Edge-on viewed radio-loud AGNs
(NLRG) are divided into FR I and FR II, the distinction again made on
the basis of the luminosity, the former being the less luminous ones. The
subdivision of high luminosity, radio loud objects of Type 1 to SSRQs and
FSRQs is related to the viewing angle (40° — 15° and <15°, respectively).
If the radio-loud objects are viewed nearly face-on, then we are looking
down the jet. This class of objects is called blazars, and consists of the less
powerful BL Lacs and the more powerful FSRQs.

Black
Hole

Spin?
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UV, around 10 eV), is interpreted as the thermal emission from the accretion disc
(existing at scales lower than a milliparsec), whereas hard X-ray is more likely to
be from the disc’s hot corona, and also the synchrotron radiation from the jet.
There is usually a small IR bump present, which indicates (warm) dust radiation
from a region further out from the centre (beyond few hundred milliparsecs).
This region is often modelled with a torus, and could be a continuation of the
disc. Another peculiar feature of Active Galaxies’ SED is the existence of the
emission lines (mostly strong Balmer and Lyman series). Two types of emission
lines have been observed in these objects — broad (permitted) and narrow ones
(permitted and forbidden), both Doppler-broadened. The widths of these lines
indicate velocities of 1000s of km/s for broad and 100s of km/s for narrow lines.
This points to the emission from dense, fast moving local condensations of gas
(with densities higher than 10° particles per cm?) and slower, less dense ones
(103 — 105 cm™3), respectively, with a low covering factor (less than 10%). It is
believed that these gas clouds (as they are usually referred to) are moving above
the accretion disc, the faster ones being closer at scales of a few milliparsecs to
a few tens of milliparsecs, and the slower ones further out, above a few hundred
milliparsecs. The two regions are appropriately named Broad Line Region (BLR)
and Narrow Line Region (NLR). These gas clouds are ionised/collisionally excited
by the continuum from the central engine, with ionising parameters of 0.03 — 1
and 1072 — 1073, respectively (for an overview of AGN characteristics see Robson
1996). They reprocess the incoming continuum, which is why the resulting BLR
spectrum can somewhat resemble that of a thin accretion disc (whose generic
feature is a quasi-thermal peak in UV — EUV), showing a “blue bump” in optical
and UV and a strong edge at the Lyman limit.

Galaxies with only narrow lines have been observed (labelled Type 2, where
Type 1 contains both kinds of lines), but none with only broad lines have been
detected. This points to orientation/obscuration effect — Type 2, seen almost
edge on, have the BLR hidden inside the dusty torus (inner radius of the order of
maybe 100 mpc), while Type 1, at intermediate angles to the line of sight, reveal
both regions. This picture is further reinforced by the fact that Type 2 exhibits
a weak continuum, as opposed to the bright one in Type 1 AGN, in which the
light from the central engine is not extinguished by the torus. Another distinctive
type of AGN in this spectroscopic classification, Type 0, comprises those objects

that show signs of weak or unusual emission (and sometimes absorption) lines.
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In some of the AGN broad lines are detected in polarised light, which is usually
interpreted to be due to the extinction by a compact molecular torus existing just
outside the BLR (see figure 1.2 for the unification scheme).

Radio Loudness. A percentage of AGN (10 — 15%) display strong radio
emission. Based on their power output in radio, the distinction is made between
radio-quiet and radio-loud sources, noting that the radio-quiet category does not
necessarily mean absence of radio emission but only a very low radio luminosity,
as compared to the optical one. Radio-loud AGN have a ratio of radio to optical
luminosity greater than 10. The spectra of the radio-loud sources display a power
law emission that spans over many orders in energy, extending from radio to X-
ray, and sometimes even TeV gamma-ray band. This emission is associated with
the collimated, twin outflows of plasma — jets — that emerge from the vicinity of

the SMBH at relativistic speeds, and extend deep into the galactic halo.

1.2 Jets in AGN

Jets are ubiquitous phenomena in the Universe, found in active galaxies, Gamma-
Ray Bursts, Young Stellar Objects, protoplanetary nebulae, microquasars and
X-ray binaries. Even our own Milky Way shows signatures of a weak jet. Jets
are associated with accretion flows.

The material in the disc needs to lose angular momentum for the material
to be able to spiral down to the very central regions of the disc and eventually
fall into the black hole. In the accretion process, the luminosity output of the
central region is generated by the conversion of the gravitational potential energy
of the accretion disc into radiation, via viscous dissipation in the disc. As the gas
moves inwards, it is heated because of the friction, e.g. due to ion or magnetic
viscosity, and radiates energy. Gravitational potential energy goes into the kinetic
and thermal energy of the accreting gas. The angular momentum is transported
outward, allowing the gas to spiral inward towards the black hole.

The plasma viscosity of the disc is far too low to provide sufficient angular-
momentum transfer that would allow the material to flow inwards. However, a
solution has been found in the form of turbulence caused by the magnetorotational
instability, with growing observational evidence backing the computer simulations
that show that accretion is not supported hydrodynamically but magnetically

(for a recent overview of accretion models and observations see e.g. Balbus 2006,
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Figure 1.3: The jet propagation through ambient medium (from Begelman
& Rees 1996).

Hubbard & Blackman 2008). Magnetorotational instability arises in a magnetised
fluid when the angular velocity decreases with the increasing distance from the
centre of rotation. This differential rotation occurs in Keplerian discs (which
obey Kepler’s laws of motion under the gravitational effect of a massive cental
body). Two adjoining fluid parcels at consecutive radii move at different speeds
and as they move apart, magnetic field acts as the tension, slowing down the inner
element, which consequently mover to a lower orbit, and speeding up the outer,
moving it to a higher orbit. This way the angular momentum is transported

outwards.

If the accreting gas can cool efficiently, it will form a thin accretion disc. This
would lead to luminous sources. Yet there are sources for which the observed
disc radiation spectrum indicates that this is not what happens, which argues
for the radiatively inefficient, thick accretion discs. In this case the gas stores
most of the thermal energy and carries it in the form of entropy over the event
horizon of the black hole as it accretes, and so we observe the radiation from
the advection-dominated accretion flow — ADAF (Narayan & Insu 1994). This
predicts low-luminosity sources. However, these models fail to explain the flat

broadband spectra of blazars. To solve this, ADAF solution was modified to
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allow for the powerful outflow, such as wind or a jet (ADIOS, see Blandford &
Begelman 1999), that would extract the excess angular momentum in the vicinity

of the black hole, so that the gas could accrete onto it.
Jets in the scope of the Unified Model. A notable signature of jets is

their radio power. Radio sources in AGN display emission that is either extended,
typically having a steep spectrum, or compact, usually with a flat spectrum. Fz-
tended sources comprise two distinctive morphological subtypes, which were found
by Fanaroff and Riley to be linked with the radio luminosity, and so were named
after them: FR I and FR II. In the first class are the less luminous radio sources,
with the jets that are brightest closest to the central engine, growing fainter to-
wards the lobes. They can start off as being one-sided close to the centre, but on
a kpc scale they become two-sided. FR II, on the other hand, are strong radio
sources with “hot spots” in their lobes, which are very distinctive features that are
much brighter than their cores and jets, which themselves are much brighter than
their FR I counterparts. FR II jets are one-sided not only at small (VLBI) scales,
but also on kpc scales, displaying a typically smooth structure as opposed to the
often irregular FR I jets. The large-scale differences in these features are normally
interpreted as a distinction between the supersonic (FR IT) or subsonic flows (FR
I), which could in turn lead to a lesser or greater susceptibility to distortion by
the ambient medium. It is not clear whether all flows start off as being super-
sonic. However, flows have been observed to decelerate on their way outwards,
from the galactic centre. Another possibility is that there is a physical distinction
not in the density of the ambient medium that slows the jets down, but in the
way the AGN engine produces the jets. For an overview on FR classification see
Kembhavi & Narlikar (1999).

Compact sources come in many flavours, but the interesting ones are the core-
jet sources, with a flat-spectrum core and a steep-spectrum jet. It is interesting
to note that the flat-spectrum sources normally have blazars and quasars as their
hosts, and the steep-spectrum objects tend to be of FR I or FR II type. These
observations lead to the unification theory, according to which different observa-
tional phenomena stem from a combination of some intrinsic characteristic, such
as the host luminosity, and our orientation with respect to the jet axis. The
orientational argument is further supported by the fact that all of the extended
sources have a compact central component, and all of the compact have faint

“halos”, interpreted as the extended sources seen pole-on. A compact radio jet is
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found on the pc scale, and has a “core” at its base, from which series of knots of
emission is moving outwards (seldom the stationary ones are observed), towards

the extended, kpc-scale jet and lobes.

Jet Propagation. As the collimated relativistic plasma (jet) develops, it
expands first into the interstellar, and then into the intergalactic medium of the
galaxy (see figure 1.3). The pressure that the external medium exerts onto the
tip of the jet will result in this ending point moving slower than the flow internal
to the jet, resulting in a shock. This shocked jet material is responsible for the
observed hot spots. When the material from the jet hits the hot spot, it can only
go back towards the nucleus, and in doing so it creates a “cocoon” around the
source, that is much wider than the jet itself. In the process it forms the lobe of
radio emission at the end of the jet, the brightest region of which is the hot spot.
The cocoon itself is enveloped with the region of the shocked ambient material,
and there is a contact discontinuity between them. There is also a bow shock,
produced by the expansion of the cocoon into the external medium. The region
of shocked IS/IG medium material lies behind this bow shock (see Begelman &
Rees 1996).

Acceleration Mechanism. There are various theories of jet acceleration
(for an overview of acceleration and collimation models see Sauty et al. 2002).
Hydrodynamic acceleration treats a jet as an adiabatic fluid propagating in an
external medium with decreasing pressure. Radiative acceleration would result
from the intense radiation field of the disc. Hydromagnetic acceleration seems
to be a favourite of many: power is extracted from the radiation of the disc
and/or spinning black hole, and the flow is threaded by a large-scale magnetic
field. There are several variations to this scenario. In the toroidal acceleration
scenario, the magnetic field is spiral and it originates in the disc. As it stretches
out, the toroidal magnetic pressure builds up due to the rotation of the field lines.
The net force is pushing plasma outward. Magneto-centrifugal acceleration from
the disc would be due to the combination of centrifugal force and strong poloidal
magnetic field (Blandford-Payne mechanism, Blandford & Payne 1982). Magnetic
field lines thread the disc, going into its corona, and the disc’s differential rotation
leads to a horizontal component of the magnetic field. As the field lines drag
the corona around, the angular momentum is transferred from the disc into the
corona. In the magneto-centrifugal acceleration from the magnetosphere of the
black hole (Blandford-Znajek process, Blandford & Znajek 1977) the rotational
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energy of a Kerr black hole is extracted by a large scale magnetic field that is
accreted onto the black hole. The potential difference that forms between the
equator and the poles causes the electric current flows along the field lines from
the event horizon towards the poles of the black hole, making it a battery of
sorts. This current releases energy into the plasma, accelerating the particles
and carrying them away from the poles in the form of bipolar outflows or jets (a
PhD thesis by Costamante 2001 gives a useful overview section on jet acceleration
models).

Collimation Mechanism. On larger scales, the magnetic field is known to
be parallel to the jet axis in FR I, and perpendicular in FR II. This gives us some
clues about the possible collimation mechanisms. Pressure confinement of the
surrounding medium, if its pressure is higher than that of the flow. This works
only for rich environments such as clusters of galaxies(e.g. in FR I, but not in FR
IT). In the toroidal magnetic confinement model (Blandford 1976), the toroidal
magnetic field, that is created by the rotation of the disc material, collimates the
outflow around the rotational axis. The advantage of this model is that it works
for both over- and under-pressurised jets. Thermal & magnetic processes may be

combined to accelerate and confine the outflow.

1.3 Blazars

One feature that is seen in a small number of radio-loud AGN is the double peaked
SED (in vF, representation), with one broad maximum in the optical — X-ray
part of the spectrum, commonly believed to be due to the synchrotron radiation
of particles, and the other at higher, gamma-ray energies, usually ascribed to the
Inverse Compton upscattering of photons by highly relativistic electrons in the
jet. These objects are called blazars, and their peculiar spectrum is understood
to be a consequence of the radiation from their jets that happen to be aligned
with our line of sight. The relative orientation causes the radiation to appear
relativistically beamed to us and hence boosted in flux, so we can observe even
those objects that would otherwise be undetectable. Therefore the phenomenon
of blazars (within the AGN group) is actually an orientation effect. The most
extreme among them are called BL Lacs, with very weak line emission and the
higher peak which can extend up TeV energies and strong and often rapid vari-

ability in continuum emission.
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EGRET, the gamma-ray experiment on the satellite CGRO (Hartman et al.
1999) operating between 20 MeV and 30 GeV, has discovered more than 70
gamma-ray blazars (FSRQs). The ground-based Cherenkov detectors, such as
Whipple (see Weekes et al. 1989 and the more recent Kildea et al. 2007) and
HEGRA (Daum et al. 1997), have complemented it with the observations in the
TeV range. This generation of gamma-ray telescopes has detected six BL Lac ob-
jects, and the present generation of detectors, such as VERITAS (Weekes et al.
2002), HESS (Hinton 2004) and MAGIC (Lorenz & Martinez 2005), have dis-
covered many more TeV sources as of end 2008 (see Weekes 2008). Most of the
known extragalactic TeV emitters are HBL, but there are also a few representa-
tives of IBL (W Comae and 3C66a), an LBL (BL Lacertae), an FR I (M87) and
an FSRQ (3C279). All of these objects are listed here in table 1.1.

Blazars are characterised by a spectral distribution that shows two prominent
peaks. EGRET selected blazars with the second peak in GeV have the first peak
in radio, and the TeV blazars reveal a lower peak in the X-ray band. For two of
the sources (Mrk 421 and Mrk 501) the emission extends even beyond 10 TeV.

For an object to be classified as a blazar, it has to contain signatures of a jet
(Costamante 2001; Skelton 1999):

e in radio: compact core emission, with a flat spectrum

e broad band spectrum that is bright in all frequency bands: radio — GeV,

and sometimes extends to multi-TeV
e strong, rapid variability in all bands

e superluminal motion of radio-compact regions, or “blobs”, as measured with
VLBI - pc-scale jet (relativistic effect)

e one-sided jets (due to the relativistic effects: just as the jet approaching us
would appear brighter than it actually is, for the same reasons the receding

jet will appear greatly diminished)

Emission lines in optical are weak or absent in most of such sources. These
objects are also known to often show strong, variable linear polarisation of radio

and optical emission.
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Figure 1.4: Blazar sequence proposed by Fossati et al. (1998). The main
premise is that one parameter — blazar power — governs the SED shape and
peak positions. Blazar sample has been divided into five radio luminosity
bins and the overlaid curves represent the phenomenological fits to the data.
The plotted luminosity is inferred from the observed flux as if the object was
emitting isotropically in the observer’s frame, hence boosted by an unknown
Doppler factor to the power of four (§%).

1.3.1 The Blazar Sequence

Blazars are commonly further subdivided into BL Lacs and FSRQs. BL Lacs
were named after a prototype of such objects, BL. Lacertae, and the reason for
classifying them as a separate type lies in the absence of strong emission lines.
It is not yet understood why the emission lines are so weak in these objects,
but it is often taken to be linked to the low luminosity of the disc, which illu-
minates the BLR. On average, luminosities of BL. Lac objects seem to be lower
than those of FSRQs, and a trend has been observed where both the synchrotron
and IC peaks shift as an inverse function of luminosity and the gamma-ray domi-
nates increasingly over X-rays with higher luminosities. Fossati et al. (1998) and
Ghisellini et al. (1998) have proposed the so-called Blazar sequence based on the

inter-correlation of these three parameters.

The phenomenological sequence by Fossati et al. (1998) was derived from the
observed anti-correlation of the radio luminosity, which traces well the bolometric
luminosity, and both the peak frequency of blazars and the X-ray to gamma-

ray flux ratio. The theoretical background was provided by Ghisellini et al.
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Table 1.2: Typical observed peak positions in different types of blazars.

‘ 1st peak ‘ 2nd peak ‘
new? MeV TeV
HBL soft EUV — soft X-ray | GeV — TeV
LBL IR — optical /UV MeV - GeV

HPQ/LPQ mm — FIR MeV

(1998), and their physical sequence is a result of the different contributions to
ICS from the target photon fields external to the jet in objects with different
radio (and bolometric) luminosities. Since high-luminosity objects have more
luminous BLRs, the EC component should be more important than the SSC,
thus providing stronger cooling and producing the higher gamma-ray fluxes w.r.t.
the synchrotron peak. The fact that the peak frequency is lower in these objects
in again due to the stronger cooling of particles in these objects, if the peak is
taken to represent the balance of the acceleration and cooling processes. TeV
blazars, on the other hand, are supposed to have negligible contributions from
their small BLR and thus the lower IC peak (typically observed to be comparable
to the synchrotron peak), which in this scenario almost purely consists of the SSC
photons. Weaker cooling also keeps the peak frequency relatively high. However,
it should be noted that the data used to constrain their model have been compiled
over a long period of time, and mostly not even contemporaneous at different
wavelengths. It is thus a superposition of the observations from many individual

flares, which are known to behave differently even for a same object.

A classification has been proposed (Ghisellini 1999) that encompasses high-
frequency and low-frequency peaked BL Lacs, HBLs and LBLs, and highly- and
lowly-polarised quasars, HPQs and LPQs (see table 1.2). LBLs are observed to
have their lower peak in the IR — UV region, while HBLs’ first peak lies in MeV
— GeV region. Their IC peaks are, respectively, in EUV — soft X-ray region, and

GeV — TeV region. The proposed blazar sequence is shown on figure 1.4.

This sequence has since been much debated, and it appears to be increasingly
obvious that it suffers from strong selection effects (Padovani 2007 discusses these
problems). Radio luminosity — peak frequency anti-correlation is only achieved
when combining observations from three different samples (HBL were mostly X-

ray selected, LBL were mostly radio selected and FSRQ were only radio selected),
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and is not seen in homogeneous samples. All the subsequent studies, from the
surveys that were not subject to selections effect, have shown no correlation,
very large scatter (several orders of magnitude, at each peak frequency) and the
outliers (sources in the regions of the plot that were empty in the original study by
Fossati et al. (1998)), implying that even if any correlation exists, it is quite weak.
Moreover, results from Nieppola et al. (2008) indicate that the blazar sequence
seems to be an observational phenomenon, by accounting for the different Doppler
factors across the sequence. They study the correlation between the de-boosted
synchrotron peak position and luminosity by deriving the Doppler factors from the
variability timescales. The Doppler factor and the synchrotron peak position are
found to be strongly correlated, having the the lower energy sources being boosted
more. After accounting for the Doppler boosting, the observed anti-correlation
between the synchrotron peak position and the synchrotron luminosity becomes

a direct correlation, and it is markedly strong in BL Lacs.

1.3.2 Variability

Blazars are also known to display strong variability over the whole of their SED,
from radio to TeV gamma-rays. The variability timescales and the amplitude
changes vary greatly. The timescales range from years down to minutes, with
the longer ones being typical for the radio to optical part of the spectrum, where
they are observed to be of the order of days up to several years (see Ulrich et al.
1997). On the other hand, X-rays and gamma-rays can vary in flux in a matter
of hours, with the TeV flares being the most dramatic ones, with flux doubling
times as short as half an hour. A certain portion of sources also seem to produce
the Intra-Day Variability (IDV) in all wavebands, even at the lowest energies (see
Wagner & Witzel 1995). The observed timescales put constraints on the size of
the emitting region, which, once corrected for the Doppler boost, turns out to be
surprisingly small, and can be (in our frame) of the order of light hours (about
tenth of a milliparsec), and in some cases (Mrk 421, Gaidos et al. 1996) less than
an hour (in the co-moving frame of the emission region this translates into about
10 — 50 times larger region, depending on its the velocity and the viewing angle).
The most extreme cases recorded yet were in the Mrk 501 flare from 2005 and the
PKS 2155 one from 2006 (Albert et al. 2007; Aharonian et al. 2007), where the

variability timescales were of the order of only a few minutes, which put extreme
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Figure 1.5: Spectral variability of Mrk 421 (from Krennrich et al. 2002).
The spectral shape hardens with the increased flux.
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requirements of the Doppler boosting factor (from over 50 to over a 100 in PKS
2155).

During the flares, blazars are observed to have greater amplitudes in the high-
energy spectral component than in the low-energy one (Wehrle 1997). In addition,
the flux changes are energy dependent within each of the two spectral components,
having the greater amplitude increase with the higher photon energy (Sikora et al.
1997). Rapid variations in blazar SEDs imply a very compact emission region that
is moving toward the observer with highly relativistic speeds (Blandford & Konigl
1979). They are believed to be due to the shock propagation in jets. Shocks
are commonly thought to be responsible for the acceleration of the jet emission
region particles, since the first order Fermi acceleration (commonly invoked to
model shocks) produces the slope of the accelerated particle distribution p = 2
for strong non-relativistic shocks!. However, this is not an appropriate value to
use for ultra-relativistic shocks, which were found to be somewhat steeper, up to
p = 2.4 (see Kirk & Schneider 1987). The rough relationship between the slope p
of the particle number density spectrum and that of the slope s of the observed

photon (energy) spectrum is given by p = 2s + 1.

1.3.3 Relativistic Effects

Relativistic motion leaves its imprints on the observed SED in the form of several
observational effects associated with blazars. One-sided jets, prohibitively high
fluxes and superluminal motion are some of the effects that cannot be accounted
for unless one introduces an emission region that is moving relativistically along
the jet closely aligned to our line of sight?.

The aberration effects that we observe stem from the fact that the jet emission
region moves at speeds comparable to light speed at a small angle to the line of
sight during our measurements. This essentially leads to the jet nearly catching
up with its previously emitted photons (see figure 1.6). This will affect the time
measurements, shortening the time intervals in the observer’s frame with respect
to the time intervals in the rest frame of the emission region, which will cause
the observer to see larger fluxes. Such high fluxes would be impossible to get out

of the emission regions this small (as inferred from the light-crossing constraints)

1y is actually the absolute value of the particle slope, which is always negative; the same is
true for the photon energy spectrum slope s.
2The idea was first introduced by Martin Rees back in 1967.
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because of the transparency arguments — opacity would be so large that gamma-
rays and X-rays would pair produce, hence gamma-rays would not escape and be
observed, and there would be an excess of X-rays (see Ghisellini & Madau 1996).
Apparent superluminal motion, which was measured in many sources by VLBI
to be up to 40 times that of the light speed, is also caused by the shortening of

the observed time interval.

Beamed Emission

Consider a source that is at the point A when it emits a signal that reaches a
stationary observer after the interval At, (figure 1.6), crossing the distance cAt 4.
In the meantime, the source has moved the distance GcAt at the angle ¢ to the
line of sight, to the point B when it emits another signal that takes time Atg to
reach the observer. Therefore the observed interval that has passed between the

reception of signals from A and B by the stationary observer is
Atyee = At + Atg — Aty = At — AtZ cosd = At(1 — Beos¢)  (1.1)
c

hence shortened with respect to the time it takes the source to get from A to B.
Another effect, time dilation, causes the emission timescale to appear longer in
the reference frame of the observer than in the frame of the moving emitter by a
factor of I'

At =AtT (1.2)

Therefore

’

Atree = ALT(1 — feos @) = A;e (1.3)

that is, the time interval that marks the time it takes the stationary observer to

receive a signal emitted by a moving source contains also the retardation term
of 1 — Bjet cos ¢ with respect to the time during which emission occurs in the
frame of the stationary observer (At.), and also an additional dilation factor, I,
with respect to the time during which emission occurs in the frame of the mowving
emitter® (At). This combined effect of retardation and dilation is described by

the Doppler factor d, which is a parameter that describes the transformation of

3the corresponding power calculations, emitted and received, are calculated in accord with
the appropriate time intervals.
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most physical quantities between the different frames of reference

1
Ljer(1 — Bjercos @)

) = To(1+ Bjecos¢) (1.4)

where I'jep = 1/,/1 — B?et is the Lorentz factor of the jet (as an example), and
Bje: the betafactor of the jet, that is, the jet velocity in units of the speed of light.
The smaller the observation angle, the more strongly the emission is beamed and

the flux enhanced.

Since the aberration effects affect the angles as well, the emission patterns
will be distorted. Isotropic radiation in the rest frame of the emission region
(henceforth denoted with a prime) will be beamed in the forward direction in the
observer’s frame (unprimed quantities). The transformation of the polar angle of

the photon (measured from the jet axis)

[+ cos ¢

COS¢ == m (15)
sin ¢

implies that one half of the radiation emitted isotropically in the relativistically
moving region’s frame, between the angles ¢ = —5 and ¢ = +3 will be concen-
trated in a narrow cone of the half angle ¢ ~ %, after the boosting of these angles

into the observer’s frame.

Below are given some of the main transformation laws (see Rybicki & Light-
man 1979)
v =10v (1.7)

VAt ,’ —
a _— ¢ VAtsIing

VAtcos¢

Figure 1.6: Superluminal motion
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for the frequency (the same as for energy) v [Hz|,

AV = 6dV’ (1.8)
for the volume element dV [m™3],
1
A0 = =d0 (1.9)
for the solid angle element d2 [sr],
I(dv,dQ) = 8°I (dv', dY) (1.10)

for the specific intensity I(dv,dQ) [Js™'m=2Hz 'sr!,
j(dy, dY) = 6% (dv',dY) (1.11)

for the emission coefficient per unit frequency j(dv,dQ) [Js™'m=3Hz 'sr™1].
(Note that throughout this thesis a variable that a particular quantity is a func-
tion of but not differential in will be quoted inside the bracket without the letter
“d” in front of it and separated by a semicolon from the variables that the quantity
is differential in?.)

This amplification of the jet radiation flux is an extremely important and

fortunate effect, for it is the reason why we can study the blazar radiation at all.

Note that to boost the observed timescales into the co-moving frame of the
relativistic emission region (and hence put constraints on its size) one would need
to multiply with an appropriate Doppler factor J as in equation 1.4. However,
to obtain its size in the AGN rest frame, one would need to multiply observed
timescales with and additional factor of I'j., for an observer at 90° (in AGN

frame) to the moving region.

Another consequence of a relativistically moving emitter is the apparent su-

perluminal motion of the transverse velocity component

r;  [sing
Atree 1 —[cose

Bobs = (1.12)

4This is a somewhat non-standard notation. Here it is used for clarity and in order to avoid
a myriad of subscripts and subsubscripts that would ensue from the “F,”-style notation for
differential quantities.
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1.4 Models of Jet Radiation

The jet matter content is one of the most debated issues in the high-energy
astrophysics, as are the mechanisms that govern their acceleration and energy
loss. These two issues are closely related — the composition of the plasma (proton-
electron or electron-positron pairs) will determine which energy loss processes
will be dominant. The jet content is closely connected to the jet origin, since
models expect protons to originate from the accretion disc which powers the jets,
while electron-positron pairs are believed to be created by the black hole spin
extraction mechanism (Coppi 2002). Therefore, by learning about the nature of
the radiation mechanism that operates in jets, one hopes to get an insight into
the most central parts of AGN — the inner accretion disc and the SMBH.

Depending on which type of plasma produces the observed radiation — pair
plasma (electrons & positrons) or “ordinary” plasma (electrons and protons) —
the models that describe the blazar SED are generally divided into leptonic and
hadronic. In the leptonic models, pairs synchrotron radiate in the tangled and
randomly oriented magnetic field lines that are frozen in the jet material, giving
rise to a lower peak, and these photons produced internally to the jet can be
upscattered to gamma-ray energies by the same electrons via the Inverse Comp-
ton process, thus accounting for the higher SED peak. This is the most widely
used model of the blazar SED — Synchrotron Self-Compton (SSC) from a simple,
one-zone, spherical emission region. Another possibility for the Compton target
photons is the radiation external to the jet (External Compton, EC). The main
contributors are believed to be the accretion disc and the BLR, and the torus
is sometimes considered (see e.g. Sikora & Madejski 2001 and the references

therein). See figure 1.7.

Hadronic models postulate the dominance of the proton-electron plasma, and
the gamma-radiation is a sum of several components. The protons can interact
with the (soft) photon fields either internal or external to the jet to initiate a
cascade of particles (Proton Induced Cascade — PIC — model, e.g. Mannheim
1993) through the pion photoproduction. In this scenario gamma rays can come
from the decay of the resulting neutral pions, from the synchrotron radiation of
the secondary ultra-relativistic electron-positron pairs (that can originate from
the muon decays or from the electromagnetic sub-cascade), and also from the

secondary electrons’ Compton-upscattering the photons. In addition to these,
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Proton-induced
cascade

Inverse-Compton
scattering

Figure 1.7: Leptonic and hadronic models of the gamma-ray production
in relativistic jets are schematically presented (from Buckley 1998). In the
leptonic models, seed photons originate either internally or externally to
the jet. Hadron collisions initiate the cascade of various particles, which
subsequently radiate and give different contributions to the overall double-
humped photon spectrum.
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there is also the synchrotron radiation of the protons themselves, as the means
of the direct production of the gamma-ray photons (Aharonian 2000, 2002). In
this model synchrotron radiation comes from the high-energy protons which are
co-accelerated with the electrons, that should be responsible for the low-energy
component. The picture can be further complicated by introducing the muon
synchrotron radiation (e.g. Miicke et al. 2003). A possible test for the nature of
the jet plasma is the measurement of the neutrino flux, since it is only expected in
the hadronic scenario, as the secondary charged pions produce neutrino signature,

through the cascades they initiate®.

1.4.1 Difficulties of the Current Models

Major arguments against the hadronic models are the extreme parameters that
they require. A proton’s radiative efficiency for synchrotron radiation is much
lower than electron’s due to its high mass (about 2000 times that of an electron),
causing the proton to be on one hand easily accelerated to very high energies, but
also making the synchrotron cooling ineffective. Also, the rate of pion-production
is a few orders of magnitude lower than that of the electron Inverse Compton
process (due to the difference in the cross-sections for these processes), which
argues for the much slower times for the gamma-ray fluxes to die out in the
hadronic case (Buckley 1998). This makes the very rapid variability of BL Lacs
harder to explain. Short timescales are also a problem because they put a tighter
constraint on the size of the emission region of the high-energy protons. To satisfy
this, one needs much higher particle densities and very high magnetic fields (see
Coppi 2002), tens of Gauss rather than a milliGauss or centiGauss as required
by electrons (which seem to be in agreement with the constraints imposed by the
observations). Perhaps the greatest difficulty with the hadronic models is that
most of them do not directly predict the good correlation of the two peaks that
we observe in some blazar SEDs, e.g. Mrk 421 and Mrk 501, have shown in the
past correlations of the X-ray and TeV fluxes (Fossati et al. 2004 see figure 1.9).

In the past, simple, homogeneous one- and two-zone pure SSC models have

been largely successful in reproducing the observed time-averaged data, and ex-

5Nearly all of the time charged pions decay into muons and muon neutrinos, which subse-
quently decay into electrons/positrons (depending on the pion charge) and the corresponding
electron and muon neutrinos; very seldom (about 0.01% of the time) they decay directly into
an electrons/positrons and corresponding electron neutrinos.
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Figure 1.8: Photon spectra of Mrk 421, Mrk 501, PKS 2155 and 1ES 1101
by Katarzynski et al. (2006) modelled with the pure SSC scenario. Dashed
lines represent the predictions of the observed spectra, superimposed with
the data points from observations, while solid lines are the intrinsic spectra
before the absorption takes place, with superimposed unabsorbed data that
is corrected for the EBL effects. K is related to the total number density

ne through K = neﬁ. The spectrum for 1ES 1101 shows a peculiar

shape, influenced by the choice of the extremely narrow and steep electron
spectrum. These distant objects are difficult to fit due to a large uncertainty
that stems from the extragalactic absorption.
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plaining the flux correlation of the two peaks in the BL Lac SEDs (see e.g.
Krawczynski et al. 2002; Petry et al. 2000 for Mrk 501, Mastichiadis & Kirk 1997
for Mrk 421). Katarzynski et al. (2006) get excellent agreement with observations
using a time-constant, one-zone, homogeneous SSC model (1.8). However, these
simple models are not as successful in reproducing the time-resolved spectra. In
particular, the observed isolated TeV flares, without any X-ray counterpart — “or-
phan” flare of 1ES 1959 (Krawczynski et al. 2004; see figure 1.9) and in Mrk 421
(several flares, Blazejowski et al. 2005) — challenge simple SSC models that have
no obvious way of reproducing it, and may possibly require a two component
emission region, subregions, feedback mechanisms, and hadronic models offer no
explanation. Another possible challenge for these models comes from their pre-
diction of the magnetic field values, that seem to be orders of magnitude below
the equipartition with the particle energy density. There may also be a problem
with the predicted Doppler factor values being extremely high (around 50) after

correcting for the high-energy IR absorption (see Tavecchio 2005 for a review).

One of the greatest difficulties that most of the models face is having too
many free parameters. The constraints from the flux measurements and light
curves are often not very strong, and the degeneracy in the parameters is there-
fore often present, leaving most of the models without definite statements about
the physics of the source. For example, fitting phenomenological power-laws to
observed photon SEDs at the high end of X-ray and TeV (frequencies in between
are unobservable) does not provide any information about the parameters and
structure of the ambient photon fields in AGN, or the emission region, or pin down
the acceleration mechanism. For that, particular scenarios should be tested, and
it is necessary to specify certain assumptions about the source and test them in

a consistent manner.

Another problem is modelling a long train of data, sometimes months- and
years-worth, with a unique emission region, and hence as a single flare. This
is almost certainly not the case — rather, it is due to a superposition of many
individual flares. The only real physics can be extracted from the well defined
flares, with fluxes significantly above the detector’s threshold energy to produce
the spectrum, sampled closely and resolved down to timescales of minutes (sam-
pling should hopefully become less of a problem now that three major gamma-ray
telescope arrays are coming online). This way time-dependent calculations can be

performed and averaged over minutes to hours, which should hopefully reproduce
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Upper panel: an example of good X-ray — TeV correlation

typically observed in TeV sources for the source Mrk 421 (Fossati et al.
2004), and an observation of 1ES 1959 TeV “orphan” flare which shows no
X-ray counterpart (Krawczynski et al. 2004).
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well the evolution of the flare. This is why having a detailed, self-consistent, time-
dependent model is crucial in analysing the spectral behaviour. To date, there
are very few models that are concerned with the time-evolution of the particle
distribution (Bottcher et al. 1997; Krawczynski et al. 2002; Katarzynski et al.
2001).

It is sometimes said that the relative importance of the SSC and the EC
component in the jet SED could be assessed by measuring the time lag between
the low- and high-energy component in the flares (Coppi & Aharonian 1999). SSC
predicts a time lag associated with the light crossing time (R,/c, R, being the
radius of the blob and ¢ the speed of light), since the IC component is only emitted
once the synchrotron photons radiated by the accelerated /injected electrons have
had time to propagate through the blob. So far, there has been no confirmation
of this behaviour, at least not with high confidence (Krawczynski 2004), although
there has been some indication of lags which were much too long to be explained
with the SSC scenario (Blazejowski et al. 2005). On the other hand there may be
other reasons why one component would be lagging the other, such as the efeect
of ambient photon fields which is explored later in this thesis. With VERITAS
and HESS flares can be resolved down to timescales of hours to as short as a
few minutes for strong flares (Weekes et al. 2002; Hinton 2004), therefore making
it possible to check for this behaviour in near future (see figure 1.10). Detailed
studies of the northern source Mrk 421, the closest of all TeV blazars, should
prove invaluable in spectral studies of jets. Remarkable flares from Mrk 501 and
PKS 2155 have already been observed by HESS and MAGIC, respectively, in the
past few years (Aharonian et al. 2007; Albert et al. 2007).

1.4.2 External Compton Models

A possible resolution for of all of these difficulties may come from an introduction
of an additional radiation field (or fields) that is external to the jet. EC models
have been a necessity in many of the EGRET blazars (Hartman et al. 1999)
that could not by any account be described by the SSC models. Their spectra
displayed high gamma ray fluxes, relative to the synchrotron peak, which indicates
strong Compton cooling, and hence probably high external fluxes. However, these
objects are FSRQs, a class of blazars whose SED shows strong emission lines,

among which are broad emission lines, and hence provides direct evidence for
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Figure 1.10: An illustration of what is expected from VERITAS. It
shows an observation of the rapid flare from Mrk 421 (upper left), observed
by Whipple on May 15, 1996 (Gaidos et al. 1996) during which the flux
doubled in a matter of an hour. Superimposed on it is a hypothetical flux
variation which matches the VHE data (dashed). To the right of it is the
simulation of what VERITAS would record for such an event above 200
GeV (for both lightcurves see Weekes et al. 2002). The lower panel shows
the corresponding spectra with the notes on the expected flux in terms of
the Crab flux for various observation intervals (Frank Krennrich, private
communication).
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the existence of the BLR and the strong accretion discs (from the UV bump), as
well as the IR dust radiation from the torus. However, in high-peaked BL Lacs,
the observed SED does not show strong emission lines and this is very often
interpreted as the external photon fields in these objects not being important,

leaving the SSC to dominate the Compton losses of the jet electrons.

There is, however, evidence for the low-luminosity BLR in at least some BL
Lacs. Observations of BL Lacertae have measured the weak broad H, line corre-
sponding to the luminosity of about 10*! erg s~ (Corbett et al. 2000), and in Mrk
421 and Mrk 501 the BLR luminosities have been inferred to be 1.5-10% ergs!
and 4-10*! ergs™1, respectively (see review by Donea & Protheroe 2003). The typ-
ical values for the BLRs of BL Lac objects are in the range 10" — 10%3 erg s7! (Dai
et al. 2007). Even if these objects do have intrinsically weak BLRs, these photon
fields appear boosted to very high energies in the frame of the relativistic jet and

could dominate the IC processes.

In the view of the unification theory, it is often suggested that BL Lacs and
FR T represent the same physical class of objects viewed from different angles.
In addition, it has also been suggested that a FR I — FR II dichotomy might
be critically influenced by the opening angle of the torus, with FR-I having tori
that with a large opening angle that would hide to a certain extent the internal
regions (including the BLR) from the observer (Falcke et al. 1995). FR I sources
Hydra A and Centaurus A, for example, show signatures of IR obscuration. The
same argument can be applied to explain the underluminous BL Lacs’ accretion
discs, that can also contribute to the EC component either directly or after being
scattered /reprocessed by the BLR (Dermer & Schlickeiser 1993; Sikora et al.
1997).

The EC models may be very useful in mapping the location where the jet
flares occur, since they are sensitive to the distance and nature of the target field
in question (BLR clouds, accretion disc, torus dust), so they directly tell us about
the physics and structure of the source. The complications, however, arise from
the fact that it is most likely that SSC component overlaps with EC, which itself

may be a superposition of components from various target field.
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1.5 This work

This thesis presents a comprehensive, self-consistent, time-dependent model of
spectral evolution of the blazar jet radiation, that is still computationally fast
enough to be used as a fit to the future time-resolved observed spectra. It aims
to reproduce the observational features of blazars, such as fast rise times of flares,
slower fall-off times of synchrotron component w.r.t. those of the gamma-ray
peak, orphan TeV flares. It is also of interest to model time-lags of the two
components, since in future multiwavelength observations could be able to check

for this kind of behaviour.

The variability in blazars is commonly believed to be caused by emitting
blobs of high-density plasma that travel with relativistic speeds outwards along
the sub-pc jet perpendicularly to the accretion disc. The internal shocks scenario
is currently the favoured one to explain the acceleration of high particles that
produce the observed TeV emission (Ghisellini 2001). It assumes that the central
engine discontinuously ejects material of different masses and Lorentz factors
into the jet. When two shocks/plasma blobs that are travelling down the jet
with different speeds catch up with each other, they form a shock. The resulting
shocks’ bulk kinetic energy is transferred to the particles, accelerating them to
high energies. The shock is also responsible for the creation of tangled magnetic
fields of high strength. The equipartition assumption is usually made, so that the
equal fractions of shock’s bulk motion energy are put into the particles and the
magnetic field. The efficiency of this energy transfer will depend on the gamma
factors of the colliding shocks. High values of the magnetic field confine the
accelerating region and provide quick acceleration timescales, which are reflected

in the short rise-times of the observed flux.

As mentioned previously, the injection/shock formation phase is characterised
by the acceleration time scale, which can cause quick observed flare rise times,
while the fall-off phase marks the start of the shock dissipation/particle escape
to the region downstream of the jet, where they cool down radiatively. It is
often assumed that the electron maximum energy is caused by the competition
of the acceleration gains and the radiative losses. It should be noted, however,
that the magnetic field strengths, inferred from the synchrotron peak positions
in the available spectra, appear to be many orders of magnitude lower than those

predicted for the shock acceleration region (i.e. energy density of the radiating
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particles is many orders of magnitude higher than the magnetic energy density).
Given that the magnetic field is usually assumed to decay quickly across the
shock, this might point to the quick acceleration phase (in which particles have
not time to cool radiatively) followed by a longer cooling phase in the region with

a lower magnetic field.

The accelerated particles from the emission region interact through various
processes with the ambient radiation as well as the self-generated synchrotron
photons (in the presence of the ambient magnetic field). If a shock forms dur-
ing the emitting region’s (blob’s) passage through the BLR, the clouds’ emitted
photons can provide the targets for the same population of electrons to Inverse

Compton upscatter.

If the external component dominates over the SSC one, the IC peak in the ob-
served SED should quickly diminish after the blob recedes from the BLR region,
and possibly just show some sign of the remaining weak SSC activity (Skelton
2001; see also Sikora et al. 1994), along with the synchrotron peak. This would
provide a viable explanation for the observed difference in the flare timescales be-
tween the extremely rapidly variable high-energy component and the low-energy

component which can continue to flare for months and years.

The EC model also offers a possible explanation for the orphan TeV flares
(Krawczynski et al. 2004). Time-variable profiles of the external fields (Wehrle
1997), for example due to the emission region’s passage through the BLR (whose
parameters change with the distance from the centre), could generate TeV fluxes
without a detectable synchrotron counterpart if the magnetic field is weak enough
(other causes may include: intrinsic variability in the disc; the precession in the
jet that would cause a great change in the gamma-ray flux with only a slight
change in the synchrotron flux due to the narrower beaming angle of the TeV
component; the magnetic field alignment along jet axis, since the view along the
B-field axis would provide no observable synchrotron flux whilst gamma-rays still
being detectable. See Krawczynski et al. 2004 for discussion). In the case of the
external scenarios, one should observe the IC emission to vary linearly with the
synchrotron component for any change in the electron population (Sikora et al.

1994).
The model described in this thesis reproduces the TeV spectra with the little

explored EC model that also includes an SSC component. The external target

field of primary interest is the Broad Line Region photons but the accretion disc
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photons are included as well. By assuming a particular structure of the BLR
(derived from the observations of BLRs, Kaspi & Netzer 1999) and the disc, as
well as the peculiarities of their radiation whilst evolving the particle population in
a self-consistent manner, it is possible to learn more about the physical processes
and the geometry of the AGN.



Chapter 2
Radiative Processes

This chapter discusses in detail the elementary processes that influence the elec-
tron energy distribution as well as the emitted photon spectrum of the blazar
jet emission region. The essential derivations are also outlined to provide a more

rounded overview of the problem.

Interactions that lead to Gamma-ray production

In astrophysics, the two scenarios that are normally invoked to explain the ori-
gin of TeV gamma-ray emission involve Inverse Compton scattering and neutral
pion decay. In principle, other processes such as Bremsstrahlung (the radiation
from a charged particle in the Coulomb field of another charged particle) and
synchrotron radiation (radiation from a charged particle in the magnetic field)
can also lead to gamma-ray production. These two processes, however, are not
normally considered. Bremsstrahlung is of minor importance in pair plasmas as
lepton’s deceleration is much weaker in the presence of another lepton than in
the presence of a much more massive (inert) proton, where it leads to a much
greater momentum transfer. Also for electron synchrotron radiation to produce
gamma-rays enormous magnetic fields and particle energies would be required,
many orders of magnitude above the highest values that one might expect from
AGN. On the other hand synchrotron radiation is sometimes invoked in hadronic
scenarios as the direct way of producing gamma-rays (see Section 1.4 for an
overview and discussion of the importance and difficulties of hadronic processes).
However, Inverse Compton scattering (Jones 1968; Blumenthal & Gould 1970)

remains the most probable and natural way of TeV gamma-ray production in

33
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astrophysical environments. For an evaluation and a discussion on the relative
importance of various radiative processes in pair plasmas see Coppi & Blandford
(1990); Coppi (1992).

2.1 Inverse Compton Scattering

Inverse Compton scattering is essentially the same process as the Compton scat-
tering but viewed from a different reference frame. While the Compton process
describes a photon scattering off an electron (or indeed any charged particle) at
rest, Inverse Compton represents the scattering off a moving electron. The in-
teraction of ultrarelativistic charges and low-energy photons typically results in
a high energy gain for the photons, boosting them as high as gamma-ray range!.

The scattering cross-section is influenced by the photon energy relative to that
of the electron. Based on the ratio of the two, one can clearly distinguish between
the regime that can be well approximated by Thomson scattering, and that where
the interaction has to be treated with a full Klein-Nishina cross-section.

The requirement for the scattering to be in the Thomson regime is that the
energy of the incoming photon (¢ = E,;,/mc?, in units of electron rest mass),
as well as the scattered photon energy, is much less than that of the electron
energy (v = E./mc?). In such a case, the change in photon energy in the electron
rest frame (ERF) is considered negligible — the photon simply bounces off the
electron, changing only its own direction (see e.g. Rybicki & Lightman 1979). In
the lab frame, this typically increases the photon energy by 72 (one factor of v is
picked up from boosting into the ERF and another one after the scattering, from
boosting back into the lab frame). The condition of the approximation can be
written as

Ye <y (2.1)

The total scattering cross-section is then simply the Thomson cross-section

8
op = —p2 (2.2)
3
where ) )
e
= 2.3
"o 4Areg Mec? (2:3)

! Theoretically, an electron can actually gain energy, but this is an extremely unlikely case of
an overtaking collision that happens when electron and photon directions are exactly the same.
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is the classical electron radius. All the equations in this thesis will be given in SI
(although some quantities may be quoted in other systems, like CGS).

In the regime where the photon’s ERF energy is comparable to or greater
than the electron rest energy, the electron energy losses become considerable and
the classical approximation no longer holds. In such case the outcome of the
scattering will be crucially influenced by the incoming photon’s energy and di-
rection. The basic relativistic kinematic equations for the scattering conserve the
4-momenta of the photon plus electron. The probability of particular final states
are governed by the Klein-Nishina cross-section for IC scattering (see Blumenthal
& Gould 1970 for details).

For a correct treatment of the Compton scattering of high energy photons one
has to use the full Klein-Nishina cross section (o) in order to derive the emitted
photon spectrum. The scattering rate is obtained by summing over the initial

electron and photon distributions (see e.g. Jones 1968; Weaver 1976)

. do
N (des, d€d) = c//ne(dv,dﬁe) / / nph(de,dﬂph)m(l — Bliph.e)dedp, | dyd€2.
v Qe € Qpn

(2.4)
where n(dv,dS).) and ny,(de, dS,,) are the electron and the incoming photon
number densities differential in the dimensionless energy and the solid angle,
given in [m—?sr™!| and fi, . the cosine of the angle between the directions of the

incoming photon and electron (see end of Chapter 1.3.3 for the explanation on

do
desdQs

of electron and photon energies and directions) gives the probability of a photon

the notation used). The differential cross section (that is also a function

of initial energy ¢; and incoming angle (ppn, f1pn) interacting with an electron
(77, @e, tte) and producing an outgoing photon (e, s, ts), where p denotes the
cosine of the polar angle of the particle and ¢ the azimuthal angle (where the polar
axis coincides with the jet axis). The term inside the square brackets is essentially
the differential scattering rate for a single electron, where i, . represents the
cosine of the angle between the electron and the incoming photon. The above
expression, when integrated over the observing time, directly gives the photon
spectrum at a particular viewing angle.

The emission region is usually modelled as a sphere of isotropically distributed

electrons. In this case, it is useful to have an analytical expression for the scat-
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tering rate that is already integrated over the electron directions, of the form

: acC
N (des, dS) :/ne(d’y) / /nph(de, deh)mdedehd'y (2.5)
vy

Qph €

where

ac do
i = | T (1 B, (2.6

Qe

represents a differential probability per unit time (with C'(e, p,n,v) and o (€, fpn, 7, fe))-

A detailed analytical treatment of such a case was presented in Reimer et al.
(2006). Calculating the rates and spectra this way is very advantageous from a
numerical point of view, since it removes one dimension of integration, resulting
in a much faster and more reliable calculation. The scattering rate in the blob

frame is then

. 3
Tpn (des, dS2s) = 16—7TUTCES////ne(dV)nph(dE,deh)@(Es—631) (2.7)
e ¢ op

X
5’726\/63 - 2/'Lph,5€68 + 62
1_ 1 N++N_+2b _'_ ﬂ++ﬂ_+2a
(298" ((u+ (- +0)2 (g +a) (i + a))?

. (6 (1 — Mph,s) 663 ,U’phs + 1>
2v06 7ﬁ€2 — Hph,s)

C»J

1 1
" (((u++b)(u—+b)) (s + )+ a)

where /i, s is the cosine of the photon scattering angle

Hph,s = [phfts + /1 — pi2, /1 — pZ cos(pn — @s) (2.8)

N

) ] dpdpdedry

The coordinate system is defined so that the polar axis coincides with that of

the jet. The other quantities used in this formula are defined below

(2.9)
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L €(1 — fiphs)

b=—— 2.10
g el (210)

AB + Cy\/B? + C? — A2
= 2.11

where po are the limits on the cosine of the incoming electron angle, and
1 —
A=e, <1+w) —c (2.12)
Y

B = B(es — €liphs) (2.13)

Cr = Bey/1— 12, (2.14)

The argument of the Heaviside step function ©O(e;—¢,1) controls the maximum

possible energy of the scattered photon ¢4 for given set of parameters

. < ey = L+ A= Brign.) (2.15)

L ye(l+ B)(1 = Brph.s)

If ¢, is larger than the maximum value, the argument of the Heaviside step

function is negative, hence the step function returns 0. However, this condition
can be rewritten to obtain the minimum value for initial photon energy ¢ when
the final energy of the photon ¢, is fixed. This puts a constraint on the lower

energy integration limit in the equation 2.7

= an T A0 =B (2.16)

The scattering rate expression given in equation 2.5 can be rewritten to obtain
the losses at each energy in the particle spectrum by integrating over the final

photon’s energies and directions instead

d
fe(dy) = ne(dy) / / / / nph(de,deh)ﬁdedehdesdQs (2.17)

Qs €5 Qph €

(c.f. equation 2.7 for n,,(de, d2,)). Similarly, the gains in number density at

each energy, due to electrons migrating down from higher energies, are

() = [ [ inldendinbon - 6 - eded, (219

Qs €s
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Relative rate

log (€s/€smax)

Figure 2.1: Relative rate (per unit €) for a parallel beam of target photons
¢ = 1077 scattering with the monoenergetic electrons of energy v = 10°.
Spectra are plotted for several different scattering angles (hence, in this case,
different angles between the source’s velocity and the observer), starting
from 7 rad (in steps of 0.2 rad). For 65 ~ 0 we see mostly photons that a
suffered head-on collision and thus have highest possible energy € mqq (for
isotropic scattering, number of such photons would negligible). The peaks
should all be at the same height (at 1) and their misalignment in this plot
is an artifact of binning.
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vs being the scattered electron’s Lorentz factor. Here the d-function fixes the
final photon energy, given the initial and final energy of the electron. The initial
energy of the photon is typically so small, that it is negligible in comparison to

v, s and €g (so that 5 ~ 7 — €5). One can then write the gain rate at energy ~s

. dC

Ne(dys) :///ne(dv)//nph(de,deh)M(S(%—(7—65))dedﬁphd7desdﬂs
Qs €5 v Qpn €

(2.19)

The above integrals need to be calculated numerically. To perform this effi-

ciently, the integration limits need to be tightly constrained:

e Electron energy v for the photon outgoing spectrum (equation 2.5) runs
through [€,, Ymaz] (as the initial electron energy has to be at least that of
the outgoing photon); for the calculation of the gain (equation 2.19) this

variable runs through [vs, Yimaz] -

Scattered photon solid angle €25 runs over the full solid angle.

Scattered photon energy es runs through [0, Vaz]-

Initial photon angle €2 limits depend on the geometry of the target field.

Initial photon energy € limits depend on the target field, but will not nec-
essarily run over the full range of target energies — there is also a constraint

from the condition given in the equation 2.16.

The limits on incoming photons’ energies € and angles €2 shall be discussed indi-
vidually for each field. It should also be noted that it is assumed that there is an
azimuthal symmetry in the targets fields, about the jet axis, and so the differing
limits on the angles really only concern the polar angle #. The azimuthal angle
limits go over the full range [0, 27].

One should note that evaluating these calculations in practice is not a straight-
forward affair. Numerical problems arise from the fact that % can become
extremely small, due to a subtraction of two very similar numbers (py and p_),
which causes large uncertainties in the calculation (equation 2.7). In such a case

an approximation needs to be used (see Appendix B).
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Isotropic target photons. For isotropically distributed target photons,
such as the electrons’ own synchrotron photons, the calculations of the spectra
are highly simplified due to the absence of any angular dependence. In such a

case one can use the angle integrated probability per unit time

dC(ey) 3 1 2 (Gg)*(1 —g)
—— = —orc— | 1 -2 2q1 —_— 2.20
de. 107 (LT 20 2a g+ 5 (2.20)

(see Jones 1968; Blumenthal & Gould 1970), with
€

g=—" 9.21
dye(y — &) 221
G = 4ve (2.22)

The ranges for €, and ¢ are

e, € ( L%) (2.23)

g (m 1> (2.24)

2.2 Synchrotron Spectrum

Synchrotron radiation is generated by a charged particle that is spiralling down
the magnetic field lines, which causes it to be accelerated and emit photons of

radio to X-ray energies.

The spectral power (power per unit frequency) radiated by an electron of
dimensionless energy 7 in plasma is given by (Rybicki & Lightman 1979; Blu-
menthal & Gould 1970)

Py = Y3 B (1 + (ﬂf) F (1) (2.25)

dmeg mec v v,

in [WHz ! =J], where B, = Bsinfp is the component of the magnetic field

perpendicular to the electron velocity vector, with a pitch angle 6, and a critical
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frequency (near which the emission peaks) in plasma

o~ (14 (22)°) (2.26)

v

_ 3 eBy

= 2%244? being the critical frequency in vacuum and

with v.(7)

(£)d¢ (2.27)

v
T
c

1%
F(=) =

0‘4“\ 8
&
@

is the synchrotron photon distribution function, which peaks at v ~ 0.3v.. Here
K5,3 is a modified Bessel function. Note that in this section the subscript “sy”
for “synchrotron” will be omitted from the equations for the sake of clarity (but
will be used later on to mark the distinction from other processes).

However, in a randomly oriented magnetic field, one can average the power
over all pitch angles. The treatment that incorporates the angle averaging as well
as the effects of radiation in a plasma were outlined by several authors (see e.g.
Bottcher et al. 1997; Bottcher & Chiang 2002; Crusius & Schlickeiser 1988)

P(dv:~) = Of;;z (1 + (%)2) CS() (2.28)

where where « is the fine structure constant, and

CS(x) =Wya(x)Wy1(x) —W

1
3 3 20

(z) (2.29)

(see Crusius & Schlickeiser 1988) where W are the Whittaker functions and

3

2 v YVp\ 2\ 2
= 1+ (12) 2.30
v 3?2 z/e( * v ) (2:30)

where v, = eB/(2mm,) is the nonrelativistic electron gyrofrequency and the rela-
tivistic plasma frequency (the natural frequency of nonpropagating electrostatic

oscillations of a charged species, in this case electrons) is

1 Nee?
v

N (2.31)

where n, is the total electron number density (as opposed to the differential
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number density n.(dv)). Note that for pair plasmas this standard frequency needs
to be modified to correct for the fact that instead of heavy ions one has positrons,
so both negatively and positively charged particles move with respect to their
centre of mass, so the total plasma frequency for pairs is v, ;s = ,/V; 4+ y27_ =
up\/§ (see e.g. Verheest 2006). This slightly modified frequency should not affect
the spectrum in any detectable way.

The emission coefficient for the synchrotron radiation [JHz 's™' m=3sr!] is
obtained by summing through the power contributions from the electron through-

out the spectrum (n(dv))

o0

j(dv) :/H%Tne(d’y)d’y (2.32)

Isotropic electrons of energy ~ will then have an average synchrotron cooling
rate of

;Ysy = _§0T6m662’7 (233)

with the magnetic energy density Up dependent on the magnetic field strength

B2

Up=—
v 2410

(2.34)
where 11 is the magnetic permeability of free space. For a power-law distribution
of electrons of the slope p, the resulting synchrotron spectrum will have a slope
of ’%1, over the range of frequencies above the self-absorption frequency. An
example of a synchrotron spectrum from a power-law distribution of electron is

given in figure 2.2.

2.2.1 Synchrotron Self-Absorption

Electrons can become opaque to their own radiation and start absorbing the
synchrotron photons. The transition from the optically thick to optically thin
part of the synchrotron spectrum is marked by the point where the electron
kinetic temperature is to exceed that of a black body of intensity I,,, which is not
permitted.

The self-absorption frequency marks the division between the two regions,
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R

I‘\.

RS S
~
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Figure 2.2: Synchrotron spectrum (in vF(dv) representation) due to
an ensemble of electrons with a power-law distribution p = 2 (with the
synchrotron self-absorption accounted for).
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log I(dv) [JHz *s~tem™2]

log v [Hz|

Figure 2.3: Synchrotron self-absorption causes the slope of the inten-
sity spectrum to be around 2.5 below the self-absorption frequency. Here
the plot shows the synchrotron radiation from a power law distribution of
electrons, between the Lorentz factors of 10? and 106.

below which the self-absorption optical depth is greater than one. Below this
frequency, the (absorbed) synchrotron spectrum is independent of the electron
spectrum and typically has a slope around 2.5. The absorption coefficient [m™!]

can be calculated as

a(v) = — 713(41/;7)72% ("ei‘?))dy (2.35)

8TMer?

The synchrotron intensity (see figure 2.3) for the case of the spherical region
with a uniform emission coefficient (Bloom & Marscher 1996; Kataoka et al. 1999)

can be calculated by solving the transfer equation, and gives

I(dv,,) = J(dvsy) (1 2 (1= e ) (r(1y) + 1))) (2.36)

a(Vsy) T (Vsy)
in [JHz 's'm~2sr!|, with 7(vs,) = 2Rp(vs,) being the optical depth for the

sphere of radius R,.
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2.2.2 Razin-Tsytovich Effect

Razin-Tsytovich effect describes the suppression of the synchrotron emission at
low frequencies due to the effect of the plasma. It occurs when the medium has
a negative refractive index (n), i.e. when the phase velocity of the light in the

plasma is greater than that in vacuum (¢). This widens the angle (0) into which

emission is beamed and hence suppresses the beaming as 6 ~ 1/y = /1 — (nf)>.

The medium will be important when v < yv, since n = /1 — (%)2 and there
will be a suppression of synchrotron radiation at frequencies less than the Razin-

Tsytovich frequency vg

27/2 1 1 e
vp = - L ¢ n =1.9-10*

3 v, sinfp - 320 () Bsinfpg (v3) B_osinflg

Teq

Hz  (2.37)

(y3) = M/10* being the average electron Lorentz factor in units of 103, n. =
ne/10tem=2 and B_s = B/iomc. This effect puts an exponential cut-off on the
synchrotron spectrum at vg (Simon 1969). The Razin Lorentz factor for electrons

1s

2v, 1 2 [m. n%o nlp
YTR= 57 = T \05 - =0.6 0.5 -
3v,sinfg 3\ g (v)"” Bsinfp (73)"? B_gsinfp

(2.38)

Only electrons of higher energies that g contribute significantly to the syn-
chrotron emission. For electron number densities around 10%cm™ (and typical
values of B = 10mG, p = 2) SSA and Razin-Tsytovich frequencies are of the
same order. For higher number densities Razin-Tsytovich effect will dominate
SSA (Crusius & Schlickeiser 1988) and the lower cut-off in the synchrotron spec-
tum is would be due to Razin-Tsytovich effect and not the SSA.

2.3  Pair Production

Electron-positron pair production can occur through the annihilation of two pho-
tons of favourable relative energies. This effect is important in blazars for two
reasons. Firstly, because the gamma rays produced in the emission region can

annihilate with the ambient photons, which are either self-produced synchrotron
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radiation (neglected here) in the emission region or with the fields external to the
jet, and therefore get absorbed before they are able to escape to infinity. This
is especially important when the emission region is very close to the central en-
gine — inside a particular radius (gamma-ray energy dependent) no jet-produced
gamma-rays would be able to escape the blob. This radius marks what is called
a gamma-ray photosphere (Blandford & Levinson 1995). The second important
application is the absorption of TeV photons by the extragalactic background
radiation.

The optical depth for this process at a particular distance z along the jet
can be calculated as a function of the energy e, of gamma-ray photons, which
are all assumed to be strongly beamed along the jet axis, by integrating the
(differential) soft photon spectrum n,y,(de, dy; z) from the external fields (Jauch
& Rohrlich 1980)

o] +1 [e'e)
rlens) = [dz [du [ de( = g (e e wnmideduis) (239)

25 —1 2

ey(1—p)

where p is the cosine of the polar angle of the incoming soft photons (), and
04, (€y, €, 1) is the cross section for the unpolarised and isotropic high-energy

photons and is given by

00y (B) = %UT (1-7% <(3 — ) In (%) -23(2- 52)) (2.40)

Here

5= \/1 _ W%m (2.41)

is the velocity (in units of speed of light) of the produced electron and positron
in their centre of mass frame. Note that the whole of the calculation is carried
out in the frame of the host galaxy when soft tagets are local ambient photons.
For the optical depth calculation due to EBL the integral is somewhat different
(see Kneiske et al. 2004).

2
(1—p)"
For 8 =0 and p = —1 the cross-section peaks, at °F, giving the treshold energy

It can be seen that the threshold for the pair production is given as e e >
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around e, ~ % Assuming the spectrum of photons is steep enough (i.e. spectral
index is <-1), the opacity is dominated by soft photons just above the threshold
energy. Optical depth for a photon e, can be approximated as (Costamante 2001)

1
1 or LSOﬂ(a)
T(ey) = STmd R (2.42)

For values of 7 2 1 the emitting region is opaque to photons with energies higher
than the electron rest energy.

The compactness parameter [ is a convenient way to check the relevance
of this and other processes on the escaping luminosity. It is defined as the soft
photon energy in units of electron mass, intercepted per Thomson cross-section
in a photon crossing time (Frank et al. 1992, p. 231)

Lsoft or R

L L
91610782 jm gy — 9 162201 92.43
mec2 4T R? ¢ St 14 ( )

[ =

or in other words, it expresses the ratio between the produced luminosity Ly,
and the size of the emitting region R, as a dimensionless quantity (here Lg,fi4s =
Lsosi/104ergs=t and Ryy = B/10'em). An alternative way of defining it is to omit
the factor of 47 from the denominator, which is how it is usually defined (Fabian
et al. 1986). Using the latter definition, the internal compactness of a region is
derived from the synchrotron luminosity L.,z and is related to the optical depth
(equation 2.42) as
()

€sy

T(€sy) &0 (2.44)

In other words, the region becomes opaque for [ = 60.

Radius of the gamma-ray sphere, z, (e, ), is defined by

o0

/ dint, (ey,2) =dnrr,(e,,2) =1 (2.45)

In 2z,

This can be inverted to get the escape energy at a given radius z, (€, cs.(7)).
Then only gamma-rays with e, < €, .5 can escape.

Figure 2.4 shows the comparison of optical depths due to different photon
fields (see next chapter), at various distances along the jet (c.f. figure 4.9, optical

depth due to EBL). The disc seems to be insignificant for gamma-ray pair pro-
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9.0 T
— BLR, Ha, z [mpc] 0.50
85T BLR, Ha, z[mpc] 1.00
= = BLR, Ha, z [mpc] 2.00
80 T |—- BLR, Ho, z[mpc] 4.00
— BLR, Ha, z [mpc] 8.00
75T .-
- BLR,Ha, z[mpe] 1500 | S LemTTTee
704+ |77 BLR, Ha, z [mpc] 20.00
— - BLR, Ha, z [mpc] 35.00
6.5 + |— BLR, HB, z[mpc] 0.50
=+ BLR, HB, z [mpc] 1.00
6.0 |- - BLR, Hp, z [mpc] 2.00
== BLR, Hp, z[mpc] 4.00
55T
— BLR, HB, z [mpc] 8.00
50 | BLR.HB, z[mpc] 15.00
— - BLR, HB, z [mpc] 20.00
45— | — - BLR, HB, z [mpc] 35.00
— Disc, z [mpc] 0.50
407 |[--- Disc, z [mpc] 1.00
= = Disc, z [mpc] 2.00
35
3.0 T
25T
20T
156 T
1.0 T
0.5
0.0

Figure 2.4: Optical depth due to the accretion disc photons and the BLR

photons (photon energy is given in units of mc?).

For the latter, both a

monoenergetic case of BLR radiating at Ha and in HS are presented. It
can be seen that the optical depth due to BLR photons decreases with the
distance from the central engine, but this slows down near the outer edge
of the BLR (40 mpc) and the optical depth profiles converge. Below about
100 GeV the optical depth goes quickly to zero. The disc curves display
a profile similar to that of the BLR curves, but peaking at much higher
gamma-ray energies. For the disc photons below about 10 TeV the optical
depth quickly drops to zero.
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duction, due to the small (1 — p) term in the optical depth calculation, since the
disc photons and the gamma rays travel nearly in the same direction. The optical
depth plot demonstrates this — the disc only starts being significant at several
TeV, and only for the closest distances of the blob w.r.t. to the disc (0.5 mpc);
it goes to zero already at 2 mpc. On the other hand, gamma-rays encounter
low-energy photons from all directions due to the BLR radiation while the blob
is inside of it (there is also an isotropic background, EBL). The BLR can absorb
a significant amount of the produced gamma radiation before the emission region
emerges out of it. For very small distances of the blob to the centre, the BLR
becomes opaque at gamma-ray energies as low as a couple of hundred GeV. This
point slowly shifts towards the higher energies as the blob passes through the
BLR, which finally becomes transparent to the blob radiation as it approaches
the BLR’s outer edge.



Chapter 3

Target Fields

In the leptonic scenario, electrons are responsible for the primary synchrotron
radiation, which produces the low-energy peak in the observed SED. In the case
of SSC, the seed photons for the subsequent IC scattering process are internal to
the jet — they are simply the synchrotron-produced photons. In the EC scenario,
the situation is much more complicated, because the photons originate externally
to the jet. The complication arises from the fact that there are several different
target fields in the AGN that can react with the emission region electrons — they
could contain components from the BLR clouds, accretion disc, the reprocessed
radiation from the dust in the torus (disc radiation absorbed then re-radiated at
longer wavelengths), or it could be the synchrotron photons from the jet reflected
(hence reprocessed again) from the disc or BLR clouds (see e.g. Sikora et al.
1994; Bottcher 2005). Here we shall concentrate on what are widely considered
to be the three most important target fields — synchrotron, accretion disc and

Broad Line Region photons.

3.1 Synchrotron Photons

The number density of emitted synchrotron photons in a homogeneous spherical

region of isotropically moving electrons is (Katarzynski et al. 2001)

1 j(d
npn(de) = §47?—M

4" ehe a(v) (- e_a(V)Rb) (3.

where ¢ = v—" (see end of Chapter 1.3.3 for the explanation on the notation

mec?

used). The correction term of 3/4 is used to account for the fact that the syn-

50
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chrotron density is not uniform but decreases along the radius, away from the
centre of the blob. This equation is valid once photons have had time to travel
through the blob, so after one crossing time. Thus the emitted distribution is

also isotropic, so the scattering rate integral is then

. 1 dC (e,
inldes 1) = 1= [ () [ gn(a0 S (32)

0% €
where n,,(de) is the synchrotron photon number density from the equation 3.1,

and === is calculated according to equation 2.20.

An typical SSC spectrum from power-law electrons is given in figure 3.1.
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Figure 3.1: Upscattered synchrotron radiation by a power-law distributed
population of electrons (p = 2), given in the observer’s frame (dotted red
line). Each black line is a spectrum from monoenergetic electrons. The
red lines correspond to the spectra generated by electrons separated by a
decade in energy.

The photon spectrum (F'(dv)) emitted from a power law electron spectrum

with a slope p is also a power law in a log-log representation with a slope of

—2=1 This portion of the spectrum is in the Thomson regime. In the vF(dv)

representation this section of the spectrum corresponds to energies lower than
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3—p
2

At energies higher than the peak energy, slope is 1 — p, as this marks the Klein-

the energy of the spectral peak, with a slope (as evident from figure 3.1).
Nishina regime, where the cross section falls of with the scattered energy (see
e.g.Skelton 1999).

3.2 Accretion Disc Photons

The treatment of the accretion disc’s geometry and radiation adopted in this
thesis is a based on the model first proposed by Shakura & Sunyaev (1973).
Dermer & Schlickeiser (1993) and Bottcher et al. (1997) also use it to describe
the target field photon density for the External Compton upscattering in a blob
propagating along the jet axis.

Their model is appropriate for a SMBH of masses found in AGN and it treats
the disc as a series of concentric rings, each one radiating as a blackbody with a
temperature which falls off with increasing radius R.

The polar angle is defined through the radius R of the ring and the blob dis-
tance z, along the jet as cosf = \/ﬁ. The radiated intensity (the emitted
power per unit area of emitting surface, per unit solid angle, and per unit fre-
quency) at a radius R at an angle 6 from a normal is represented with a Planck

distribution

2h V3 2h [ m.c? 3 e
B(dl/, @(R)) = EW COSQ = ? ( h ) es/@(R) 1 COSQ (33)

where the normalised temperature distribution ©(R) is given by!

O(R) = ki(cf) — 144 (M%)_ (ngry (%>_% (1 - 6%’)i (3.4)

where R, = GM/c? is the gravitational radius and M = Laise/ (Nace€?) is the mass

accretion rate, where 7,.. is the efficiency of gravitational energy conversion into
radiation. The energy arriving at the blob per unit time per unit frequency at a

polar angle 6 equals the intensity of the radiation emitted from the ring of the

lsee Bottcher et al. (1997)
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corresponding radius R and emitting area dA. into a solid angle df2

dE
—— = B(dv; O(R))dA.dQ (3.5)

By dividing this through with a volume element one gets the expression for the

number density

B(dv; ©(R)) dt

———dA.— 3.6
eh av (36)

where dV = cdtdA, dA being the observed projection of the emitting area that is

n(de, dQ) =

reduced as dA = dA. cos. The final expression for the number density is then?

B(dv;©(R)) 1

ehc cos 6

n(de,dS) =

(3.7)

By using the Lorentz invariance of the quantity ny(de, dS2)/€* this is then

boosted into the blob frame as

(npn(de, d)),,, = (66—6,) (npn (de, d), (3.9)

where “G” stands for the “galaxy frame” and “blob” for the blob frame.
Integration Limits. The disc geometry constrains the integration limits
for the photon incoming angle in scattering rate integrals. The problem has the
azimuthal symmetry, and the polar angle limits are defined by the polar angles
of the inner and outer disc radii. In the galaxy frame the limits for the cosine of

the polar angle (1) are then

Wi = (3.9)
R?lisc,out + Zl?

MGy = e (3.10)
R?lisc,in + Zg

where the inner disc radius Rg;sc,in is typically of the order of several gravitational
radii R, (Donea & Protheroe 2003). Each limit then needs to be boosted into

the blob frame according to

blob __ e = Bjet
1 - Bjet:uG

“note that the result by Bottcher et al. (1997) differs from this by a factor of ;-

(3.11)
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Figure 3.2: The dashed red line represents the upscattered disc radiation
by a power-law distributed electrons (p = 2), given in the observer’s frame.
Each black curve is a spectrum from monoenergetic electrons. The solid

red lines correspond to the spectra generated by electrons separated by a
decade in energy.
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The integration over the photon energy e in scattering rate integrals (equations
2.17, 2.19) is in principle only constrained at the lower end by the condition given
by the equation 2.16. An example of the upscattered disc spectra is shown in
figure 3.2.

3.3 Broad Line Region Photons

Sikora et al. (1994) have proposed the disc radiation reprocessed in the BLR
as important target fields in blazars, arguing that the accretion disc radiation
may not make a significant contribution at the distances outside the gamma-ray
photosphere. The reason is geometrical — the disc is assumed to be geometrically
thin and for all practical purposes (in terms of providing important scattering
targets) very small, hence its radiation should be redshifted. The BLR and torus,
on the other hand, contribute from a wide range of angles.

The BLR is often invoked when considering the target fields for the EC models,
since it should exist at the subparsec scale at which the observed TeV radiation
originates. The BLR consists of gas clouds moving near the SMBH at speeds
of the order of thousands km/s, which are inferred from the broadening of the
emission lines. The clouds absorb the radiation in EUV — X-ray region and
are consequently heated, so the incident accretion disc radiation is in effect re-
radiated in the form of a BLR thermal continuum of about 20,000 K (Skelton
1999). Clouds are believed to be radiating anisotropically, being heated more from
the side facing the central region. The luminosity of individual clouds should be
a function of their distance from the central region, and there is an indication
that the BLR luminosity depends to a certain extent on how powerful the host
AGN is.

The Broad Line Region is not spatially resolved in HBLs, but some knowledge
of the structure and parameters of these objects is inferred indirectly from rever-
beration mapping. The sizes of BLLRs are known to be of the order of light months
in quasars and light weeks in Seyferts (Donea & Protheroe 2003). The extremely
weak observed radiation from the BLR in TeV blazars is often interpreted as an
intrinsic feature, and the BLR photons as the scattering targets in these objects
are therefore often dismissed. However, it can be argued that this goes against
the Unified theories, which unify FR I and BL Lacs. As mentioned before, FR

I objects can show signs of IR obscuration, which some authors interpret as the



56

3.3. BROAD LINE REGION PHOTONS

xlO1b
1.57

1.41
1.37
1.2%
1.1¢
1.07
0.9+
0.8+
0.71
0.67
0.57

B WA mermiy e 2 e
B SR ey e 2 e
| LU N T
B SR ooy e 2 e
B R eern iy e 2 e

R e by - 2

I
W B e byt 2 )
W Ry -
| LR TR
L
L L L N

,.
i
™~
™~

"

L
N
| L
| L
B R ey e 2 e
W R iy e 2 e

0.4 ==

0.3
0.2
0.1-
0.0°
-1.0

xlO18
1.6~

1.5
1.4
1.3%
1.2
1.1
1.0-
0.9-
0.8
0.7
0.6
0.5-
0.4
0.3
0.2
0.1

%90

0.8

-0.99

AR LLL)
e
anser
e
s
LEETY)
s
e
e
LER ]
s
s
st
e
e
e
as

0.6

-0.4

02 00 02

‘

0.4

4

0.6

e =

,.‘A I:/)J‘v . ‘-?"N
e /
0.8 1.0

| LU R R L)
| L L LR 2 1)
B Rty b 2 lpe BBSEN

L N R TR

L LA R T
| DL R LR )
| DL R TR )
B ERemerntyte 2 g 800
LT N P T

L N R ]
T N R TP
| LU R FI
| L S e T
L R T T
| LT R R T

Ry e 2 ipc M0N0
B RRmerary fwr 2 g0 00010

-0.98

cos(theta)
— =
-0.97 -0.96

cos(theta)

-0.95

-0.94

——y

-0.93

Figure 3.3: Unboosted and boosted incoming number densities of the BLR
photons plotted against their incoming angle to the blob. The cosf; = —1
corresponds to the radiation coming head on relative to the emission region
velocity (Bjet) direction, and cos s = +1 means the radiation is hitting the
blob in the back. Note that the scales on horizontal axes are different. The
second plot shows a strongly boosted incoming spectrum for I';.; = 10.
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existence of a torus with a large opening angle (Falcke et al. 1995) which hides
the BLR and prevents the observer from making a correct estimate of the BLR

luminosity.

The formation of the BLR clouds is still an open question, however their
radiation is closely linked with the accretion disc luminosity. To describe the
Broad Line Region, a simplistic approach as outlined in Donea & Protheroe
(2003) was adopted. The region is modelled as a spherical shell of gas clouds,
that are approximated with spheres of a radius which increases with the distance
from the centre. Accretion disc photons ionise the BLR gas, giving rise to a
line spectrum (Ha, HB, OIII, NII). However, the simplification is made that all
the luminosity is contained in the Ha line. The BLR clouds are assumed to be
optically thin (pLr < 1). A fraction 75 of the total central luminosity [Js™!|
will then be reprocessed in the whole of the BLR

Lprr = LR Ldisc (3.12)

A typical blazar has the BLR luminosity of Lgrr ~ 2 - 10%3ergs~!, but this
may be much lower for the BL Lac. For Mrk 421 the luminosity was observed to
be Lprr = 1.5 - 10%%rgs™t (Morganti et al. 1992). A fraction drpr of central

engine’s luminosity will be reprocessed in a 7 — r + dr shell
dTBLR = 7_clnclo-cldr (313)

where o, = WR?I is the cross-section of a cloud of radius R, (at a fixed shell
at distance r), ny is the number of clouds per unit volume and 7, is the optical
depth of a cloud. The emission coefficient of reprocessed radiation at the distance

r from the centre is

.\ dLprr

which, for a spherical, isotropic shell translates into

. LiiscdTBLR Liisc dtBrr
= = 3.15
ir) (4m) (4mr2dr) 167202 dr (3.15)

The BLR model outlined in Kaspi & Netzer (1999) assumes the number den-
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sity of clouds in the BLR region falls off with distance r as

Ner = N (L)a (3.16)

Tin

The radius of clouds in the BLR region increases with distance r according to

r B
ne-no(2) .
In Kaspi & Netzer (1999) the best fits for NGC 5548 were @ = —1.5 and
B = 0.6. Note that r;, and r,,; denote inner and outer radii of the BLR (for the
sake of simplicity, in this section the subscript “BLR” will be omitted).
One can now rewrite the equation 3.13, after substituting for cloud number

density and radius, as

r a+23
dTBLR = Tclnoﬂ'Rg (—> dr (318)
The total optical depth is then
Tout a+28 Tout a+28
_ 2 (T 2 r
TBLR = / Tclnoﬂ'RO (—) dr = Tclnoﬂ'RO / (T_) dr (319)

By dividing the previous two equations (to conveniently eliminate the constant

TanoTRZ) one gets

dTBLR TBLR r ot
dT = Tout 7,,_ (320)
f (%)a+2ﬁdr n
The value of the integral is
Tout 1 1
- at2B g, _ ( a+2B+1 q+2ﬁ+1> 391
(Tin) r ’I“g.:rQﬁ o+ Zﬁ +1 Tout Tin ( : )

Tin

One can now write

drprr  TBrr(a+28+1) o+20

T a+2B+1 a+28+1
dr T out —Tin

(3.22)
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Figure 3.4: The schematic representation of a model of the Broad Line
Region. Depending on the its position along the jet, the blob will see a
different angular distribution of the BLR photons. The drawing is taken
from Donea & Protheroe (2003).

After substituting for dTppr/dr in equation 3.15 one arrives at the expression

for the emission coefficient as a function of radius

_ Lagise TBr(a +28 + 1) o262

j(r) =
167 quj;QﬁJrl _ ng+2ﬁ+l

(3.23)

where 7 is given by r? = 2242 — 2zl cos 0 (6 being the polar angle measured with

respect to the blob position from the jet axis).

3.3.1 Position of the blob relative to the BLR

The intensity of radiation [ arriving at the blob from a particular direction is cal-
culated by integrating the emission coefficient j along the line of sight. Depending
on where the blob is relative to the BLR, the integral over emissivity along the
line of sight will have different limits. One has to consider three separate cases
(illustrated in figure 3.4):
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1. Closer than the inner BLR radius (position “blob 17 in figure 3.4): the
photons arrive at the blob from all directions. The line of sight integral will
run from the interception of the line of sight with the sphere of the radius

rin to the interception with the sphere with the radius r,y;.

2. Inside the BLR (“blob 2”): there will be contributions from all directions.

One distinguishes between two cases:

(a) If one is looking towards the central cavity, which corresponds to angles
0 (w.r.t. the jet axis) lower than that defined by the tangent to the
inner radius: one needs to add up the contributions from the points
between the blob position (at the distance z, from the centre) and the
first point of interception of the line of sight with the sphere defined by
the radius r;,, as well as the contributions between the second point of
interception and the interception with the sphere defined by the outer

radius 7o,

(b) Anywhere else: single integral from the blob position to the intercep-

tion with the outer sphere.

3. Outside the BLR (“blob 2”), further than r,,: the contributions are seen
only from the lines of sight with angles to jet axis lower than that defined

by the tangent to the outer radius. One distinguishes between three cases:

(a) If one is looking towards the central cavity: contributions come from
between the first point of intercept with the outer sphere and the first
interception with the inner sphere and also from between the second
interception with the inner sphere and the second interception with

the outer sphere.

(b) At angles 0 that lie between the angles defined by the tangents to the
inner and outer radius: single integral between the first and the second

interception with the outer sphere.

(c) Anywhere else (0 greater than the angle defined by the tangent to the

outer radius): integral is zero.

For the case when the blob is within the BLR and looking towards the central
cavity, the intensity of radiation along the line of sight [ at the angle 8 from the

jet axis at the distance z from the central point is
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lminl lmaz
I(2,0) = / i(r)dl + / i(r)di (3.24)
0 lmin2

where

2
lmin12 = zpcos 0 F Zb\/C082 0+ (rl—n) -1 (3.25)

Zb

2
lmaz = 2p cos 0 + Zb\/C082 0 + (TOUt) —1 (326)

2b
(all other cases are simpler and require a single integral in the intensity calcula-
tion).
From the knowledge of intensity we can calculate the incoming photons’ num-
ber density from the BLR as

1(d9)

emec?

n(dQ) = (3.27)

The integration over the photon energy € in scattering rate integrals (equations

2.17, 2.19) is a d-function in this case, and so the innermost integral now becomes

dC'(€, tipp,
/ non(de, deh)W&e — eory(1 = Buyn))de (3.29)

dC(G = 60/}/(1 - ﬁuph)a Hph 7)
degdS,

= Npn(dQpn)

where €,7(1 — Bppy) is the Ha line energy boosted in to the blob frame.

3.3.2 Monoenergetic Approximation for BLR Radiation

It is interesting to compare how the observed 1C spectra would depend on the
frequency at which the BLR radiates using the model described in this section.
The IC produced luminosity scales with the energy density of the EC targets
below the peak energy. Above the peak energy, however, it scales with their
number density (as the IC cross section falls off with incoming photon energy

in the Klein-Nishina regime). Given the same BLR luminosity, an Hj radiating
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Figure 3.5: The dashed red line represents the upscattered BLR radiation
by a power-law distributed electrons (p = 2), given in the observer’s frame.
Each black curve is a spectrum from monoenergetic electrons. The solid
red lines correspond to the spectra generated by electrons separated by a
decade in energy.
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BLR will have a lower number density than a BLR that is radiating in He, since
the HG frequency is about 1.3 times higher then Ha. However, optical depth due
to Ha is higher than H/3, giving rise to a deeper absorption feature in TeV part
of the spectrum. This is evident from the comparison of spectra in figure 3.6.
It can be also seen that Ha and H3 BLR spectra converge after a few hours in
observer’s frame, i.e. the Ha TeV spectrum gives rise to a more dramatic flux
rise and the change of the slope (see Chapter 5 for further details on simulations

of spectra).

3.3.3 Estimating the BLR radius

The size of the BLR r,, can be derived from the knowledge of the ionisation
parameter, which is the ratio of ionising photon density to electron density, U
(see e.g. Wandel 1997)

Qion

- 2
ATrS 1 Che

U (3.29)

where the ionising photon flux (number of ionising photons per unit time) is

_ [FE)
Qion—/ E ar (330)

where F'(F) is the luminosity per unit energy, and the lower limit £, = 13.6 eV.

The ionising luminosity is then

o0

Lin = / F(E)dE (3.31)

En
We can now define the mean energy of ionising photon

L.
Ez'(m == .
< > Qion (3 32)

This then gives a theoretical estimate of the BLR radius

O, 3 L. 3
o = won — won 3'33
Tout (47chne) (47rc (Eion) Une) ( )
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Figure 3.6: Spectra due to BLR photons radiating at Ha (656 nm, upper
panel) and at HF (486 nm lower panel) from 1 GeV to 10TeV. For a constant
BLR luminosity, Ha radiating BLR shows a stronger absorption feature
than for the HZ radiating case. The ridges seen are an artifact of binning
(here 20 energy bins per decade) as the integration routine used has the
requested accuracy of about 10%.
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Typical values in the gas emitting the high-excitation broad lines are U ~/(0.1-
1) and n, ~ (10" —10" cm™3) (e.g. Rees et al. 1989). However, this is a simplistic
estimate. In reality how the BLR radius depends on other quantities given in
equation above will depend on the waveband. Kaspi et al. (2005) have derived
empirical relationships between the characteristic BLR size and Balmer emission
line, X-ray, UV and optical luminosities. The slope of the power law is no longer
0.5 but varies, going up to 0.7 for the X-ray waveband.

Integration Limits. Limits on the incoming photon solid angle (2) will
depend on whether the blob is inside or outside of the BLR. If the blob is inside,
then the radiation is arriving at the blob from all angles (1 = [—1, +1]). However,
depending on the relative size of the disc, it may present a significant obstruction,
and so the line of sight integral may only extend as far as the disc (i.e. in the
case of angles lower than arctan <Rd%2°“t) This would also be true when the
blob is outside of the BLR, but in that case there would be an outside limit on
the angles, be put by the tangent to the outer BLR radius, arcsin <T°“i)

The photon energy e is constrained by the condition given by the equation
2.16. Tt should also be noted that even in the case of the approximation in which
all the BLR power is radiated at a single frequency, the boosted radiation will still
have a spread of incoming frequencies in the blob frame. However, this spread is
only due to the incoming (boosting) angle. The blob will see a monochromatic
beam of a different energy coming in from each direction. The incoming photon
energy is therefore a direct function of its angle, which removes one dimension of

integration (€) in the scattering rate calculation

d
Tupn (des, dS2s) /ne dv) //nph (de, dQp) C((; gg’ )5(e—ea7(1—ﬁuph))dedﬂphd7
Qpp €

(3.34)
where ¢, corresponds to the energy of the Ha line (656.3 nm).
An example of the spectrum resulting from the upscattering of the BLR pho-

tons is presented in figure 3.5.



Chapter 4

Temporal Evolution of Particle and

Photon Spectra

In this chapter the mathematical details of the temporal evolution of the particle
population are discussed, as well as the evolving observed photon spectra and
lightcurves. Some examples of the evolving spectra are then given, as a com-
parison with other authors’ time-dependent models. Applications (with various
scenarios) and results are discussed in detail in the next chapter.

Technique. There are two techniques that are used to predict the observed
time-dependent spectra. One technique is Monte Carlo simulation and the other
is the kinetic equation treatment (see Coppi 1992). The Monte Carlo technique
simulates the history of interactions for individual particles, and calculates the
values of the quantities such as particle flux and the SED by averaging over a
large number of such histories. Monte Carlo is not a method suitable for the time-
dependent calculations. Apart from being being too slow, fluctuations in random
numbers that it generates make it difficult to use in fits to the observational
data which rely on the numerical calculations of the gradients. It also tends to
have quite poor statistics at the high energies. The kinetic equation approach,
on the other hand, provides complete information on the system, and is suitable
for describing the temporal evolution of SEDs, by solving the integro-differential
equations and calculating the SEDs in discrete time steps. The difficulties of
this method lie mainly in having to deal with widely differing timescales that
depend on both energy and the process in question. Apart from this, numerical
integrations can be very time-consuming. In this thesis the kinetic equation

treatment is used, since the motivation for this work is to eventually be able to
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perform fits to the observations.

4.1 Continuity equations for electron spectra

It is noteworthy that in this thesis emission is modelled to originate in pair
plasmas. Both electrons and positrons undergo the same interactions. Here both

types of particles are referred to just as “electrons”.

The kinetic equation that describes the change of the electron spectrum in

time due to various competing particle energy loss and gain processes can be

written as
One(dy;t) a . ' i ' ne(dy; i)
G = Quln )= (e )+ [ (s Fman =" (4)
il

where n.(dv,t), the electron number density per unit interval of v (see e.g.
Zdziarski 1988) is also a function of time ¢ as measured in the emitting blob
frame (1.2) and it is calculated from the start of a simulation (see end of Chapter
1.3.3 for the explanation on the notation used). The first term in equation 4.1
is the injection rate Q.(v,t) of electrons and positrons into the emission region

that is usually described by a power law between energies V,,i, and Viaz

Qe (77 t) = QO’Y_p@(/y - ’Ymin)@(IYTnax - ’Y)f(t) (42)

where f(t) can be a time constant or a discontinuous injection (Qy and p are
typically kept as free parameters, due to the lack of the detailed knowledge of the
central engine’s energy extraction mechanisms). In the simulations in this thesis

injection is assumed to be instantaneous.

In the second term in equation 4.1, the energy change 7 in equation 4.1
describes the continuous processes, for which the evolving spectrum can be well
described by the average change of all particles within one energy bin. Continuous
gains have a positive sign and are due to the acceleration process. Here a simplistic
treatment is employed in one of the scenarios, rather than a detailed modelling of
the shock acceleration (see Drury 1983). Particles accelerate on a unique, energy-

independent timecale t,... Continuous losses are negative in sign and are due to
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the synchrotron radiation!, with the magnetic energy density Ug = B*/(240)

4
il O Upy? (4.3)

toce 3 MeC

;)/ = ;}/acc + ;Ysync =

The third and the fourth term in equation 4.1 describe the (discrete) IC
gains and losses at a particular electron energy ~y, respectively (as described in
equations 2.19 and 2.17). Factor 1/Txn marks the fractional decrease of the
number of electrons at energy ~.

Note that sometimes other losses, such as adiabatic expansion, particle escape
or pair annihilation are considered. Adiabatic expansion may not be significant at
the timescales considered here. Pair annihilation should also not be of importance
in relativistic environments with densities up to about 10°cm™ (see Bottcher
et al. 1997). Particle escape is a process that can in practice only be parametrised
(it is typically done with an energy-independent escape timescale). Here it is not

included.

4.2 Coeflicients

In the rate calculations, one can in practice disentangle the term that describes
the geometry of the ambient fields and the cross section of their interaction with
particles from the term that describes the conditions in the emission region. This
can be utilised in numerical calculations of rates and spectra, which typically
suffer from being too slow. By “pre-calculating” the coefficients that do not
depend on the emitting region, a lot of computing time can be saved, and allows
the experimentation with the different particle number densities and spectral
shapes, magnetic field strengths, blob radii and shock formation distances along
the jet.

If one defines \;; as the fraction of electrons leaving bin 7 to enter bin j per
unit time, then the rate of electrons migrating from ¢ to j is

_ dNy(1)

where V;(t) is the particle content of the bin i at time ¢.

L Also the Inverse Compton energy loss in Thomson regime can be modelled with a continuous
loss term 4, with a photon energy density U, averaged over all energies and angles.
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Similarly, the total rate of electrons that have left bin ¢ in a given timestep,

and redistributed themselves over a range of lower electron energies, is

_dNi(t)
oodat

—A\:Ni(t) (4.5)

It is obvious that A\; = ¥\;;. The physical meaning of A\; and );; is, respectively,
the inverse of the typical lifetime of electrons in energy bin 7 before migrating
from it and for electrons to migrate from bin ¢ to bin j due to the loss processes
(here, only ICS is modelled with this scheme). These coefficients represent the
geometry of the target photon fields and the physics of the photon-electron inter-
action, which in the case of the external fields does change as the blob progresses
outwards, but one can take it to be constant over a chosen small timestep 7' on
which the particle spectrum changes. For EC this term does not depend on the
parameters of the blob, but only its surroundings (and the nature of the inter-
action). Even during the typical observation times of 15 min — few hours, which
typically translates into about a couple of hours to about a day in the AGN frame
(depending on the Doppler factor), this term will change slowly. It is therefore
convenient to calculate this matrix \;; at different distances along the jet, and
then interpolate for the intermediate values. This also gives the numerical flexi-
bility to experiment with different electron spectra and blob parameters, for the

same ambient conditions?.

The quantities in equation 4.4 and 4.5 are integrated over energy bins. If one

writes the quantities as number density differential in energy as?

n(dy;;t) = /nZ d;, t) ///nph (de, dQ ddC (597)5( F— (7 — €5))dedQdds | dry;
€

(4.6)

for electron gains at energy +;, due to electron arriving from all possible higher

2Note that for SSC the target field is dependent only on blob parameters, so the approach
of \;; coefficients cannot be applied, however, one can still speed up the subsequent numerical
calculations by pre-calculating the coefficients which represent the term that is still independent
- the angle integrated IC cross-section.

3Note that the subscript e in n. is dropped here for simplicity.
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energies, and
a(dys t) = / ny(di, t) / / / non(de, dQ2 di (;QV)d dQdQ, | dvy; (4.7

for losses at energy v; (these two are the same as the equations 4.8 and 4.9), it is
obvious that only the outer integrals differ. The term in square brackets in effect
represents the previously defined \;; divided by the width of energy bin j, if the
spectrum is in the form of a histogram. Then the total gain at bin j due to the

electrons coming from all upper bins (i) can be calculated as a summation

An(t) Aij ni(t) n;(t) A

=2 Ay = X5\ 4.8
Avy; Avy; Ay, T Ay Ay (4.8)
and the total loss in bin ¢ is then
An(t Nii n;l(t (T
() _ g Ay mlt) il o)
Av; A Ay Av;

The approach in which the spectrum is divided into a number of energy bins
of finite widths may have a poor treatment of losses that are lower than the
binwidth. In theory one should integrate over all energies in the initial energy
bin 7 and all energies in the final energy bin j to get the precise rate. Then the
number density could still be kept constant over energy bin, since it does not
change significantly. In most cases one finds that the two methods yield the same
results?. For the “problematic” cases, an approach as outlined in Appendix A

may be used to avoid numerical problems of the code.

From the numerical point of view, the continuity equation 4.1 needs to be
rewritten in terms of the particle number densitiy n integrated over the energy
bin

Anz

Vi1 Mig1 . Vil i
= Qi t) Ay — + + Xpmer A — Nty 4.10
(i 1)y A7t A Bt LT ( )

Here the second and the third term on the right hand side are gains and losses

in bin 7 due to continuous processes, and the fourth and the fifth are the discrete

4Numerical note: In many cases the double integral over the initial and final energy bin
needs only a few function evaluations. However, a large number of function evaluations may
be required in cases when the initial and final electron energies are close together the function
may have large gradients or when the function may require a large number of integration steps.
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gains and losses i, with \; = ﬁ
The emitted photon spectrum can also be calculated as a sum over the pre-

calculated coefficients multiplied with the electron spectrum

fipn (des, dSs) = Bini(d;) G (4.11)

Calculation of the coefficients \;; and ¢; s, although numerically intense, allows
to subsequently simulate the changes in emission region parameters with minimal
computational effort. Also, it allows the resulting IC scattered photon spectra to

be calculated as a simple sum.

4.3 Observed Spectrum

The observed flux density [JHz !'s™'m™2], after accounting for the boosting ()
and the redshift (z) of the object, can be calculated as

TR}

Fobs(dyobs; Pobss eobs) = 53[(dlja dQ) 2
L

(1+2) (4.12)
from the intrinsic intensity I(dv,dQ?) (see e.g. Katarzynski et al. 2001), or from
the emitted number density 1, (de, d?) as

) Vi
Fops(dVobs; Pobsy Oobs) = 0°€nyn (de, dQ)d—éh(l + 2) (4.13)
where h is the Planck constant and dj is the luminosity distance to the source

which for Einstein — deSitter universe (y = 2¢p = 1)

2c
d =1 (1+2-vi+z) (4.14)

(see e.g. Lang 1999, or any earlier editions). The photon energy or frequency

transforms as

J

obs — 4.15
Cob 1+ 26 ( )
The quantity that is usually plotted is ¥F'(dv), which transforms as
4.2 Vo o
VObSFObS(dVObS; Pobs; eobs) =0"€ nph(dea dQ)_ (416)

mc
2
dL
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These formulae are valid providing the blob is small enough so that the light
crossing time is shorter than other relevant timescales that govern electron SED.
However, when this condition is not met, the observed spectrum at any instant
is a superposition of photon spectra produced by electrons from different parts
of the blob, and hence from different epochs (see Chiaberge & Ghisellini 1999).
Even for an emission region that evolves uniformly, the observer would at first
only see the emission from the layers closest to them, as seen in the observer’s
frame (this direction, to which the slices are perpendicular, is obviously oriented
at a very different angle in the blob frame). Later the deeper layers, with older
electron spectra, would start to be observable along with the recently emitted
radiation from top layers. Therefore the observer sees at any point in time the
convolution of recently produced spectra from top layers and earlier spectra from
the farther ones. For a spherical geometry, the observed instantaneous spectrum
(before boosting) at a particular point in time could be written as

Nph,inst,N = E]]gvzlhph,NkJrl% (4.17)
where N is the number of timesteps elapsed since the start of the changes in
electron spectrum, and k is the number of the volume element (k = 1 being the
slice closest to the observer). Here n,, y_r+1 is the differential number density
as calculated in the equation 4.11. By integrating the instantaneous spectra in
time one can obtain the received (unboosted) photon spectrum over the observing

time Atobs
M- .
ZN2:]\/[1 nph,inst,NAtN
Atobs

where M; and M, mark the point of the start and end of one observation, Aty is

7;Lph,z"rzteg(]\41 ) MQ) =

(4.18)

the length of the Nth simulation timestep. The timestep of a simulation depends
on the shortest timescale in the system (on which the electron spectrum changes).
More precisely, it is derived from the largest fractional change f; 4, in electron

number density (over the spectrum) in the previous timestep and the permitted

fractional change fy as Aty = Aty f_fo . The volume slices of the sphere V},

that are taken to be of a constant width equal to the distance of light travelled
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in a timestep, are calculated as

z2

Vi = 7T/ (R} — 2°) dz (4.19)

21
By noting that z; = kcAt and 2z, = (k + 1)cAt, it is trivial to show that the
volume element is

Vi=m (Rgcm - % (cAt)® (3k* + 3k + 1)) (4.20)

In order to obtain the lightcurves, one sums the observed spectrum (after
boosting) given by the equation 4.18 over all energies above the instrument’s

threshold, to get the total flux received over a particular observation time.

4.4 Numerical Treatment of Temporal Evolution

A static spectrum of particles, with a matching synchrotron distribution, is
present in the emission region at time ¢t = 0 s. This spectrum is modelled with

a simple, truncated power law, with lower and upper cut-offs 7,,;, and 7,4, and

the slope p
» 1-p
ne(dy) =ney pm@(’y — Ymin)© (Ymaz —7) (4.21)

From this starting point, particles are allowed to cool down radiatively. The
first observed spectrum always results from averaging over the observer’s time
interval which starts only at the observer’s time equivalent to ty., = 285/c from
the start of the simulation. At this point the blob synchrotron number density is
not dominated anymore by the initial synchrotron spectrum.

Synchrotron photons suffer attenuation due to self-absorption and they escape

the emitting volume on an average timescale of 3Rs/4c

dnpp sy(desy)
dt

Nph,sy(d€sy)

v (4.22)

= Apn,sy(desy) — a(V)enpn o (desy) —

where Ay, s, (desy) is the production rate of synchrotron photons of energy es,.

It can be seen that the loss timescale due to the joint effects of attenuation and
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Figure 4.1: Comparison of individual instantaneous photon spectral com-
ponents with Bottcher et al. (1997) parameters and against the code pre-
sented in Krawczynski et al. (2004), calculated in the observer’s frame of
reference for ¢t = 0 s. Spectra are normalised to the distance dj to the
observer and the volume of the emitting region Vp.

the photon escape from the volume is T = (a(v)c + 4/3r,)”". By integrating
this expression over a time interval At = t, — t; one arrives at the equation of

evolution of the synchrotron number density in a timestep At

Toph,sy (A€sys ) = Npp sy (desy; T — At)e_At/T + App sy (degy )T (1 — e_At/T) (4.23)

4.5 Examples of spectra

To test the method used in this thesis’ code, this section reproduces observations
and scenarios that were fitted by several different authors with and without time-
dependent numerical codes (namely Bottcher et al. 1997; Katarzynski et al. 2006).

Bottcher et al. (1997) employ a time-dependent model to study the effects
of both EC and SSC on the particle distribution, the external component being
ascribed to the accretion disc photons. They use the full Klein-Nishina cross-
section to calculate the instantaneous emitted spectra at different points in time.
The high-flux states of Mrk 421 are due to the synchrotron/IC cooling that fol-
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Evolving electron spectrum for the parameters as used in

Bottcher et al. (1997): ne. = 10*cm ™3, Ry = 5-10" cm, B = 0.05 G, Ypmin =
103, Ymae = 10%, T' = 20, p = 2 (all of these are in the blob frame) and
the observing angle of § = 5° (observer’s frame); 2, = 0.5 mpc (the starting
point along the jet), Lgisc = 10%4 ergs™!, Mpy = 106M@, Ryiscin = 6Ry =
2.87-10~* mpe, Raisc.out = 6-106Rg = 287 mpc (given in the rest frame of the
AGN). Note that times here are given in the observer’s frame of reference,
but the spectra themselves are plotted in the blob reference frame, unlike
the corresponding photon spectra further on.
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Figure 4.3: Evolving instantaneous photon spectrum due to synchrotron
(blue lines), accretion disc EC (red) and SSC (green) losses without ac-
counting for the different travel times of the light originating in various
parts of the blob. Note that the observable parts of the spectrum are about
an order or two of magnitude below the position of the synchrotron and
the SSC peak, respectively. Here the scale is extended to many orders of
magnitude below (causing the code’s set lower boundary of the plotted IC
spectra to be visible here) to give a better appreciation of various features
in the evolving photon spectra and the connection to the shape of the cor-
responding electron spectra. Times are given in the observer’s frame of
reference.
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Figure 4.4: Evolving instantaneous photon spectrum due to synchrotron
(blue lines), accretion disc EC (red) and SSC (green) losses, after correcting
for the effect of the different travel times of the light arriving from various
parts of the blob.

lows the injection/acceleration phase that is the cause of the initial power law
spectrum of emitting particles. This scenario is reproduced here, for the same
set of parameters. Observed instantaneous spectra are plotted for four different

points in time (figure 4.3).

There seems to be a disagreement of about a factor of a few in the syn-
chrotron peak height (figure 4.1). This might be due to the differences in the
numerical treatment of the synchrotron radiation. It appears as this difference
is further propagated into the calculation of the SSC spectrum, which is several
times higher than the SSC peak calculated with this thesis’ code. However, when
the same scenario is run with the code used in Krawczynski et al. (2004), agree-
ment is excellent with this thesis for both synchrotron and SSC spectra at t =0 s
(Krawczynski et al. 2004 code does not model EC processes). The EC component
is just over an order of magnitude lower than in Bottcher et al. (1997). These
differences may be ascribed to the fact that this thesis’ model is considering the
Planck energy distribution for the accretion disc radiation rather than a single-

energy approximation, which can be off by as much as five orders of magnitude in
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Figure 4.5: The photon spectra from figure 4.4 summed up to produce
the overall observed SED. Red lines (in the upper panel) represent the
instantaneous spectra assuming that the radiation from all parts of the
blob arrives to the observer at the same time. Blue lines (both panels) are
the instantaneous spectra that have been corrected for the different light
travel times. Green lines (lower panel) show the time-averaged spectra after
correcting for the different travel times.
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both directions. It is noteworthy that the same treatment of the disc radiation as
in Bottcher et al. (1997), with the /acoso factor included, results in the discrep-
ancy of nearly two orders of magnitude instead®. Due to the heavy redshifting,
the disc radiation becomes unimportant as a source of targets for ICS by about

2-3 mpc away from the central engine.

The subsequent evolution of all of the components also deviates from the be-
haviour seen in their model, yielding different spectral shapes. This is due to a
different treatment of particle cooling. The particle losses at each energy bin are
modelled here as a distribution over a range of lower-energy bins, causing there
to be a competition between the gains and losses in each energy, rather than
considering only the average energy loss per particle energy bin. It can be seen in
figure 4.2 that this treatment yields very large electron losses for the parameters
used. Within the first several minutes, a large portion of electrons has under-
gone strong cooling in the proximity of the disc, which radiates most strongly in
the EUV — soft X-ray regime. The shape of the subsequently evolving electron
spectra is characteristic of this initial cooling due to the disc. Below the initial
low-energy cut-off there is a population of electrons that had suffered catastrophic
losses. The bump immediately below the initial cut-off energy is characteristic of
the disc cooling process, whereas the additional bump at somewhat lower ener-
gies (gamma factors of a 100) represents cooling due to SSC. The shape of the
cooled electron spectra are clearly reflected in the emitted synchrotron and the
EC spectra (figure 4.3). The SSC spectral shape is appropriately somewhat more
complex. This scenario illustrates well the importance of a proper, self-consistent
treatment of the electron cooling, as the the interaction with the scattering targets
gives the electron spectrum a characterstic shape, which will affect the emitted
synchrotron radiation and, through it, again affect the electron cooling due to
SSC. It also demonstrates the potential pivotal importance of the initial con-
ditions of the system (including the position of the blob along the jet) for the
subsequent evolution of the flare.

Figure 4.4 shows the spectra after accounting for the size of the emission region
which causes spectra from different parts of the emitting blob to have different
travel times. This means that the instantaneous spectra at each point are not

“pure”, but mixed with the spectra from previous timesteps, i.e. from deeper

5This dependence on the cosine of the polar angle causes the number density to approach
infinity when skimming the disc. However, for small enough angles, this term approaches 1/4.
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layers of the emission region. In such a case, the second curve will mostly consist
of the spectra produced at ¢t = 0 s, which is why the second curve, at about 7
min later, overlaps on this plot with the line from ¢ = 0 s. The disc component is
again seen to diminish rapidly as the emission region progresses outwards (all the
times are in the observer’s frame of reference). It can be seen that the evolution
of the instantaneous spectra looks different when the size of the emission region

is taken into account.

Figure 4.5 compares the total spectra (with contributions from all components
summed up), for three different situations: instantaneous spectra not corrected
for the light travel times in the blob and the spectra after this correction, the
latter for both instantaneous and averaged case. In the upper panel, the top line
is a superposition of three lines: both spectra at the ¢ = 0's, and the instantaneous
spectrum corrected for travel times after about 7 min (the averaging time is 7 min
also). The lower panel of figure 4.5 shows also the spectra that are averaged over
a period of 7 min (the spectra are not plotted for the time ¢ = 0's) . It can be seen
that the instantaneous spectrum corrected for travel times is very different from
the non-corrected one, but it is almost indistinguishable here from the averaged
spectrum. This is due to the short averaging times which are smaller than the

size of the emitting region.

Katarzynski et al. (2006) model the observed averaged spectra of four TeV
blazars with a one-zone SSC scenario, having a truncated power-law electron
distribution that is kept time-constant. Using the model of IR intergalactic back-
ground from Kneiske et al. (2004), they get a very good agreement with the
observations. The model takes into account the full Klein-Nishina cross-section.
Their scenarios are reproduced here (figure 4.7 and figure 4.8), including the EBL

absorption model.

The agreement with Katarzynski et al. (2006) is excellent for Mrk 421 and
Mrk 501 (figure 4.7), as is with Krawczynski et al. (2004) code when is run
for the same Mrk 501 parameters (figure 4.6). There is a slightly more visible
disagreement in the case of PKS 2155 and 1ES 1101 (figure 4.8). Precision of
integration may also account for the discrepancies seen, as may the fact that in
this thesis a newer, better resolved table from Kneiske et al. (2004) is used to
model the intergalactic absorption along the line of sight. Also, in the original
paper the value of the Hubble constant was 65 km/s/Mpc, lower than the one
used here (70 km/s/Mpc). The overlay of the Katarzynski et al. (2006) curves
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Figure 4.6: Comparison of the SSC scenario with Katarzynski et al.
(2006) for Mrk 501 and against the code presented in Krawczynski et al.
(2004).

with the ones produced in this thesis may have also produced some discrepancy.

Figure 4.9 shows the EBL optical depth for the redshifts relevant for the the
four AGN plotted on figure 4.7 and figure 4.8.

It should be pointed out that in the code developed and used in this thesis, the
integrals are evaluated with the two widely used CERN adaptive algorithm inte-
gration routines, namely Adaptive Gaussian Quadrature (DGAUSS) and Adap-
tive Quadrature for Multiple Integrals over N-Dimensional Rectangular Regions
(DADMUL, see Genz & Malik 1980). Calculations were cross-checked against
another package, CUBPACK (Cools & Haegemans 2003), and a good agreement

is seen (consistent with the uncertainties).
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Figure 4.7: Observed spectra averaged over the observation time for Mrk
421 (upper panel) for parameters K = 2.4 -103cm ™3, R, = 1.3 - 1016 cm,
B =0.025G, Ymin = 5-10*%, Ve = 105, § = 23, p = 2; and Mrk 501 (lower
panel) for parameters K = 5.3 - 10% (1.6 - 10*)cm ™3, R, = 1.7 - 10'% (1.5 -
10%) em, B = 0.05 G, Ymin = 5-10% (5-10%), ez = 2.5-106 (2-106), § = 35,
p = 2(2.3). For Mrk 501, values in brackets represent the parameters for
the lower fluxes. Solid lines represent the intrinsic spectra, while dashed are
the observed, absorbed spectra. K is related to the total number density

ne through K = ne%. All the black lines represent the simulations

maz ™ Vmin

by Katarzynski et al. 2006.
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Figure 4.8: Observed spectra averaged over the observation time for PKS
2155 (upper panel) for parameters K = 1.5-10*cm ™3, R, = 6 - 10'° cm,
B =0.05G, Ymin = 1-10%, Ypaz = 6-10°, § = 20, p = 2; 1ES 1101 (lower
panel) for parameters K = 2-10°cm™3, R, = 6.3 - 10 cm, B = 0.01G,
Ymin = 2.2 -10%, Ve = 510, 6 = 35, p = 2.8 (note that the later
simulation was done was a very dense blob).
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Figure 4.9: Optical depth due to the extragalactic absorption, for BL
Lacs at four different redshifts: Mrk 421 at z=0.031 (solid line), Mrk 501
at z=0.034 (dot-dashed), PKS 2155 at z=0.116 (dashed) and 1ES 1101 at
z=0.186 (dotted). The model for EBL is described in Kneiske et al. (2004).
The slight bumps seen in the EBL curves are due to the distribution of the
of the EBL soft photons (primarily redshifted starlight).
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Chapter 5

Simulations of Observed Photon

Spectra

This chapter explores different scenarios to model the observed BL Lac spectral
distributions. The goal is to mimic the behaviour of the observed SEDs during the
flare events, and reproduce features such as the rapid rise and fall-off times, X-ray
— gamma-ray flux correlation, hardening of the photon spectra with the increasing

flux, “orphan” TeV flares and X-ray variability without a TeV counterpart.

A simple way to test the numerical code is to compare it to the theoretical
prediction in the domain of Thomson Scattering, e.g. for the electron spectrum
between v = 10% and v = 10*. The ratio of SSC to synchtrotron luminosity is

equal to the ratio of synchrotron to magnetic field energy density

LSSC _ Usync (5 1)
Lsync UB .

Synchrotron energy density due to the a power law spectrum of electrons with
cut-offs Yyin and Yo, (assuming the cut-offs don’t evolve) is

Ymax Ymax

. 3R
UsyncE_ / n(d’}/)’)/tresd’y: /n(d’waTc(Z?b)UB’de’Y (52)

Ymin Ymin

where ¢,.s = %RT is the photon’s average residence time in the blob (see end of

Chapter 1.3.3 for the explanation on the notation used). By substituting n(d~)

85
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with a normalised power law with cut-offs one arrives at

— 3
Ugyne = 01 Ryiopnt L=p et = 7T'”gUB ~ o Ryopn p;l’ypf-l’Yg*pUB
o " s~ Ypn 3P T —p e
(5.3)

Then for p = 2 the ratio of synchrotron to magnetic energy density is

Usync

UB = neO'TRb’Ymin’Ymax (54)

and n, the total number density of electrons (term n.or R, is actually the Thom-
son optical depth). This can now be used as a cross-check for the treatment used

in the computer code (using the full Klein-Nishina cross-section):

1. For the upper cut-off of ,,;, = 10® and lower there is over 20% difference.
This is due to limitations of the numerical approach. The electron spectrum
is divided into a fixed number of decades per bin. At low energies, electron
losses due to IC are dominated by small losses and if they are lower than the
binwidth, they are not included in the calculation of the photon spectrum.
This causes the underestimate of the Compton luminosity. However, at
these energies (< 10%) electrons are feeble emitters and their contribution
to the overall spectrum is mostly to the very lowest part of the IC spectrum.
Also, in relativistic plasmas electrons are typically modelled with a power

law with a lower cut-off > 103.

2. For any lower cut-off and an upper cut-off of 4,4, = 10% the agreement with
theory is excellent (within a percent) as for these values IC scattering is still
in the Thompson regime and the emitted luminosity is strongly dominated

by electrons > 103.

3. For upper cut-offs of > 10° there is nearly a 100% difference, and each
subsequent decade in energy of 7,,., adds an extra order of magnitude to
the disagreement because of the overestimate of the IC luminosity by the

Thomson approximation.
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5.1 Timescales for relevant processes

The effect that some parameters can have on the emitted photon spectra can be
considered by estimating the typical timescales for relevant processes which can
be derived from the cooling rates in the Thomson regime

7= _gmc

(5.5)

The estimates of the cooling timescales (in the blob frame) for a particle
of energy ~ for the synchrotron, SSC and EC due to the disc radiation in the

Thomson regime are given by

7
toyne = —5——S 0.6
Y 33273 ( )
1.16 - 10 ( 1 3—p)
t ~ S 5.7
¢ Ne6 Rp1aB_273 ’yfn;i’ygz}g; p—1 (57)
106 22
t isc = — F2’6 S 5.8
ped v Ldisc44 get ( )

where zp; = Zb/mpc, Neg = "e/lOﬁcm_3, Ryy = Rb/1014cm and Lgiseaq = Ldi86/1044ergs_1.
Note that this approximation treats the disc as a point source and is poor for the
very close distances from the disc. For the cooling timescales by EC due to the

BLR photons, there does not seem to be a good approximation.

5.2 Simulations

The set of input parameters used in the first scenario is listed in table 5.1. In
this case the only photon target fields considered are the disc and synchrotron
photons.

It is useful to have some sort of a reference point when plotting the observed
photon spectra. All of the simulated spectra here are compared to the sensitivities
of the current measuring instruments. The two short lines in the X-ray energy
range represent the 5o point source detection sensitivity of the EPIC instrument
on-board the XMM satellite (Watson et al. 2001) for a 1000 s integration time
measurements. The lower (black solid) line shows the sensitivity in the 0.5 — 2

keV range, and the higher (navy solid) line is for 2 — 10 keV energy interval. The
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Table 5.1:
upper panel).

w.r.t. the jet axis, z redshift, t,ps observing time interval.

Starting input parameters for the simulations (see figure 5.1,

Accretion disc parameters, given in the host galaxy rest
frame: Mpp is the SMBH mass, Lg;s. is the accretion disc luminosity, 74;sc
is the accretion disc radiative efficiency, Rgiscin and Rgiscour are the inner
and outer radii of the disc; blob parameters, given in the blob frame: n,
particle number density, Ry radius of the blob, B magnetic field strength,
Ymin and Ymaz the lower and upper cut-off Lorentz factors of the particle
distribution, p slope of the particle spectrum, I';.; jet Lorenz factor; ob-
server’s parameters, given in the observers frame: 6., angle of the observer

Disc Blob Observer

Mgy 105 M, Ne 10*cm ™3 O 1°
Lyise 10 erg st R, 5-10"cm = 0.16 mpc z 0.031
Nase  0.06 B 01G tops 600
Ryiscin  6R, = 2.87-107*mpc | Ymin  10°
Ryiscour 6-10°R, = 287mpce | Yae  10°

P 2

T 20
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|
-
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Figure 5.1: Evolving observed photon and electron spectra for a starting
disctance of 0.5 mpc. Photon spectra are averaged over the observer time
intervals of 10 min for the parameters set in table 5.1. The first, dotted
black line is the instantaneous spectrum at time 0 s, and the solid red line
is an averaged spectrum over the first 10 min interval (which starts after a
light crossing time of the blob, when boosted into the observer’s frame).
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Figure 5.2: Evolving observed photon and electron spectra for a further
out starting distance (2 mpc) with respect to figure 5.1 (see table 5.1).
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respective flux levels are 2-107 ' ergs™ and 10~ ergs™!. To obtain good spectra
one would need higher flux levels that are at least an order of magnitude above

these values.

In the TeV energy range, the Crab Nebula spectrum between 100 GeV and
10 TeV is given as the top (navy dashed) line, its slope being p = 2.39, with
an exponential cut-off above 14.3 TeV which was recently measured with HESS
(Aharonian et al. 2006). The lower (black dashed) line represents the scaled-down
Crab spectrum at 0.1 fraction of the Crab flux. With VERITAS sensitivity, a
6 min measurement at a flux level lower than that of 1 Crab would produce a
detailed spectrum (see figure 1.10). Both HESS and VERITAS need integration
times longer than one hour to get a spectrum below 0.1 Crab, and below a
milliCrab there has not yet been even a detection. Therefore, to properly study
the rapid variability one needs fluxes not too far below a Crab. At the lower end
of the detectors’ energy range, due to various backgrounds (cosmic-ray electrons,
night sky background, etc.), the still detectable signal scales with the square root
of time. At the higher end, where the source of uncertainty is the lack of events,
the sensitivity scales linearly with time because one always imposes a minimum
number of events per energy bin. During the course of the simulation of 1 h,
the blob moves a few mpc, to a distance at which the contribution of the disc

becomes unimportant.

In all of the following plots the dotted black line represents the emitted spec-
trum at simulation time ¢ = 0 s. This is only given as a reference point, since it
bears no practical relevance to the observations. The spectra in all of the simu-
lations have the EBL accounted for, using the the model of Kneiske et al. (2004).
Note that the host galaxy contributes to the observed SED visibly at the IR — UV
band (although in HBLs this contribution is less pronounced) and so the spectra
presented here are only representative of the jet emitting region’s contribution to
the observed SED.

In the first simulation, only the disc EC and the SSC radiation are considered
as the cooling mechanisms. Figure 5.1 shows the photon and electron spectra
from the emitting blob with the starting height of 0.5 mpc along the jet. The
black dotted line at ¢ = 0 s clearly reflects the shape of the synchrotron peak
and the disc which at this scale dominates the IC emission. The proximity of the
disc is also reflected in the electron spectrum that has strongly cooled in about

a crossing time of the blob, as evident from the TeV flux has has fallen down
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Figure 5.3: Evolving observed photon and electron spectra with a lowered
magnetic field (B = 20mG) with respect to figure 5.2 (see table 5.1).
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Figure 5.4: Evolving observed photon and electron spectra with a bigger
blob radius (R, = 8-10'*cm) with respect to figure 5.2 (see table 5.1). Note
that an artefact of the numerical lower boundary for the IC spectrum is
visible here in the photon spectrum.
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quickly below the observable level owing to the lack of high energy electrons. By
the end of the first averaging interval (which is about 2/3 of the crossing time
of the blob), the blob had moved nearly 10 mpc and the IC flux due to the disc
targets is now insignificant, and the SSC component is peaking around 1 MeV.
The synchrotron component had also dropped several orders of magnitude in the
peak position and height since the instantaneous spectrum at ¢ = 0. Thereafter,
the synchrotron spectrum remains relatively steady. Both humps peak at lower

energies — a strong cooling effect seen in GeV blazars — during the simulation.

The disc component stops being important very close to the central engine,
at the distances of about 2 — 3 mpc, as can be seen in figure 5.2, plotted for
a farther starting point of 2 mpc, where the spectra are only very weakly
affected by the disc and are very similar to a pure SSC model. The fluxes are
then comparable for the two components, as expected (there is still some disc

contribution to IC in the first timestep).

Lowering the magnetic field shifts the initial synchrotron and SSC peak
positions towards the lower energies by a factor of B (shifting of the IC peak
position is not easily observed in the log-log representation). Initial heights of
both spectral peaks are lower due a lower magnetic field (scale as B?). However,
lower B also means slower cooling and fall-off times and therefore in this case the
duration of both TeV and X-ray flares is longer.

For a bigger blob, the initial heights of the synchrotron and SSC peaks scale
up by a factor of R} and R}, respectively, as there are more particles populating
the emitting region (figure 5.4). Note that the IC bump at few tens of GeV is
only partially due to disc radiation (which is very weak by this point). Mostly
this is due to the Klein-Nishina effect. At later times an absence of energetic
electrons is reflected in the single IC bump at about 10 MeV. A slight bump
at TeV energies (visible here just during the first averaging interval) is due to
the time-averaging over an interval during which the peak position has shifted
somewhat towards the lower energies. Note that a bigger blob means a longer
crossing time of the blob, and so the first averaging interval starts later than
previously. An interesting thing about this scenario is that the X-ray flux is not
a signature of a synchrotron peak, but rather due to a lowe-enery tail of the IC
spectrum.

For an order of magnutude lower particle number density n,. (figure 5.5),

initial synchrotron peak height is lower by an order of magnitude and IC peak is
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Figure 5.5: Evolving observed photon and electron spectra with a lower
electron number density (n. = 103 cm™3) with respect to figure 5.2 (see
table 5.1).
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Figure 5.6: Evolving observed photon and electron spectra with a higher
maximum cut-off of the electron spectrum (7,4, = 107) with respect to

figure 5.2 (see table 5.1).
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Figure 5.7: Evolving observed photon and electron spectra with a higher
minimum cut-off of the electron spectrum (Y, = 10%) with respect to
figure 5.2 (see table 5.1). Note that an artefact of the numerical lower
boundary for the IC spectrum is visible here in the photon spectrum, in
keV.
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lower by two orders of magnitude (since they scale as n. and n?, respectively),
as expected for a predominantly SSC scattering. However, this also means that
there are less particles available in the volume and so the cooling is more moderate

and less rapid then before, causing the peak position to evolve much more slowly.

An order of magnitude higher means there are more of the energetic

Y max
particles (figure 5.6). Initial spectrum is very similar to the original one but with
more synchrotron photons and upscattered photons at higher energies in each
respective band. Both peaks are higher now (synchrotron by an order of mag-
nitude, IC slightly) and shifted in position towards higher energies (synchrotron
by 2 orders of magnitude, SSC barely). Except for the first averaging interval,
where synchrotron and IC spectra show harder slopes than in the original plots,
subsequent evolution is nearly identical to that one for the original 7.

An order of magnitude higher =, ;, causes much higher initial peaks (figure
5.7). Increasing the minimum cut-off will have the effect of a higher number
density of electrons per energy interval', which in turn increases the height of the
synchrotron peak (which scales linearly with number density) and the SSC peak
(which scales quadratically with number density). Having a high synchrotron
peak will cause very fast particle energy losses. The IC peak subsides from an
initial very high value to about the same height as in the original plots by the first
averaging interval but the synchrotron spectra have by then shifted downwards
in both peak position and height with respect to the original plot. The spectral
shape is much different in this scenario due to the extremely quick disappearance
of high energy electrons.

The next scenario adds the BLR. The BLR provides the targets for IC
scattering, but it also moderates the TeV spectrum through pair production (as
evident from figure 2.4). As the blob passes through the BLR, it suffers less
and less absorption but at the same time electrons are continuing to cool down
(in the absence of an accelerator). The parameters for the BLR are given in
table 5.2. With the starting point close to the centre, the IC component in the
first observing interval shows a strong absorption feature in 1 — 11 TeV range
due to the BLR photons. From the starting distances of a few mpc (figure 5.8,

lower panel) onwards, the IC component suffers less and less absorption by pair

1—p . .
T-p __1-p> which is
max min

I'Normalisation for the power law electron spectrum is proportional to

in practice proportional to Ypin for p = 2, as Yy is usually much larger than 7,4, (equation
4.21).



99

5.2. SIMULATIONS

Wiov lerg s em ™)
|0"1r
(8- B
.' '
19 L O
i L D
-y |
19+ _— Lt L LN
> \\ L Ur
10704 RN L | 0Ny

- \ :

- \ Lid=4,

- x -

& = v ]
a1 : - - L RE

19 + o . \ |
4 -x e 111

3 \
2 / 4§ | Ve
oo, | L : lo s 10 Cod

e, !.-tll’--b

-13 : ) ‘
10 — - g
o - e

* . | CE—
10" " 4e + . + ' 4 + .
0® 10* »* »? 10° 10° 10t 10* wt  0'?
Ip WNev]

Widh) [erg s 8 :m“‘l

w's
s COOR«8»
woe -— M
- L
T o -l
> \ “ BAMa
-10 N\ -
o 4 Bl N
‘ __,-'/ \l LiX-0)
11 > . V - AT
v T o .
f n. | et B L 21 B
3 | 14
”‘.12- ol “h
«® P — LRI
- % . .01
2288 %
e * -_—e
{ -
Y, —
w'itig . . ' .
0% 20®* 10*' w? w 10’ wt 10" w* 20"
€, V]

Figure 5.8: FEvolving photon spectrum for the simulation starting dis-
tances of 2 mpc and 5 mpc, for the parameters Yymin = 103, Ymez = 5 - 107,
p =2 n.=10"cm™3, R, = 5-10%cm, B = 0.01G, tops = 30min,
Oops = 0.3°, z = 0.031, observing intervals for are 30 min each. Rise and
fall of the TeV flux are more visible for a starting point closer to the centre.
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Figure 5.9: Evolving electron spectra for the simulation starting points at
2 mpc, with the inclusion of the BLR (for the photon spectrum, see upper
pannel of figure 5.8). Weak cooling is seen due to a very low magnetic field.
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Table 5.2: BLR input parameters, given in the galaxy rest frame: Aprg is
the wavelength at which the BLR radiates (Ha line), Rprr,in and RBLR, out
are the inner and outer radii of the BLR, 7 r is the optical depth the
BLR and appr and Bppr are the exponents that govern the power law for
the scaling of the number and the radius of the BLR clouds with distance
(see Chapter 3.2). BLR optical depth is difficult to put an estimate to and
this particular choice is at the lower end, with values higher than 0.1 being
often used in literature.

)‘BLR 656 nm
Rprrin | 10mpc

RBLR,out 40 mpc

TBLR 0.01
QBLR —1.5
BBLR 0.6

production, and the hardening of the spectrum is visible at TeV energies.

TeV flux rise without particle acceleration. The rise of the flux is simply
due to the decrease in the BLR attenuation of TeV photons, naturally causing the
rise and the cessation of the flare. The rising fluxes are usually assumed to mark
the particle acceleration phase. At some point (after a few hours) the TeV flux
reaches its peak, determined by the balance between the decrease in emission and
the decrease in the BLR absorption. After that the peak is reached, the flux can
only subside, as the electrons are continuously cooling down, and after a few hours
falls below its starting flux. This scenario is represented in figures 5.8 and 5.9 for
different starting distances, 5 mpc and 10 mpc. If the starting point is shifted
much further this behaviour does not occur for this particular set of parameters.
Further than 40 mpc (outer BLR radius), BLR radiation gets redshifted and
does not have a great impact on the TeV spectrum. The cooling of the particle
spectrum is weak, due to the weak magnetic field, and it changes little during the
flare, displaying only a very slight change in the slope (figure 5.9). The TeV range
shows rise of the flux along with the hardening of the spectra with time, which

was observed in the past (see Krennrich et al. 2002). The simulated observed
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photon spectra and the predicted lightcurves (figure 5.10) follow a similar trend
to that observed during the orphan flare in 1ES 1959 (Krawczynski et al. 2004; see
figure 1.9), when a TeV flare was observed to rise as the X-ray flux was steadily
dying out, although one of the X-ray curves (1 — 10 keV) here displays a lag due
to an averaging effect over the spectral dip between the synchrotron and the IC
peaks which in this scenario happens to be at qute low energies. There are also
energy-dependent lags at higher energies in the TeV band, due to the absorption

feature.

Acceleration. The following scenario, presented in figure 5.11, introduces
a linear acceleration term, with the acceleration timescale t,., = 2 - 10° s (see
Chapter 4.1). For much higher values of ¢,., cooling is too fast for the accel-
eration to establish a balance between energy gains and losses, even at farther
distances from the disc. In this scenario, high-energy electrons are steadily cooling
down, although low-energy electrons are getting accelerated, resulting in a pecu-
liar shape of the electron spectrum. The acceleration scenario cannot reproduce
the rise and fall of the TeV and synchrotron flux, due to the short acceleration
timescale, but the effect of absorption is also still present in the TeV spectrum
and contributes to the flattening of the spectrum. However, this acceleration
treatment is overly simplistic. In reality the Fermi shock acceleration mechanism
generates the power law electron spectra by allowing for the particle escape from
the acceleration region during each shock crossing. Also, in the shock acceleration
region magnetic field strength is amplified and the value used here is inconsistent
with that requirement, so this particular scenario would be difficult to physically
justify, but it provides a useful illustration of the effect of the acceleration. The
correct treatment of simultaneous acceleration and radiation is one of the most

difficult problems in this field and beyond the scope of this thesis.

Comparable heights of the synchrotron and the IC (figure 5.12) peaks
are usually observed during the flares in HBLs. This can be achieved by increasing
the magnetic field, to get more synchrotron photons, while decreasing the number
density of electrons in the volume, to keep the SSC component the same. This
results in the IC and synchrotron peak heights being within about an order of
magnitude from each other and around 107!% — 107 ergs™' cm™2, which was
observed in several flares (e.g. Albert et al. 2007; Aharonian et al. 2007).
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Figure 5.10: Lightcurves at four intervals in the X-ray and TeV parts of
the spectrum. The histogram widths represent the time over which the TeV
flux is observed. The TeV lags at higher energies reflect the shape of the
absorption feature which gets shallower in time. The X-ray peak at 1 — 10
keV is also lagging other energy bands due to the averaging effect over the
dip between the two spectral peaks.
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Figure 5.11: Evolving photon and electron spectra for the simulation
starting distance of 2 mpc, for the parameters v, = 103, Ymaz = 106,
p =2 n.=10"cm™3, R, = 5-10%cm, B = 0.01G, typs = 30min,
Oops = 2°, z = 0.031, observing intervals for are 30 min each. The spectrum
is produced by an accelerating population of electrons with a characteristic
timescale tyee = 2 - 10° s.
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Figure 5.12: Evolving photon and electron spectra for the simulation

starting distances of 2 mpc, for the parameters v, = 103, Ymazr = 3 * 107,

p = 2,

e

103cm™3, Ry, = 5-10"%cm, B =

0.02G, tops = 30min,

Oops = 0.3°, z = 0.031. Rise and fall of the TeV flux are visible.
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5.3 Discussion of Scenarios and Limitations

The model presented here uses a simplified, spherical geometry of the emitting
region. In reality, a conical emission region might be more appropriate (as in
Katarzynski et al. 2003). The assumption of homogeneity and isotropic distribu-
tion of the electron population in the emitting region also has its limitations, as it
means that the synchrotron propagation times within the blob are not taken into
account. This makes it impossible to test for the synchrotron — SSC time-lags.
The adiabatic expansion of the region has also not been treated here, under the
assumption that the sub-parsec jet is well collimated. The model also operates
under the assumption of a single scattering, which is usually a very good approx-
imation, but may fail in the case of the very low-energy IC generated photons,
which could potentially make a significant contribution as the scattering targets.
Also, pairs produced through photon-photon annihilation are not fed back into
the system.

Clearly, in the simulations presented in this thesis a limited parameter space
is investigated, and many more scenarios can be envisioned and predictions tested
with a model such as this. The following is a list of parameters that ought to be

investigated further and their potential imprints on the observed SEDs.

1. Increasing the Doppler factor by decreasing the observing angle will simply
increase the observed fluxes in both synchrotron and IC and shift the peaks
to higher energies by a constant amount. On the other hand, increasing
the Doppler factor by increasing the jet gamma factor means additionally
affecting the IC peak by boosting the external target photons. Even so,
this would only help the disc be significant at the blob distances very close
to the centre, but it would have a large impact on the interactions with the
BLR targets. A larger ratio between the IC and synchrotron luminosity is

favourable when modelling the TeV “orphan” flares.

2. It should be noted that the fraction of disc luminosity reprocessed by the
BLR is taken to be relatively low here, 0.01, while it is often quoted as
being as high as 0.1. In this thesis only one BLR and disc configuration is
investigated, so it would be of interest to study how the predictions may
change with different geometries of AGN photon fields. A narrower BLR

would give a shorter-lived absorption feature in TeV and so it may help
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model very rapid variability observed in HBLs. An alternative scenario for
the very rapid flares caused by the BLR would be due to the vicinity of an

individual cloud that could be considered a point or an extended source.

3. The synchrotron and IC fluxes scale in a complicated manner when external
fields are introduced, depending on the blob’s starting position along the
jet. For instance, at small distances from the centre, the incoming disc
radiation is boosted strongly, but the effect quickly diminishes as the blob
progresses outwards. The situation is even more complicated when the BLR
is introduced. The observed time behaviour might therefore point to a place
of the origin, which varies (in the scope of the internal shocks scenario) from

one flare to another, given the same source.

4. The ratio of the SSC to synchrotron flux is sensitive to the number density
of electrons as well as to the radius of the emitting region, and scales lin-
early with each quantity. To model the behaviour of most flares observed
in HBLs, this ratio should be kept as low as possible (as there is also a
contribution from the EC component), since the synchrotron and the IC

peaks are typically of similar heights in these objects.

5. Different initial high- and low-energy cut-offs also leave imprints on the

slopes of the observed SED, as does the slope of the particle spectrum.

6. Particle injection instantaneous here, but by extending it over a period of

time one could model the synchrotron rise times.

It is sometimes argued from the data that TeV and X-ray peaks in vF'(dv) repre-
sentation should be comparable in BL Lac flares (Fossati et al. 1998). In previous
scenarios, on shorter timescales, this is only seen when the blob starts far from
high external fields, and the observed spectrum this consists only of synchrotron
and SSC contributions. Care should be taken in interpreting the data collected
so far, since the conclusions derived in the past have mostly relied on the data
collected over very long periods of time, often days — months, due to the lack of
resolution in older instruments.

As evident from the simulations presented in this chapter, the real picture may
be much more complicated than a simple one-zone, homogeneous SSC emission

process. External radiation fields cannot be neglected at the distances where
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the observed variable emission is believed to be taking place, which, due to the

variability constraints, are believed to be at the scale less than 100 mpc.



Chapter 6
Summary and Conclusions

A model is presented that explores the External Compton target fields’ role, along
with the flaring features that are seen in the TeV observations of high-peaked BL
Lacs, as an alternative to the pure SSC models usually considered.

Ambient photon fields are commonly discredited as unimportant contribution
to the seeds for Inverse Compton scattering in TeV blazars, on the basis of very
simplified arguments. The simulations in this thesis demonstrate that the real
picture can be much more complex, and the behaviour of the observed spectra
during the flares to be very sensitive to the position at which the radiation occurs,
even for low-luminosity BLRs, such as the one found in Mrk 421.

A detailed, numerical code has been developed to study self-consistently the
temporal evolution of the particle distributions in pair plasmas that populate
a relativistically moving emission region, with the randomly oriented magnetic
field of uniform strength. This region is modelled as a sphere homogeneously
filled with isotropic electrons and positrons, but to assume that what we observe
is a uniform emission from the whole of the blob is incorrect, since the cooling of
the particles should occur on timescales much smaller than the light crossing time
of the emission region (Chiaberge & Ghisellini 1999). This means that, unless
the particle spectrum is time constant, at any instance in time the observer sees
a convolution of spectra produced at different times, owing to the fact that the
spectra from the back of the blob take longer to reach us, w.r.t. to the spectra
from the top layers. This effect is fully modelled here, by dividing a spherical
emission region into slices that are narrow enough to be well approximated as
uniform emitters.

The steepening effect of the Inverse Compton cross-section at higher energies is
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accounted for by using the full Klein-Nishina cross-section integrated analytically
over the isotropic electrons (derived by Reimer et al. 2006). Approximations,
such as the outgoing photon moving in the same direction as electron or the
monoenergetic treatment of the accretion disc, have been avoided. Importantly,
particle energy losses are uniquely treated in an exact manner — particles lost from
each energy bin are redistributed over different (in practice only lower) particle
energy bins, rather than all being shifted in energy by the amount of the average

energy loss.

All of the processes relevant for the ultra-relativistic plasmas have been taken
into account. These include synchrotron emission of electrons in the magnetic
field with the accompanying synchrotron self-absorption, Inverse Compton Scat-
tering for various seed photons (accretion disc, BLR, synchrotron photons), pair
absorption by the local AGN photon fields, namely the accretion disc and the
BLR. Intergalactic absorption of gamma-rays has been claimed to be non-negligible
even for the low-redshift objects such as Mrk 421 and Mrk 501 from 1 TeV (Pri-
mack et al. 1999). This model includes the function describing EBL attenuation
with a model and the tabular values calculated by Kneiske et al. (2004). Acceler-
ation is treated here as a continuous function, characterised with an acceleration

timescale.

The numerical model presented here allows for the observed spectra to be
calculated quickly, with some limitations: so long as the AGN ambient parameters
are kept constant, it is very fast to experiment with the blob’s and observer’s
parameters, once the rate coefficients per electron are calculated as matrices for
different points along the jet. Since the ambient fields change relatively slowly as
the blob progresses outwards, these matrices need only be calculated for a limited
number of distances. The code developed is shown to be in good agreement
with previous work on the subject for the stationary spectra (except for the disc
component in comparison to Bottcher et al. 1997 model). The time evolution is
different to that in previous models due to a more different and realistic treatment
of radiative losses and time travel effects within the blob. The code was also cross-
checked for the correctness of integration algorithms by using two independent
integration packages. Being able to perform fast calculations is essential since
eventually one wants to be able to perform fits to the actual observed spectra.

The code also predicts X-ray and TeV lightcurves for different energy intervals.
The effects of the emission region’s passage through the BLR were studied,
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for different starting point distances. The pure SSC models are not only not
sensitive to the flare’s place of origin, but they also suffer the degeneracy between
the observing angle and the gamma factor of the emitting region (as the only
dependence is on the Doppler factor), as opposed to the EC models, where gamma
factor affects the IC peak.

The BLR induced flare scenario, with and without the continuous acceler-
ation, showed a trend similar to the one seen in the orphan flare of 1ES 1959
(Krawczynski et al. 2004), where the synchrotron flux fades while the TeV flux
starts to rise quickly. Another interesting thing about this scenario is the hard-
ening of the initially absorbed TeV spectrum, due to the decreasing opacity of
the BLR. As the blob starts to emerge, TeV flux goes up and the slope becomes
flatter. A similar scenario was able to reproduce the comparable heights of the
synchrotron and the IC peaks that are typically seem from HBLs during the
outbursts (see e.g. Albert et al. 2007; Aharonian et al. 2007).

The goal of the study was to reproduce the general spectral behaviour and
features in the observed SED of TeV emitting BL. Lacs. It should be noted
though that the previously commonly quoted correlation between the X-ray and
TeV peak (in the sense that they should rise simultaneously) should be taken with
a pinch of salt — these correlations were mostly derived from the data averaging
over very long timescales, due to the limited sensitivity of the TeV detectors. So
far there were very few clear examples of flares like those from Mrk 421 from
1996 (Gaidos et al. 1996), 1ES 1959 from 2002 (Krawczynski et al. 2004), Mrk
501 from 2005 (Albert et al. 2007) and PKS 2155 from 2006 (Aharonian et al.
2007), which were exceptionally fortunate events in which the fluxes rose to very
high levels. For most of the available variability data, one needs many hours,
nights, or weeks often just to get a detection. That means averaging over the
spectra produced by the blob from the starting point where its emission becomes
visible, say, somewhere in the BLR, to its passage to as far as the NLR, i.e. past
the parsec scale. Clearly, the flaring that we see over such long periods (in our
frame this corresponds to the timescales of maybe several weeks) cannot be due to
one compact, relativistically moving emission region. Equally, even on observing
timescales of days, the blob would have to live for at least a few weeks, during
which the blob could transverse the whole of the BLR.

The radiative transfer inside the emitting blob has not been modelled and so

the models here do not predict the time lags between the synchrotron and IC
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peaks due to the the synchrotron radiation propagation times within the blob,
although time variability of the synchrotron photons is modelled. However, the
models do predict energy-dependent lags at TeV due to the BLR absorbing effect,
whereby at the edges of the absorption feature (the lowest and the highest band
in the TeV range) flux reach its peak first, having the most absorbed part of
the spectrum reach the peak last. Another predicted observable feature is that
the TeV first rises in flux and flattens its slope only to fall back down again and
steepen after the peak has been reached (after the absorption had decreased).
Hence these models can predict the rise and fall-off times of the IC spectrum while
they only predict the fall-off of the synchrotron spectrum, since it is assumed that
prior to the start of the simulation accelerated electrons have been injected into
the emitting region. Therefore the rise time for the synchrotron peak coincides
with the acceleration phase (here assumed to precede the emission phase) which
is taken to be instantaneous in this model, i.e. freshly accelerated electrons are
injected impulsively into the emitting region. This would allow for the low values
of the magnetic field that are commonly inferred from the observed spectral data
and that are used in the simulation, since in the acceleration phase one expects
equipartition, and hence much higher magnetic fields. Magnetic field strength
drops quickly as the shock dissipates. The shock acceleration itself is not modelled

here.

The scenarios used in this thesis do not seem to be able to reproduce the very
rapid variability of the order of minutes, but a somewhat longer variability on the
timescales of a couple of hours. It might be possible to reproduce the more rapid
variability if a much narrower BLR shell was used. Another way to obtain very
rapid variability patterns from the EC scenarios would be to consider a passage
of the blob near an emitting BLR cloud (i.e. to consider a local peak in BLR
emission) that could be modelled as either a point source or an extended spherical
region. Such a scenario could also extend the model in this thesis to the case of
microquasars, where the external photon targets are provided by a companion

star.

The code also allows for a pure synchrotron — SSC flare, which is expected
when the acceleration occurs outside the BLR. Therefore the model presented
allows for the both scenarios (pure SSC as well as the SSC+EC), and hence
allows for the same object to display various flare profiles, depending on where
the shocks catch up with one another along the jet. The EC-+SSC model also
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allows for the unusual observations, namely the orphan flares, to be naturally
accounted for, by considering that flares originate at different distances along the
jet.

To test the predictions, clearly the time-resolved multiwavelength spectra are
necessary to get a realistic picture of the observed spectral shape. Spectra aver-
aged over many hours/days/weeks are likely to measure a superposition of many
individual flares, for which fitting spectra is less meaningful. In the simulations
presented here averaging of observed spectra is done over shorter time intervals

(10 min, 30 min), in anticipation of the better resolved spectra from the current
generation of Cherenkov detectors (HESS, MAGIC, VERITAS).



Appendix A

Coefficients

This section gives the coefficients that were used for numerical rate calculations
that were outlined in Chapter 4.
The coefficient that defines the fraction of electrons at energy i that have

moved down to energy j per given timestep is

dC (e,
Nij = Ay / / / o (de, dSy) — (dQV)d dQdQ, (A.1)

and has units of [s~!]. Here one is already representing the particle spectrum as
a collection of energy bins. In the equation above it is assumed that the energy
bin width A~; is small enough so that the IC cross section does not vary across
it. This is not always true, and very small losses (less than the energy bin width)
could cause an overestimate in the loss term at a particular energy. One way
to correct for it would be to perform a full integral over both the ¢ and j bin.
One can still assume that the spectrum is fairly constant over the range of one
bin, and so can be left as a histogram. Only the coefficients \;; are calculated
in more detail. Since two more dimensions of integration (over the ‘initial’ and
‘final’ energy bin) are added, the expression has to be divided by their respective
binwidths Avy; and A~

C €.)
= A, / / / / / non{de, dQpn) =500 =dedQdQdy;pindyipin - (A.2)

Yi,bin Vj,bin s €

Similar is done for the photon spectrum, which is also discretised, and represented

with energy bins € equidistant in log. The photon coefficients (; ;, which are here
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defined as

dC(E Hph, 7Y )
= A*yl / /nph d€ deh desdg de deh (A?))
Qpn €

can be wrapped in the integrations over the initial electron’s bin ¢ and final

photon’s bin s, while dividing through with A~v; and Ae,

dC(e. Q)
/ / / / nn(de, dn) Cf;e d;’)’“ )dedﬁphd% pindes i (A.4)

Givs = Aeg

€s,bin Vi,bin ph €



Appendix B

+— -

Approximation for small L= o

The fact that % can be very small can present practical problems in numerical
calculations. Here an approximation to the scattering rate is calculated for such
a case, which gives values for the rate in very good agreement with the correct
treatment.

Photon spectrum calculated from the full Klein-Nishina cross-section (Reimer

et al. (2006)) is

hph(dGSadQS) = —UTces/ / /ne nph d€ d/lphe)@( _551) (B'

€ ,Ufphe Y

ﬁ’y 6\/63 — Q/Lph,eGEs + €2

OJ

[1_ 1 ( fp + pi— +2b + pt + pi— + 2a
(2¢,790)° ((u+ +b) (= +0)> (s +a)(u- +a))
B (6 (1 — ppne)  ees uphe + 1)

3
2

275 ﬁ 62 ,Uph e

=
=

X ( L ! )] drydppn, de
(et +0)(p- +0)) ((u+ +a)(p- +a))

The term in square brackets is a solution of the following integral (see equation

C.46 in Reimer et al. 2006)

—iM a Fy+ Fy B.
7T/\/(u—u—)(u+—u)(2+ ) (b2
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with
D,
F = B.3
SREDITET (B3)
D
F3= . 5 (B.4)
(b +a)”(n+0)
where a )
€ — Hph,e
g = — (e€s (1= pipne) — 2) (B.5)
& (B)° !
1— pipne) )’
D, — (i(iﬂpg)) (B.6)
€& (B)
The following integral can be solved analytically
T
/ ! dp=1 (B.7)
/(= p) (g — )

/,[/7
The integrand of this equation has a property of a d-function, if u_ and p, are

close to each other (i.e. Ay = pu; — u_ — 0). If one defines such a §-function as

O(u) = B.8
SN iy Yoy (B5)
Then s .
1
lim du= [ O(u)du = B.
i) 4 (W) =1 (B.9)

and also the following will hold

ft )
lim
AHO/ V= po) (g — 1)

H—

fdn = [ OG0 fGdn =) (.10

Applying this result to equation B.2, I can now be rewritten as

1
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If a variable K is defined as

_ £ (1 — fphse) 1
& (87 (n+a)(u+d)

and substituted into equation B.2, one arrives at

1
I:5(2+K(ees(1—uph7e)—2+K))

or
K
[21—0—?(663(1—/%;176)—2—1—[()

(B.12)

(B.13)

(B.14)
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