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Deutsche Zusammenfassung

Aktive Galaxienkerne (Active Galactic Nuclei, AGN) gehoren zu den hellsten Objek-
ten im Himmel und koénnen im gesamten elektromagnetischen Spektrum beobachtet
werden, von Radio-Frequenzen bis hin zu y-Strahlung. Einige AGN, welche starke Ra-
diostrahlung aussenden, besitzen hochrelativistische Jets, Materiestrome bestehend aus
relativistischen geladenen Teilchen, welche entgegengesetzt zueinander aus dem super-
massiven schwarzen Loch im Zentrum jedes AGN propagieren. Abhéngig von ihren
spezifischen Emissionseigenschaften konnen sie in verschiedene Klassen unterteilt wer-
den.

Besonders interessant hier ist die Unterklasse der BL Lac Objekte, genauer gesagt
solche, die ihr Emissionsmaximum in hoheren Frequenzen aufweisen (high frequency
peaked BL Lac, HBL). Fur BL Lac Objekte zeigt der Jet nur unter einem kleinen Winkel,
also fast direkt, zum Beobachter, sodass es zu Effekten von Doppler Boosts und schein-
barer Uberlichtgeschwindigkeit (superluminal motion) aufgrund von Projektionseffekten
kommt. Diese Objekte weisen starke Emission bis zu sehr hohen Energien (very high
energy, VHE) im Bereich von TeV auf. Diese Emission ist auf Zeitskalen bis hinunter
zu Minuten stark variabel. Daraus lassen sich hohe intrinsische Lorentzfaktoren der Jets
berechnen, welche bis zu I' ~ 50 betragen.

Die Technik der Very Long Baseline Interferometrie (VLBI) kombiniert Radiote-
leskope, die auf der ganzen Welt verteilt sind, zu einem Array, um Auflosungen auf
mas-Skalen zu erreichen. Damit lassen sich die innersten Regionen eines Jets auflosen
und mit kreiférmigen Gaussschen Komponenten modellieren, um die projizierte, oder
auch scheinbare, Geschwindigkeit des Jets zu berechnen. Anders als die VHE Ergeb-
nisse zeigen Studien von Piner & Edwards grofitenteils subluminale oder nur leicht su-
perluminale Geschwindigkeiten. Diese Diskrepanz der intrinsischen und scheinbaren
Geschwindigkeiten ist bekannt als Dopplerkrise. Ein-Zonen-Jetmodelle bendtigen dabei
unverniinftig kleine Sichtwinkel < 1°, um diesen Sachverhalt zu erklaren.

Das Ziel dieser Thesis ist es, eine unabhangige Studie mit VLBI Daten eines aus-
gewihlten Samples an TeV Blazaren zu analysieren und die bereits bekannten Ergebnisse
zu bestétigen oder zu bestreiten. Das Sample besteht aus den Quellen PKS 1440—389,
PKS 0447—439, PKS 2005—489, PKS 2155—304 und PKS 0625—354, also fast alle
Blazare aus dem TANAMI (Tracking Active galactic Nuclei with Austral Milliarcsecond
Interferometry) Sample, welche im TeV-Bereich detektiert und hell genug sind, um bei
8.4 GHz beobachtet werden zu kénnen. TANAMI ist ein Multiwellenlangen-Programm
mit Fokus auf VLBI, welches Quellen siidlich einer Deklination von 6 < —30 ° beobachtet.
Alle untersuchten Jets des Samples weisen entweder stationédre, subluminale oder nur



leicht superluminale Bewegung auf. PKS 2155—304 besitzt dabei die schnellste Kompo-
nente mit (7.84+2.5)c, was die zuvor gewonnen Ergebnisse von Piner & Edwards bestétigt
und erweitert. Weitere Eigenschaften, wie die Inklination von PKS 0625—354, die Kriim-
mung des Jets von PKS 2155—304, sowie Multi-Zonen-Jetmodelle, die die Dopplerkrise
versuchen zu losen, werden ebenfalls diskutiert.
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Abstract

Active Galactic Nuclei (AGN) are some of the brightest sources found in the sky and
can be observed throughout the entire electromagnetic spectrum, from radio frequencies
up to the y-rays. Some AGN, which are strong radio emitters, feature highly relativsitic
jets, streams of matter consisting of relativistic charged particles, propagating opposite
to each other from the supermassive black hole in the center of every AGN. They can
be divided into several different classes based on their specific emission properties.

Of particular interest here is the subclass of BL Lac objects, and more precisely the
class of high frequency peaked BL Lacs (HBL). In the case of BL Lacs, the jet is pointed
under a low angle to the observer, leading to effects of Doppler boosting and apparent
superluminal motion, i.e. motion faster than the speed of light due to the projection.
These objects feature strong emission up to very high energies (VHE) in the range of
TeV. This emission is highly variable on timescales down to minutes, from which high
intrinsic bulk Lorentz factors of the jet can be derived to be I' ~ 50.

The technique of Very Long Baseline Interferometry (VLBI) combines radio telescopes
stationed across the globe in an array to reach resolution on the scales of mas. With
this, the innermost regions of a jet can be resolved and modelled with circular Gaussian
model components to compute the projected, or apparent, speed of a jet. Contrary
to the VHE results, studies from Piner & Edwards mostly feature subluminal or only
slightly superluminal motion. This discrepancy of intrinsic and apparent velocities is
known as the Doppler crisis or bulk Lorentz factor crisis. Single-zone jet models require
unreasonably low inclination angles < 1° to explain this behaviour.

The purpose of this thesis is to perform an independent study with VLBI data of
a chosen sample of TeV blazars to either confirm or deny the established results. The
sample consists of PKS 1440—389, PKS 0447—439, PKS 2005—489, PKS 2155—304 and
PKS 0625—354, which are nearly all TeV detected blazars of the TANAMI (Tracking
Active galactic Nuclei with Austral Milliarcsecond Interferometry) sample and which
are bright enough to be observed in the radio frequencies at 8.4 GHz. TANAMI is a
multiwavelength program with VLBI at its core, focusing on AGN with a declination of
0 < —30°. All of the jets investigated here feature either stationary, subluminal or only
slightly superluminal motion, with PKS 2155—304 featuring the fastest component with
(7.84+2.5)¢, confirming the previous results by Piner & Edwards. Other properties, such
as the inclination of PKS 0625—354 and jet-bending in 2155—304 as well as multi-zone
jet models, which try to solve the Doppler crisis, are also discussed.
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1. Active Galactic Nuclei

Active Galactic Nuclei (AGN) belong to the brightest and most interesting observable
sources in the sky. While the main emission of “regular” galaxies stems from thermal
stellar emission, galaxies containing AGN emit across the entire electromagnetic spec-
trum. They can even reach the highest of energies and as such are a likely candidate for
high energetic neutrino emission as investigated in Kadler et al. (2016).

In order to achieve such luminosities, Shakura and Sunyaev (1973) showed that the
accretion of surrounding material by a supermassive black hole in the center of the galaxy
acting as a driving engine is the best model. The luminosity of AGN ranges from 10%? <&
to 10*® =& with corresponding black hole masses of the order of 10"Mg to 10'°Mg as
shown in studies such as Vestergaard and Peterson (2006) and Peterson et al. (2016).

Observations in different wavelengths provide various properties of AGN, ranging
from kinematic results to emission lines, which lead to various classes with coinciding
properties. Most of the general information about AGN can be found in books such as
Krolik (1999), Robson (1996) and Schneider (2008), however only the aspects relevant
for this thesis are provided below.

The important AGN classes for this thesis are Blazars, more particularly BL Lac
objects, and to an extent Radio Galaxies. This chapter will provide general information
about these two AGN types and the underlying emission processes as well as kinematic
properties.

1.1. Classification of AGN

A first rough classification is provided by Kellermann et al. (1989), which divides AGN
based on their radio emission. Depending on the ratio R,_, of their optical and radio
flux densities S, and S;, they are divided into radio-loud and radio-quiet sources

> 1 io-1
S, {_ 0, radio-loud (11.1)

Fio = So 0.1 < R,_, <10, radio-quiet
In general radio-loud objects are accompanied by two highly relativistic streams of
charged particles , which are referred to as jets, and as such show extended emission.
They propagate perpendicular to the plane of the accretion disk, where one jet is lo-
cated opposite to the other. It is assumed that radio-quiet objects do not possess such
relativistic jets. However, there are suggestions that some of these sources either pro-
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duce a highly collimated, powerful, relativistic jet or a subrelativistic, uncollimated wind
(Stocke et al. 1992).

In this thesis the focus will be on radio-loud objects, while radio-quiet ones will be
mentioned in Sect. 1.2 for completion.

1.1.1. Blazars

For most types of AGN, a host galaxy can be determined by means of observations.
Since Blazars are among the brightest AGN, they outshine their host galaxy so none
can be attributed in most cases. They are core-dominated, compact radio sources with a
flat or inverted spectrum with emission going up to very high energy y-rays. Blazars can
be divided into Quasars (Quasi-stellar radio sources) and BL Lac objects, named after
the prototypical source BL Lacertae. Quasars are characterized by the emission lines in
the optical spectrum. They can be subdivided into optically violently variable (OVV)
quasars and flat-spectrum radio quasars (FSRQ), which differ by the dominance in the
optical and radio regime respectively. They feature strong narrow or broad emission lines
and strong short-term variability on timescales of down to hours (Foschini et al. 2011),
depending on the wavelength. For this thesis, BL. Lac objects are of special interest
since four out of five sources in this sample are confirmed to be of the BL Lac type with
one source’s classification being ambiguous. While still showing strong variability in flux
density and polarization on time-scales of down to minutes (Heidt and Wagner 1998),
they feature no or only very weak emission lines, often making it difficult to determine
their redshift.

Being radio-loud objects, blazars feature highly relativistic jets which are observable
throughout the entire electromagnetic spectrum. Radio observations provide apparent
superluminal motion of jets with speeds of up to 25¢ (Piner et al. 2006) for some of the
sources and bulk Lorentz factors of up to 50 (Lister and MOJAVE Collaboration 2016).
The superluminal motion does not disagree with general relativity since it is simply a
projectional effect, which will be explained in Sect. 1.4.

Of particular interest is the spectral energy distribution (SED) of blazars, which is
the bolometric luminosity function. It features a double hump structure with two peaks:
One is located in the X-ray regime and the other at high energy v-rays. Figure 1.1
shows the SED of the FR 1 radio galaxy Centaurus A, which features a double hump
structure characteristic of BL Lacs despite its classification. The lower part of the
SED is produced by synchrotron emission from electrons which are accelerated radially
in a circular magnetic field, while the higher energy peak is created from low energy
seed photons which are up-scattered by said electrons with the inverse Compton effect
in leptonic models or from high energy photons emitted from pion decay in hadronic
models. These emission processes will be discussed further in Sect. 1.3.

BL Lac objects and to an extent FSRQs show a trend between the luminosity and the
location of the peak frequencies in the SED. Namely, more luminous objects feature lower
frequency peaks than less luminous ones. This is because there is a balance between
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Figure 1.1.: Spectral energy distribution of the radio galaxy Centaurus A, which inter-
estingly features a very BL Lac-like SED. The data obtained from several observations
are fitted with synchrotron emission for the lower peak and inverse Compton for the
higher one. However, the TeV photons need an additional model component. Image
taken from Sahu, Zhang, and Fraija (2012).

radiative cooling of electrons and their acceleration (Ghisellini 1999). The process of
radiative cooling is less efficient in less luminous objects, leading to the observed higher
peak frequencies. This trend is known as the blazar sequence and is illustrated in Fig. 1.2.

Based on the position of the synchrotron peak frequency vg,, Padovani and Giommi
(1995) introduced a further classification of BL Lac objects into low frequency peaked
(LBL), intermediate frequency peaked (IBL) and high frequency peaked BL Lacs (HBL).
This was extended in Abdo et al. (2010b) to all Blazars. According to this classification,
low synchrotron peaked blazars (LSP), are those with vy, < 10 Hz, high synchrotron
peaked (HSB) those with vy, > 10'® Hz and intermediate synchrotron peaked (ISB) those
in between. HBLs are the focus of this thesis, since four out of five sources are classified
as this type of blazar. According to the blazar sequence, HBLs are less luminous than
LBLs. Additionally, HBLs are less variable than the other subclasses of BL Lacs. HBLs
are mostly found in X-ray studies due to the location of their lower peak. This also means
that they are more difficult to observe in radio frequencies due to their low luminosity
in this regime. However, they also reach very high energies in the range of TeV.
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Figure 1.2.: Old (right) and new (left) blazar sequence by Ghisellini et al. 2017 for both
BL Lac and FSRQs combined. Less luminous objects feature higher peak frequencies.

1.1.2. Radio Galaxies

Radio galaxies are radio-loud AGN which can be considered as the counterpart to the
radio-quiet Seyfert Galaxies (Seyfert 1943). Accordingly, they feature both broad and
narrow emission lines in their optical spectrum and can therefore be divided into Narrow
Line and Broad Line Radio Galaxies (NLRG/BLRG). Being radio-loud these AGN are
accompanied by powerful radio jets. This leads to a different approach to subdivide
this group, which was introduced by Fanaroff and Riley (1974). This classification is a
morphological one.

AGN of the class Fanaroff-Riley (FR) 1 show a luminous core with bright jets ex-
tending to both sides. They end in large radio plumes, which are less luminous than
the main jet. Figure 1.3 shows an exemplary FR 1 galaxy, 3C 449, taken from a VLA
observation at 1.4 GHz.

On the other hand, AGN of the type FR 2 are in total more luminous than FR 1
galaxies and feature a bright center, but weaker jets which end in bright lobes with
dominating hot spots. Figure 1.4 shows a VLA map of an exemplary FR 2 quasar,
3C47, at 4.9 GHz. This source in particular only features one jet, but no jet in the
opposite direction, i.e. the counter-jet. The luminosity of FR 2 type objects is restricted
by L(178 MHz) 2 2 x 10%h;4 W Hz 'str~! (Kembhavi and Narlika 1999), although
this boundary is not very sharp and dependent of the frequency and the spectral index.
This leads to an overlap in luminosity between the two classes, especially at higher
frequencies.
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Figure 1.3.: VLA contour map of the FR 1 type AGN 3C449 at 1.4 GHz. It features a
bright core and two bright jets ending in weaker radio plumes. Adapted from Perley,
Willis, and Scott (1979).

Figure 1.4.: VLA contour map
of the FR 2 quasar 3C47 at
4.9GHz. It features a bright
core, one weak jet and two
bright hot spots.  Adapted
from Bridle et al. (1994).

1.2. Model of Unification

Due to the many similarities as well as distinctions witnessed in all classes of AGN, it
is reasonable to assume that these different types can be unified under one physically
sound model. The unification scheme states that all types of AGN are only witnessed
due to changes in two parameters, namely the (radio) luminosity and the inclination
angle, i.e. the observation angle. The following section will summarize this model which
can be found in further detail in Urry and Padovani (1995) and Antonucci (1993).

Figure 1.5 provides a sketch of the main statements of the unification model. The
innermost region consists of a supermassive black hole surrounded by an accretion disk.
The broad line emission region (BLR) is the accretion disk itself or rather very close to it.
In order to understand the formation of the disk, it is useful to understand some of black
hole physics first. The innermost stable circular orbit (ISCO) (or the radius of marginal
stability) of an object gravitationally bound by a Kerr black hole with gravitational
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radius r, = M (in natural units) is given by Camenzind (2007):

risco = 2M + a+2vVM? £ aM, (1.2.1)

where a is the Kerr parameter which is a measurement for the spin of the black hole.
Depending on the black hole spin, three different limiting values of rgco arise:

oM fora=0
risco = 4 M(1+ [46]Y3)  fora = M(1 —9) (1.2.2)
OM fora = —-M

In this context, a = 0 is a non-spinning black hole, a = M (1 —¢) is a hole spinning with
the accretion disk, where ¢ is an infinitesimal displacement to prevent rigco = M, and
a = —M is a black hole spinning opposite to the accretion disk. In general, the binding
energy of such an orbit is given by an expression dependent on the Kerr parameter a,
Fyina = 1 — E(a). In the case a — M the binding energy is Eping = 1 — 1/\/§ =70%
of the rest mass (see Camenzind (2007)). In the process of accretion, half of this energy
can be liberated as radiation from the disk around the black hole.

Furthermore, the model states that for a gravitational radius of r, ~ 10" m & 3.2 x
107% pc the hot accretion disk is located within a distance d of 7, < d < 30r, or d ~
10~3 pe. The accretion disk itself is surrounded by a cold torus of dust, providing the
material necessary to maintain the accretion. It is located at a distance of about d ~
1 —10pc. In the radio-loud case, streams of highly energetic charged particles, the jets,
are propagating out of the center perpendicular to the plane of the accretion disk. Along
the direction of the jets close to the accretion disk, at a distance of about d ~ 0.01—0.1 pc
clouds responsible for broad emission lines can be found, building the broad line region
(BLR). It consists of a dense (n ~ 10 cm™3) and fast-rotating medium. Thus, due to
the large velocity of the radiating particles, the effect of Doppler broadening is large for
the emission lines witnessed from this region. Further outside at about d ~ 100— 1000 pc
(see Fig. 1.5), the material becomes less dense (n ~ 103 — 10° cm™3). Here, the emitting
material is colder and the Doppler broadening is not as effective as in the BLR, only
creating narrow emission lines. This region is hence called narrow line region (NLR).

The already established differentiation of radio-loud and radio-quiet AGN is directly
governed by the parameter of luminosity, where radio-quiet galaxies are less luminous
and do not feature a jet. If these types of galaxies are observed under a sufficently small
inclination angle, both broad and narrow emission lines are visible, creating the class of
Seyfert 1 galaxies. If the galaxy is observed almost edge-on to the plane of the accretion
disk, the broad emission lines are obstructed by the dust torus, leaving only the narrow
emission lines. These AGN are then classified as Seyfert 2 galaxies. More luminous
objects are classified as QSO Type 1 and 2 correspondingly.

This classification can then be applied to the radio-loud AGN, where the corresponding
class to Seyfert 1 are called broad line radio galaxies (BLRG), while narrow line radio
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galaxies (NLRG) are the radio-loud counterpart to Seyfert 2 galaxies. Both these classes
are morphologically classified by the Fanaroff Riley scheme. Finally, if the inclination
angle is even lower, i.e. if the observer looks almost directly into the jet, the galaxy is
of the blazar class, which is subdivided into quasars and BL Lac objects.

Since the only difference between radio galaxies and blazars is the inclination angle, it
is apparent to assume that they are simply rotated counterparts to each other, where the
drastical differences mainly stem from beaming effects present for blazars (see Sect. 1.3).
If the FR scheme is taken into account, then Urry, Padovani, and Stickel (1991) argues
that BL Lac objects are rotated FR 1 galaxies, while FSRQs correspond to FR 2 galaxies.

The different AGN types and properties mentioned in the context of this model are
summarized in Table 1.1.

OX
I Seyfert 1

Seyfert 2

S
= A
'j \

Jal
7

orus of dust
BLR K"-. 7

Figure 1.5.: Artist’s impression containing all important components of the unified model:
A supermassive black hole with an accretion disk in the center surrounded by a large
dust torus. The narrow and broad line emission regions are indicated as well. The left
image features a radio-quiet AGN due to the absence of a jet. Seyfert 1 galaxies are
observed from a low inclination angle, while Seyfert 2 galaxies can be seen under a large
angle, where broad emission lines are obstructed by the dust torus. The right image is
that of a radio-loud AGN since it features a jet. Narrow and broad line radio galaxies
are observed correspondingly to Seyfert 1 and 2 galaxies, while Blazars are seen under

an even lower inclination angle, looking almost directly into the jet. Adapted from:
NASA/CXC/M.Weiss
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Table 1.1.: Overview of the unification model. Adapted from: Matthias Kadler

Type RL* Emission Lines Luminosity Jets RMP
Seyfert 1 quiet broad + narrow low no  none
Seyfert 2 quiet narrow low no  none
QSO (Type 1) quiet broad + narrow high no  none
QSO (Type 2) quiet narrow high no  none
BLRG loud broad + narrow low yes FR1
loud broad + narrow high yes FR 2
NLRG loud narrow low yes FR1
loud narrow high yes FR 2
BL Lac loud none low yes  compact
FSRQ loud broad + narrow high yes  compact

Note: (@ Radio Loudness () Radio Morphology

1.3. Emission processes

As previously mentioned, the blazar SED features a double hump structure which can
only be sufficiently modeled with two distinct emission processes. Namely, the syn-
chrotron emission of accelerated electrons as well as high energy photons, which are
up-scattered by the inverse Compton effect. In addition to that, jets in blazars are
subject to relativistic beaming effects, since their relativistic motion is aligned almost
directly to the observer. The following section aims at explaining these processes.

1.3.1. Synchrotron emission and beaming effects

The equations in this section are based on the derivations by Rybicki and Lightman
(1979). This section acts as a summary and may not be given in the same detail as
there.

To start out, the relativistic motion of a particle with charge ¢ and mass m in a
magnetic field B is governed by two differential equations:

d q

&(va) = VX B (1.3.1)
d
&(’ymCQ) =qv-E=0, (1.3.2)

where v = (1 — v?/ 02)71/ ? denotes the particle’s Lorentz factor, E the electric field and
v the particle velocity. The second equation implies that v = const. and |v| = const.,

10
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which means that the entire problem can be summarized to

d
my V= %V x B. (1.3.3)
The velocity can be separated into a component parallel to the magnetic field v and a

component perpendicular to it v, resulting in

d d q

—vy =0, —v;, =—v, xXB. 1.3.4

dae | at + yme + ( )
Since |v| = const., this means that |[v,| = const., as well as v = const.. The accel-

eration a is therefore perpendicular to the velocity at all times. On a projected plane
perpendicular to the magnetic field the motion is circular. If v # 0, the resulting mo-
tion is helical around the magnetic field. Such a motion has a gyration frequency of

4B and an acceleration of a; = wpv, and aj = 0. The total emitted radiation

yme
power is then given by

wp =

2¢° 4, » 2 2 2¢° 4 ¢°B°
2
= roetin’ B, (1.3.6)

where 8, = “ and g = TZ—; were used in the last step. [ is simply the velocity in units
of ¢ and ry is the classical radius of a charged particle. In order to obtain an isotropic
distribution of velocities, Eq. 1.3.5 needs to be averaged over all angles for a given speed
B. 1f 6 is the pitch angle, i.e. the angle between field and velocity, one obtains

2 2 2
(B2) = f— /sin2(9)dQ _ %, (1.3.7)
T
and the resulting power is
4 5 9 90
(P) = 57’006 vB (1.3.8)
4
= gaTcﬁzfyZUB (1.3.9)

with the Thompson cross section o7 = 8773 /3 and the magnetic energy density Up =
B?/8r. The main contribution of synchrotron emission stems from electrons, since the
or scales with m~2 and the emission of particles with larger masses is negligible. The
power spectrum of a single electron is given by

4
P, = 3018 U (1), (1.3.10)

11
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where ¢, () is the spectral shape. In order to compute the expected power spectrum
of a distribution of electrons, we consider a given electron energy density n(y), which
scales as a power law with slope p in the case of non-thermal synchrotron emission
as n(y)dy = ngy*?dy. The spectral shape is normed by [¢,(y)dv = 1 and is well
approximated by a Dirac ¢ distribution ¢,(v) = d(v — y*nuz), where it is assumed that
an electron of energy E only emits at a peak frequency of v2v;, with v, being the Larmor
frequency. The total power spectrum is then computed as a superposition of the power
spectrum of each single electron weighted by their energy distribution n(~):

(e.) 4 o0
P, = / B (y)n(y)dy = §0T52’72UB710/ ’727]05(” - VL’Yz)d’Y (1.3.11)
1 1
By substituting v;7? = 1/ =, leading to dy = 2(31// /L and v = (%), the integral simplifies
to
4 NN
P, = —O'TﬁQ’yQUBTLO—/ (i> S(v —v)d (1.3.12)
3 v Ju, \VL
2 9 9 v\ ?
= = 00822 Upno | — _ (1.3.13)
vy, VL
a = % is called the spectral index of this power spectrum. This means that the

superposition of power-law distributed electrons with d-peaked spectral shapes results
in a power law spectrum. However, this statement only holds for a medium where the
electrons are very unlikely to interact with the emitted synchrotron photons. This is the
case, if the optical depth 7, < 1, which is defined as

T(s) = / =, (s')ds, (1.3.14)

with the absorption coefficient «, and the travel distance s through the medium. If
7, < 1, the medium is called optically thin, whereas it is referred to as optically thick
or opaque for 7, > 1. Within the opaque region, the electrons undergo the process
of synchrotron self absorption (SSA), which means that the electrons re-absorb the
synchrotron photons emitted by them. The power spectrum is in this case scales with
P, o< v°/? (see Rybicki and Lightman 1979), which is independent of the energy density
power-law index p. SSA occurs only below a critical frequency, where 7, = 1, which is
where a medium changes from being opaque to being optically thin. This turning point
allows one to determine the size of an emission region, since 7 o< R, where R is the size
of the emitting region. The VLBI core is the innermost unresolved region and usually
the 7, = 1-region.

Particularly in the case of blazars, where the observer is looking almost directly into
the jet, the relativistic velocity causes the spectrum and flux density of the jet to be
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1.3. Emission processes

Doppler boosted. The cause of this effect is that relativistic particles do not radiate
spherically, but rather in a cone in the direction of their movement with an opening
angle of v~!. The Doppler factor D, defined as the ratio between observed v, and
emitted frequency vem;; can be computed as

obs 1—p? 1
po Vs _ _V1-5 (1.3.15)

NUemit 1 — Bcos(¢) v (1 — Bcos(p))’

where ¢ is the angle to the line of sight. In Rybicki and Lightman (1979) it is shown, that
S,v~3 is invariant under Lorentz transformation, with the flux density S,. Therefore,
the luminosity L(v) for a jet with a power law spectrum L(v) o« v® the effect of boosting
results in

L(Vobs) = D> L(Vemit)- (1.3.16)

In principle, the radiation is affected in two ways: Its luminosity is increased and the
spectrum is shifted to higher frequencies. This is illustrated in Fig. 1.6, where the
previously established dependencies are also marked. This is the case for a single emission
region with a fixed turnover peak at 7, = 0. Generally a jet consists of several regions
which emit synchrotron radiation, each with their own turnover frequency. When looking
directly at a jet, all of these regions are superimposed during observation, leading to a
flat spectrum. More extended emission on kpc scales is cooled and slowed down, resulting
in optically thin, unbeamed low frequency emission and a steep spectrum (see Fig. 1.7)

Doppler boosting works in both ways, meaning that while the jet towards the obsever
is boosted in luminosity, the counter-jet, going in the opposite direction, is de-boosted
and less luminous. Using the ratio R of both of the jets’ flux densities, one gains the

equation .
Fiot 1 + B cos(9) ) e
R=—"X = . 1.3.17

Fcounter (1 - 5 COS(¢) ( )

If only one component of the jet, i.e. one “radio blob”, is observed, it is ¢ = 3 and if the
jet can be described as a series of components, it has to be ¢ = 2 since the number of
spherical emission components scales with the Doppler factor. The inclination angle ¢
can be determined if the flux density ratio and the jet speed are known. In many cases
only the jet is visible, so no definitive flux density can be determined for the counter-jet.
In such cases, the counter-jet flux density can be approximated by the noise level and
at least a limit to ¢ can be computed.

1.3.2. High energy emission

While the low frequency emission is clearly described by the model of synchrotron emis-
sion, the high energy spectrum is not completely understood. There are two fundamen-
tally different approaches to explain the high energy bump.

In purely leptonic models (see e.g. Blandford and Konigl 1979, Konigl 1981), the
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1. Active Galactic Nuclei

Vv

Figure 1.6.: Example plot of an unbeamed (red) and beamed (blue) synchrotron power
spectrum of an electron distribution. The opaque section (7, > 1) follows a o v/5/2
dependency due to synchrotron self absorption, while the optically thin (7, < 1) region
depends on x v“. Doppler boosting leads to an increase in power as well as a shift to
higher frequencies.

key process to reach these energies is inverse Compton scattering. During this process,
low energy seed photons are elevated to higher energies by inelastic scattering with
ultrarelativistic electrons, leading to an energy loss for the electron and an energy gain
for the photon, contrary to regular Compton scattering. There are two possibilities for
the origin of these seed photons: If they originate from external sources, e.g. the other
regions of the AGN like the accretion disk, the process is named External Compton,
whereas it is called Synchrotron Self-Compton (SSC), if they stem from the synchrotron
radiation responsible for the low-energy peak of the spectrum. Thermal comptonization
is the process of electrons cooling down due to the energy transferred to the photons.
This effect can lead to the Compton catastrophe, which is a rapid cooling process of the
electrons, yielding limits to the temperature.

Hadronic models on the other hand (Mannheim 1993), while keeping the synchrotron
model for the lower energy hump, assume a particle cascade of pion decay to be the source
of the highly energetic photons. During such a cascade, very high energy neutrinos are
also emitted. Recent campaigns, such as Kadler et al. (2016), are suggesting blazars to
be likely candidates for VHE neutrinos detected by e.g. the Icecube detector (Aartsen,
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Flat Radio spectrum
(pc-scale jet)

log P

Y

log v

Figure 1.7.: Sketch of a logarithmically scaled radio power spectrum of a jet. Since
there are several synchrotron emitting regions, the spectrum is a superposition of sev-
eral beamed synchrotron spectra with different turnover frequencies, resulting in a flat
spectrum of a pc-scaled jet. The lower frequency part is steeper due to unbeamed
emission of a slowed-down kpc-scale lobe.

Abraham, and Ackermann 2016), supporting such hadronic models.

1.4. Apparent Superluminal motion of jets

As stated before, the apparent, i.e. projected, motion of AGN jets can, especially in the
case of blazars, reach speeds several times higher than the speed of light ¢ (Piner et al.
2006). This seems to contradict general relativistics at first, but can be easily explained
by a projectional effect.

The motion of a moving component is illustrated in Fig. 1.8. The apparent speed
Vapp Observed is simply given by

_ Azapp
Vapp = At ;

(1.4.1)

with the apparent distance Az,p, and the observed travel time At.

At both times 77 and T and corresponding points z; and x5 a signal is emitted by
the component, but reaches the observer at times t; and t5. The time it takes for the
component to travel between x; and x5 is given by AT = Ty —T7. Due to the relativistic
speeds, the travel distance of the emitted photons needs to be considered. The signal
emitted at x5 needs the time ty = d;' to reach the observer, while the signal at x; travels
the longer amount of time t;+1t/, = d%d/. This means, that the signals have the difference
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tg = & = Azmcos(d) _ ”i“tﬂ;cosw) in travel time. The difference between both signals

& (&
for the observer is simply At = t, — t;. Plugging in the intrinsic information into the
observer times results in

1 1t 1qg + ta S At=ty—t; = AT —t; = AT 1Y ¢ cos(¢) '
tQ:T2+td’:T1+AT+td/ c

(1.4.2)

The apparent distance Az, is related to the intrinsic distance Az, by the geometric
relation

AZapp = Aing sin(¢). (1.4.3)

Inserting the equations 1.4.3 and 1.4.2 into Eq. 1.4.1 yields an equation independent
of the observer values:

N A sin(o) . sin(¢)
AT (1 i c§s<¢>>> "1 — By cos()’

(1.4.4)

where v;,; = %

units of ¢, we gain:

and Sy = 22t were used. Finally, expressing the apparent speed in

ﬂint Sln((b)

B
Bapp = ———— or [in = app

1 — Bint cos(o) Bapp cos(@) + sin(¢p)

Plotting Bapp for different values of Biny shows, that for B,y — 1, Bapp quickly becomes
larger than c¢ at low angles ¢, i.e. it shows superluminal motion. However, for very low
values of ¢, B,,, decreases rapidly.

(1.4.5)

1.5. The Doppler Crisis

Of particular interest in AGN studies are sources emitting at the highest observable
energies, namely the TeV-energies at 10'2eV. They are observed by ground-based tele-
scopes, such as MAGIC, H.E.S.S. and VERITAS utilizing Cherenkov emission from
particle cascades. Over 175 TeV-sources' have been cataloged so far, where over one
third of them are extragalactic. 48 of these sources are classified as HBLs. They are,
however, difficult to observe in the typical radio regime due to their extreme faintness,
going down to a few tens of mJy. This section will summarize the most important stud-
ies in both the y-rays and the radio regime based on the summary paper of Piner and
Edwards (2016).

Some HBLs can display very bright flares in the ~-rays, like the source PKS 2155—304.
Its flaring state during July 2006 obsereved by H.E.S.S: showed a flux density which was

Thttp://teveat.unichicago.edu/
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X2,appr t2

Xl,app: t1

Figure 1.8.: Sketch of a jet component moving at relativistic speed towards the observer
under the angle ¢. Signals are emitted at positions z12 and at times 779 for the
component. They reach the observer at later times ¢1 2 due to the photon travel distance
d and d’ with corresponding times t4 and ¢y .

on average ten times higher than its typical values (Aharonian et al. 2007) and around 7
times as much as the Crab Nebula flux density (a standard candle in ~-ray astronomy).
Additionally, it featured short-term variability of ~ 600s. Earlier observations of flares
of other sources are also present, such as 1ES 19594650 (Krawczynski et al. 2004). While
accompanying X-ray flares were also observed, the flux density in the radio frequencies
stayed constant within their uncertainties. Other studies, such as Begelman, Fabian,
and Rees (2008) and Ghisellini and Tavecchio (2008), investigate the rapid variability of
such sources, in this case PKS 2155—304 and Mrk 401, where the flux density can change
by a factor of 2 in only 3 - 5 minutes. They conclude that such short-term variability
must stem from compact emission regions with an outflowing jet and are possibly caused
by instabilities within the jet or dissipation at the base of the outflow. Furthermore, the
bulk Lorentz factors in the jets must be 2 50, possibly up to 100.

Studies in the radio regime have been mainly done by Piner and Edwards for these
kind of sources. Their works include several studies of the parsec-scale properties of
both Mrk 501 (Giroletti et al. 2004, Edwards and Piner 2002) and Mrk 421 (Piner
et al. 1999, Piner and Edwards 2005), which span over several epochs and different
frequencies. All detected components appear to be either stationary or move at apparent
subluminal speeds and no new components are detected. Both of these findings are in
stark contrast to their highly variable and flaring activity in the TeV-range. Both feature
limb-brightnened structures, which could be explained by velocity gradients starting at
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Figure 1.9.: Plotting the apparent velocity in ¢, Bapp, against the inclination angle ¢ for
different intrinsic values of /3 (see legend) shows, that for 5 — 1 the apparent speed
quickly rises above lc, indicated by the dotted line, for most values of ¢, i.e. the
motion seems superluminal. (., has a maximum at low angles, but decreases rapidly
for ¢ — 0.

the base of the jet. The limb-brightening in Mrk 501 (Piner et al. 2009) suggest an angle
to the line of sight of ~ 15°, while Mrk 421 has a very low angle of ~ 1° (Piner and
Edwards 2005). Other sources also feature such slow moving jets as shown in Piner and
Edwards (2004) and Piner, Pant, and Edwards (2008), where most of the components are
stationary or subluminal, with only H1426+428 being at ~ 2c. More recent studies, such
as Tiet, Piner, and Edwards (2012) and Piner and Edwards (2014), extend the amount
of TeV sources with similar properties in VLBI data. Piner and Edwards (2016) provides
a histogram, summarizing the peak apparent jet velocities derived in different samples.
Figure 1.10 is a reproduction of the histogram presented there. Only two sources reach
high apparent superluminal motion. Additionally, PKS 2155—304 features a high degree
of jet-bending in the inner mas (Piner, Pant, and Edwards 2010), which established jet-
bending as a common feature of TeV-blazars. All these sources possess modest brightness
temperatures and apparent jet component motion that is sub-luminal or only slightly
superluminal. This phenomenon is known as the “Doppler Crisis” (Tavecchio 2006) or
“bulk Lorentz factor crisis” (Henri and Saugé 2006).

By combining the slow apparent speeds derived from VLBI data with the high Doppler
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Figure 1.10.: Histogram of the
=] Piner & Edwards previous results peak apparent jet velocities
. MUIME prior to this thesis. Repro-
B Piner & Edwards 2016 sample .

duced from Piner and Edwards
8- (2016).
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factors from TeV observations, the intrinsic Lorentz factors and inclination angles can
be derived. This would result in unreasonably small viewing angles of ¢ << 1° (Piner
and Edwards 2016), which would imply tiny jet opening angles and huge linear sizes.
By assuming larger inclination angles, the Lorentz and Doppler factors in the radio
regime are more modest, contrary to the TeV data. However, the Doppler factor cannot
be arbitrarily low since no counterjets have been detected in any of the TeV HBLs
so far. The conclusion is that the radio emission and v-rays cannot stem from the
same emitting region, meaning that the previous one-zone jet models are no longer
applicable here. There are several different models which try to expain the discrepancy
between these emittion regimes. One of these models (Georganopoulos and Kazanas
2003) suggests a decelaration along the length of the jet. Here, the large Doppler factors
0 2 50 needed to produce the high energy emission become obsolete. Instead, the model
utilizes upstream Compton scattering. The upstream energetic electrons from the fast
base of the flow see the synchrotron photons, which are produced in the slow part of the
jet, as relativistically boosted and hence blueshifted, leading to the production of the TeV
peak energies. Ghisellini, Tavecchio, and Chiaberge (2005) suggest a transverse velocity
structure consisting of a fast moving inner structure, the spine, and a slow moving outer
layer, the sheath. Here, one component sees the beamed radiation produced by the
other, leading to an enhanced Compton emission of both regions. The slow component
would, in this case, dominate the lower bump of the SED even with a smaller Lorentz
factor. Evidence for such a structure is, for instance, the previously mentioned limb-
brightening of a number of HBLs, such as Mrk 501 and 421. There are more models
with different approaches, such as one, where the emission is caused by minijets from
magnetic reconnection events (Giannios 2013), or one where the SED is modeled with
multiple moving blobs (Tavecchio et al. 2011). Marscher (2014) proposes a single-zone
model, in which the variations of flux density and polarization are rather caused by
turbulences within the jet.

Since the work on radio data for TeV sources has been done by mainly one group,
the motivation for this thesis is to perform an independent study with data from the
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TANAMI (see Sect. 2.5) sample and investigate, whether slow moving radio jets can be
detected here.
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2. Radio Observations

Most sources in the sky appear as unresolved point sources if they are observed by
conventional single-dish telescopes. If one wants to study, for instance, the origins of
jets or more precisely kinematic parameters, much higher resolutions are necessary. The
smallest resolvable angle 6, i.e. its angular resolution, of a lens with aperture diameter
D at the wavelength A is given by the Rayleigh criterion and translates to (see e.g. Born

and Wolf 1999):

0 ~ 1.22%, [0] = 1rad (2.0.1)

T

where the 1.22 is £ with Jy(z) = 0 and Ji(x) being the order-one Bessel function of
the first kind at x being its first zero. The factor is derived from the position of the
first vanishing of the diffraction pattern. This translates well to the angular resolution
of a telescope, where 6 = % is a good approximation with D being the telescope’s
diameter. As an example, let the diameter be D = 100 m, which is the diameter of the
largest steerable telescope in Europe, the Effelsberg telescope. Assuming a wavelength
of A = 3.5cm, approximately corresponding to 8.4 GHz, a common radio observation
wavelength, yields an angular resolution of § ~ 1.2arcmin. This is not nearly enough
to resolve the kpc-scale jets, where 6 in the range of arcsec or less is required. For
observations of pc-scale jets, even higher resolutions in the mas-scales are necessary.
By combining several telescopes to an interferometer, these resolutions can be achieved.
Very Long Baseline Interferometry (VLBI) utilizes an array of interferometers, each
consisting of two telescopes, to achieve the desired mas-scale resolutions. In principle,
the response of an interferometer to an extended source corresponds to determining a
value of the Fourier transform of the source’s brightness distribution. The simplest VLBI
array consists of just two telescops, resulting in a two-element interferometer, which the
next section will focus on before moving on to large arrays. The derivations shown
here are mostly based on Burke and Graham-Smith (2010), but Thompson, Moran, and
Swenson (2001) also provides good insight on this topic.

2.1. The Two-element interferometer

Figure 2.1 illustrates the basic geometry of a two-element interferometer. It consists of
two telescopes with a certain distance, which is called the baseline b. To be more precise,
the baseline vector b connects the phase center of the two antennas. The unit vector
s is pointing at the radio source. The signal reaches one of the instruments with the
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geometrical time delay 7, = b-s/c, which may or may not be adjusted by an instrumental
time delay 7;, which is set to 0 for now. The two observed signals need to be processed
using the cross-correlation R,,(7), which is just the time-averaged product of the two
amplitudes z(t) and y(¢) with delay 7: R,,(7) = (x(t)y(t — 7)) This product can be
more conveniently derived by changing to frequency domain using its Fourier transform
known as the cross-spectrum power density

Sey(V) = X ()Y (v), (2.1.1)

where the convolution theorem for Fourier transforms has been used. This product will
be proportional to the effective antenna area A(s). For two monochromatic signals the
Fourier transform will be two delta-peaks, one at frequency v and one with a phase shift
of 2rv7,. This results in

Syy(v) = A(s)S exp(i2nvT,) = A(s)S exp(i27by - s), (2.1.2)

with the source flux density S and the wavelength-dependent form of the baseline by =
b/\.

by

Figure 2.1.: Geometrical sketch of a two-element interferometer. One of the two tele-
scopes has a geometrical time delay 74 which may or may not be compensated by the
instrumental delay 7;. S marks the source direction and by is the wavelength-dependent
baseline.

Interferometers are systems with finite bandwidths B, which has an effect on the cross-
spectrum power density S,,. The bandwidth is described by a square bandpass G(v),
which is centered over a certain center frequency v and becomes 0 beyond B/2 in both
directions. A good assumption is that the effective area and the flux density are constant
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across the bandpass and by incorporating an instrumental delay 7;, S;, becomes
Say(8) = A, s)S () sinc[B(7, — 7;)] exp[—27mvy (1, — 7). (2.1.3)

The received signals generally feature an oscillatory shape with maxima and minima due
to the interferometry. These oscillations are described by exp[—271y(7, — 7;)] and the
signals are named fringes. The primary beam of a system provides information about its
sensitivity and is filled out by the fringes for small bandwidths. For finite bandwidths
however the fringe amplitudes are decreased by the narrower delay beam, as evident by
sinc[B(7, — 7;)]. The effects of the bandwidth can be summed up within the relative
antenna area A(o) as a modification of the effective area A(s).

Up to this point, only the flux density of a point source was considered. Extended
objects feature a brightness distribution B, (s), which then replaces the flux density S(v).
It is useful to define a phase tracking center s, with 7, = 7;, so every source direction
can be given relative to this center with s = sg + 0. Several approximations are now
taken: The size of the source is assumed to be small compared to the response pattern
of the delay beam, meaning that bandwidth effects can be neglected and v = v is the
defining frequency, provided that the width of the field of view 6 < (v/B)(1/by). The
total output is then the cross-spectral density integrated over the entire radio source:

Sey(s0) = /A(O’)By((f) expi2m(by - (sp + o) — v7;]dS2 (2.1.4)

An array of telescopes consists of several two-element interferometers with baselines b;;
if the ¢-th and j-th telescope. The complex visibility V;; is then defined as

‘/;. — Sa:y(b’Lj . SO) = vT,, (215)

finally leading to the fundamental equation for a practical interferometer:
Vij = /A(J)BV(U) exp(i2mbyj - 0)dQ (2.1.6)

It is useful to switch to a coordinate system with a plane perpendicular to the source
direction. These coordinates are conventionally labelled as (u, v, w), where sy defines the
direction of w and the (u, v)-plane is then parallel to the offset vector o. The coordinates
in Eq. 2.1.6 are expressed by the direction cosines of the unit vector s, (I, m,n). Since
so is perpendicular to the (u,v)-plane, we can set w = 0. The infinitisemal solid angle
then becomes df2 = \/%, resulting in the form

didm

Most of the time, the observed sources will be very small, so the offset angle ¢ will be

Vij = /4 A(l,m)B, (I, m) exp[i2m (ul + vm)] (2.1.7)
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very small as well, meaning that x and y are parallel to u and v. In particular they are
the spatial frequencies u = v - bcos(()/c and v = v - bsin(¢)/c. The equation can then
be rewritten by utilizing a small angle approximation:

V(u,v) ~ /.A(x, y)B(z,y) exp[i2n (ux + vy)|dzdy (2.1.8)

Figure 2.2 illustrates the geometrical structure of the telescopes pointing at the source
combined with the (u,v)-plane. The result implies that the complex visibility function
received by the telescope antennas in (u,v)-domain is simply the Fourier transform of
the source’s brightness distribution in (z,y)-domain, modified by the relative antenna
area A. Hence, it is a convolution of the beam described by A and the intrinsic bright-
ness distribution. However, a single measurement by one two-element interferometer
amounts only to a particular value in the source’s visibility function. By utilizing large
arrays consisting of several interferometers, the (u, v)-plane can be sampled. The various
techniques for large arrays and the necessary relations are the focus of the next section.

Figure 2.2.: Geometrical illustration of the (u,v)-plane and the interferometer. The in-
terferometer with baseline b) is pointing at the fraction d€2 of the brightness distribution
B(z,y) of a celestial source. Due to low angles, the direction cosines are approximated
by z, y and z. Parallel to this coordinate system are the (u,v)-plane and w, which is
parallel to the source phase center direction sg. df2 is shifted by the amount o from
the center.
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2.2. Interferometry with arrays

A signal is characterized by its amplitude and phase. Since the telescope responses are
not perfect, they need corrections relative to each set of telescopes, which are provided
by previous calibration steps. This leads to a lot of redundancy and a big data load.
However, the problem can be solved by computing values which are independent of the
telescope. These values are called the closure phase and amplitude and the equations to
compute them are known as closure relations. The derivations presented here are based
on Cornwell and Fomalont (1999) and Cornwell (1989). In order to gain the telescope
independent closure phase, a set of at least three telescopes is required. The phase ¢;;
between the i-th and j-th telescope possesses the errors ¢; and §; caused by electronic
and atmospheric effects and can be written as

Gij = iy + 0i — 0, (2.2.1)

where ¢;; is the true coherence phase between the two telescopes. For a set of three
telescopes, looping over the full phase ¢;j; then results in

Gijk = ?ij + Qi + Dri ) i (2.2.2)
= ¢y +0; — 0 + Qj + 6 — O + Gpi + 0 — s (2.2.3)
= ¢ij + Qi + Ori = Dijis- (2.2.4)

This shows, that for a set of at least three telescopes, a closure phase can be computed,
which is independent of the telescope specific errors 9;. Similarly, the closure amplitude
relation can be derived. For the closure amplitude, at least four different telescopes are
required, leading to the closure relation

_ Vil Vil

Aiji = =51 (2.2.5)
Vil Vil

The fractions of recovered information of phase f, and amplitude f4 can be expressed
N-3

dependent on the number of telescopes N and are given by f; = % and fa = 37

As mentioned previously, the detector response corresponds to a certain value of the
visibility function V' (u,v). Visualized on the (u,v)-plane, this value shows up as two
points opposite to each other with a distance to the origin which is equal to the baseline.
It is two points, since one two-element interferometer possesses two anti-parallel baseline
vectors. In order to sample as many values of the visibility function as possible, large
arrays consisting of several telescopes are used. The sampling of the visibility function
is conventionally referred to as the (u, v)-coverage. Due to the rotation of the Earth, the
orientation of the telescopes relative to the source changes with time, enabling them to
sample different values of the (u,v)-plane with longer observations. This was first ap-

propriately labeled as Earth rotation synthesis, but later shortened to aperture synthesis.
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The synthesis effect is strongest on the two poles at a declination § = +90°, leading
to circles on the (u,v)-plane, and weakest at the equator with § = 0°. For values in
between, the resulting coverage features ellipses. The effect is illustrated in Fig. 2.3 for
different declinations.

L L L L M At
200 10} o 100k 200 200 100 3] 100 200 km

Figure 2.3.: (u,v)-coverage of the MERLIN interferometer at six different declinations
for an 8-hour tracking observation. The coverage is more circular towards larger decli-
nations. Taken from: Burke and Graham-Smith 2010

The array can only gather a limited amount of information from the (u,wv)-plane,
resulting in gaps within the coverage. The intrinsic brightness distribution B(z,y) can
be computed from the full complex visibility function V' (u, v) by means of inverse Fourier
transform. Observations only deliver sampled information of the (u,v)-plane. This
limited coverage is expressed by the spectral sensitivity function W (u,v). In principle,
it is the interferometers response to a two-dimensional point source §(z, y), i.e. its Fourier
transform. This pattern is also known as the synthesis beam or the dirty beam since
prior to calibration and data reduction the response pattern contains many artifacts and
influences outside of the primary beam, i.e. the side lobes. The measured visibility can
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then be expressed as
Vineasured (U, V) = w(u, v)W (u, v)V (u,v), (2.2.6)

which, due to the convolution theorem, simply corresponds to the convolution of the
brightness distribution with the intrinsic array parameters described by its relative an-
tenna area. A weighting factor w(u,v) can be added to address more compact or ex-
tended sources. This will be further discussed in the next section.

2.3. Deconvolution with CLEAN and Self-Calibration

In order to regain the intrinsic brightness distribution, the measured visibility needs to
be inversely Fourier transformed as well as be deconvolved from the beam. Due to the
gaps in information present in the (u,v)-coverage, algorithms utilizing interpolation are
necessary. For this, Hogbom (1974) developed the CLEAN algorithm, of which different
variants were developed over the years. The procedures presented here are discussed
in Cornwell, Braun, and Briggs (1999). The principle of the algorithm is to describe
the brightness distribution by point sources, where the positions and strengths of these
points are computed iteratively. The final image, known as the CLEAN image, is then a
convolution of the sum of the point sources with the CLEAN beam, which is a Gaussian
fit to the primary beam without the side lobes.
The original algorithm by Hégbom (1974) can be summarized by these steps:

1. The position of the brightest peak in the dirty image needs to be found and its
strength computed. This can be improved by specifying areas for the search using
CLEAN windows.

2. At the position of the peak, the dirty beam B multiplied by the peak strength
and the damping factor known as the loop gain v < 1 is subtracted from the dirty
image. The computed vales are saved.

3. Steps 1 and 2 are repeated until the remaining peaks are below a level specified
by the user, leaving only the residuals in the dirty image.

4. The point source model gained from the previous steps is convolved with the
previously described CLEAN beam.

5. Finally, the remaining residuals are added to the CLEAN image from 5.

Another algorithm is the one by Clark (1980), which is based on Fast Fourier Trans-
form (FFT). It was developed since the CLEAN algorithm is essentially the deconvo-
lution, so a 2D-FFT may perform the CLEAN more efficiently. Here, the approximate
positions and strengths of the peaks are found by using only a small section of the dirty
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2. Radio Observations

beam. The procedure consists of a major and a minor cycle. The minor cycle goes as
follows:

1. A section of the beam is chosen so that it contains the exterior side lobe with the
highest intensity

2. All points of the dirty beam with an intensity higher than a fraction of the intensity
of the determined exterior side lobe are selected.

3. Using the section of the beam and the selected points from the dirty image, the
Hogbom CLEAN algorithm is performed.

The major cycle starts by performing a FFT on the point source model from the minor
cycle. It is then multiplied by the inverse transform of the beam, which is just the
weighted sampling function. Finally, it is transformed back and subtracted from the
dirty image. Subsequent minor cycles are performed to diminish any errors caused by
the approximation of using only a section of the beam.

There are even more variations of the algorithms, such as the Cotton-Schwab algorithm
described in Schwab (1984), but not all are listed here.

The absolute limits of mapping are determined by the system noise fluctuations. How-
ever, by only using CLEAN algorithms, the residual phase and amplitude errors are still
the largest limiting factor. The process known as self-calibration helps to diminish these
errors by utilizing the over-determined information given by the array. Each element
within the array possesses a residual error in phase and amplitude. With N elements,
where one telescope is chosen as a reference element, there are 2N — 2 error parameters
and N(N — 1) observed quantities, meaning that the system is over-determined. The
procedure by Schwab (1980) is a common approach to dealing with the over-determined
system. In principle, the approach minimizes the sum of squares of residuals S by
adjusting the element gains g; and g; and the model intensity distribution I:

ca * mo 2
§ =3 wist) [V = gilte)g; () Vir )| (23.1)
ko i

where V' are the observed, calibrated visibilities and V7! are the model visibilities
from an initial model obtained by a previous procedure. w;;(t) is a weighting function
which can be chosen to favour baselines with good signal-to-noise ratios. Since it requires
an initial model, selfcal cannot be used alone as a tool for imaging, but can only compute
the phase errors of each telescope. There are procedures of selfcal which incorporate the
closure relations shown in Sect. 2.2 in order to minimize the redundant information. The
approach developed by Readhead and Wilkinson (1978) provides the following steps:

1. Obtain an initial model using a previously established method, in this case the
CLEAN algorithm.
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2. Estimate the true phases on two baselines for all independent closure phases using
the model. The phases of the other baselines are derived in the loop from the
observed closure phase.

3. Using the observed visibility amplitudes as well as the predicted visibility phases,
a new CLEAN model has to be made.

4. Go to step 2, unless the model is sufficiently good.

The combination of both the CLEAN algorithm and the self-calibration is known as
hybrid imaging.

2.4. Data analysis in DIFMAP

The two algorithms discussed previously are implemented in DIFMAP (Shepherd 1997),
which was the program used to image the data provided for this thesis. Within DIFMAP,
there are two essential forms of weighting, natural weighting and uniform weighting. In
natural weighting, the weighting factor applied is inversely proportional to the noise
variance of a visibility. This means that a constant weight to all visibilities is applied.
Hence, natural weighting optimizes the point-source sensitivity and reduces noise. How-
ever, it sacrifices resolution since the resulting CLEAN beam and the sidelobe levels are
rather poor. Instead, uniform weighting applies a weight which is proportional to the
sampling density function, i.e. the number of visibilities. This method in return, offers
a higher resolution and better sidelobe levels, but increases the noise level by up to a
factor of 2 compared to natural weighting. Natural weighting was used for all images
presented in this thesis.

DIFMAP is only used for the imaging process, whereas the necessary calibrations can
be performed using AIPS (Astronomical Image Processing System, Greisen 2003). These
calibratory steps were not performed in the course of this thesis, but rather externally
prior to it.

The procedure of producing images in DIFMAP is as follows: First, the data are
averaged using a time interval of 32s, following the conventional approach of the MO-
JAVE program. By placing CLEAN windows and looping the dirty image with several
CLEAN steps, each followed by a phase selfcal, the best possible model with the given
amplitudes is found and bad data are flagged. Then, an amplitude selfcal across the
entire observation time is performed and the correction factors for each telescope are
noted. With this procedure, the noise level is reduced and more regions of the radio
source can be identified. A new, more refined CLEAN model is formed and an ampli-
tude selfcal with a time interval of 180s is performed. The entire procedure is repeated
with ever decreasing amplitude selfcal time intervals of 60,20,5,1 and 0s to reach the
lowest possible level of noise. Finally, a deep clean of the entire map is performed to
receive the CLEAN image.
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2. Radio Observations

Up to this point, the source is only described by a point source model to gain a good
image of its morphology. For kinematic analyses, several observations at different times,
called epochs need to be taken. Within these contour images, different peaks of higher
intensity can be spotted, so the jet can be described by a series of radio components.
These components are modelfitted with elliptical Gaussians. The important modelfit
parameters of these Gaussians are the positional coordinates relative to the core, the
flux density, the full width at half maximum (FWHM) given by a major and minor axis
as well as their position angle. Finally, it is useful to define the brightness temperature
T}, which is the assumed temperature of the component, if it were radiating thermally
as a black body. It is given by Kovalev (2005) as

2In2 2(1
T, n2S.A(1+ z)

2.4.1
7TkB emaj emin 7 ( )

where S is the flux density of the component, 6,j/min its major and minor axis, A
the emission frequency, 2z the redshift and kg the Boltzmann constant. The brightness
temperature can provide a good limit for the physical soundness of a model component,
since there are two limiting values. One limit is the inverse Compton limit of 102K
given by the Compton catastrophe of electron cooling mentioned in Sect. 1.3.2. The
other limit is the equipartition value of 10*' K. The initial brightness temperatures of
model components can be higher than these two limits due to boosting effects, however
the intrinsic values need to be below.

During fitting it can occour that a component is unresolved along one axis, which
is only possible for elliptical components, or in its entirety, i.e. the fit diverges to
a point source. This leads to unreasonably high values of the brightness temperature.
Kovalev (2005) provides a method to compute the lowest resolvable size 6}, of a Gaussian
component which is given by

B 41n(2) SNR
Qlim = b¢\/ - In (SNR _ 1), (242)

where by, is the FWHM beam size measured along an abritrary osition angle ¢, SNR is
the signal-to-noise ratio. It is given by SNR = i—o, where Seope 15 the fitted flux density
of the core component and o is the RMS measured in the region of the core. If the
beam size is measured along the position angles corresponding to 6p,; and O, upper
limits to these parameters can be computed. Whenever the modeled axes are smaller

then their lower limits, the component can be considered to be unresolved.
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2.5. TANAMI

The Tracking Active galactic Nuclei with Austral Milliarcsecond Interferometry (TANAMI)
program (see Kadler, Ojha, and TANAMI Collaboration 2015 and Ojha et al. 2010b) is a
multiwavelength program observing and monitoring AGN below a declination of —30°.
The core program consists of VLBI observations examining the parsec-scale structures
of mainly blazars and radio galaxies, but also other types of AGN. Additionally, it
includes radio spectral and light-curve monitoring programs as well as higher-energy
multiwavelength observations.

TANAMI investigates the connection between the parsec-scale properties of jets and
their high energy v—ray emission and aims at understanding the emission and formation
mechanisms of jets. The VLBI observations provide kinematic jet properties, such as
the jet speed, inclination and opening angles and information about the morphology.
TANAMI is able to observe at two radio frequencies, namely 8.4 GHz and 22 GHz, which
enables the computation of spatial spectral index distributions. These results can then
be combined with simultaneous broadband observations to answer some key questions
about AGN. These questions include establishing a connection between high energy
flares and the ejection of new radio components of a jet, locating the regions, where high
energy photons are produced, what the jets of blazars and radio galaxies are made of
and whether the v-rays are beamed by the same Lorentz factors as the radio jets indicate
with their apparent speed.

The VLBI observations are performed with the Australian Long Baseline Array (LBA)
in combination with telescopes scattered across the Southern hemisphere. All telescopes
of the array are listed in Tab. 2.1 and shown in Fig. 2.4. The longest baselines are
achieved with transoceanic telescopes, such as Hartebeesthoek and O’Higgins. With
this, resolutions of a few mas and below can be achieved. The only problem is the lack
of real intermediate baselines, which can, however, be overcome with careful calibration
during imaging (Ojha, Fey, and Charlot 2005).

The initial TANAMI sample (Ojha et al. 2010a) was defined as a hybrid sample of AGN
south of 30° consisting of a flux-density limited radio selected subsample and a y-ray
selected subsample of v-ray sources detected by EGRET. The radio-selected subsample
was selected to have a radio flux density of Ssgu, > 2Jy and a flat radio spectrum
(a > —0.5) between 2.7GHz and 5GHz. The y-ray subsample consists of all y-ray
blazars detected by EGRET, south of —30°. The sample was then extended in Miiller et
al. (2017) to contain radio-loud sources with a correlated VLBI flux density of 2 100 mJy
combined with an association with significantly detected ~-ray sources. It now includes
the 22 brightest y-loud AGN from the third Fermi/LAT catalog (Ackermann 2015a).
As of 2017, the TANAMI sample consists of 88 AGN, divided into 46 quasars, 16 BL
Lacs, 17 radio galaxies and 9 unclassified AGN.
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2. Radio Observations

Table 2.1.: Telescopes belonging to the TANAMI array
(Adapted from Miiller 2014)

Telescope Diameter Location

(meters)
Parkes® 64 Parkes, New South Wales, Australia
ATCA? 5 x 22 Narrabri, New South Wales, Australia
Mopra? 22 Coonabarabran, New South Wales, Australia
Hobart? 26 Mt. Pleasant, Tasmania, Australia
Ceduna? 30 Ceduna, South Australia, Australia
Hartebeesthoek? 26 Hartebeesthoek, South Africa
DSS43¢ 70 Tidbinbilla, ACT, Australia
DSS45¢ 34 Tidbinbilla, ACT, Australia
O’Higgins? 9 O’Higgins, Antarctica
TIGO4 6 Concepcion, Chile
Warkworth 12 Aukland, New Zealand
Katherine 12 Nothern Territory, Australia
Yarragadee 12 Western Australia
ASKAP 36 x 12 Murchinson, Western Australia

Note: ) Part of the LBA

(b) Unavailable between Sept. 2008 and Sept. 2010

(©) Operated by the Deep Space Network of the National Aeronautics and Space Administration.
(d) Operated by the Bundesamt fiir Kartographie und Geodsie (BKG)

Ceduma 30m

>

Figure 2.4.: World view of the distributions of telescopes from the TANAMI array.
The telescopes focused in Australia allow for a good coverage of short baselines. The

transoceanic ones scattered across the Southern hemisphere provide data on long base-
lines. Credit: TANAMI/J. Wilms/M. Kadler
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3. Determining the Velocities of TeV
blazars from the TANAMI sample

The Doppler Crisis introduced in Sect. 1.5 is not fully understood yet, so any new
data can infer new insights on the problem. Recent TANAMI VLBI data provide new
information on previously not well known sources due to their Southern location as well
as give new restrictions to jet velocities for well known sources. The first section of
this chapter will introduce the sample, while the second and third sections show the
morphology based on the images as well as explain how the Gaussian components are
chosen to fit the jet before listing the results of the kinematic analysis in the fourth
section.

3.1. Introduction of the Sample

The sample was chosen to contain all radio-loud AGN within the TANAMI sample,
i.e. with a declination of < 30°, which are detectable with VLBI and listed as TeV
sources in TeVCat!. This gives us a sample consisting of the HBLs PKS 1440—389, PKS
0447—439, PKS 2005—489, PKS 2155—304 and the FR 1 galaxies PKS 0625—354, al-
though the classification is ambiguous in this case, and Centaurus A. Cen A is ultimately
not included in the sample, since it was already thoroughly investigated in works such
as Miiller (2014), Abdo, Ackermann, and Ajello (2010a) and Miiller et al. (2011). All
other AGN sources south of 30 ° which are listed in TeVCat, but are not included in this
sample, are not luminous enough in the radio frequencies to be sufficiently observable.

PKS 1440—-389

PKS 1440—389 is classified as a BL Lac object with a position of RA = 14h43 mb57.2s
and 0 = —39°08740”. Its redshift was previously given by a tentative value of z =
0.065454 in Jones et al. (2009), but it is not included in the final release due to poor
spectral quality. The best known constraint is given by 0.14 < z < 2.2 (Shaw et al.
2013). The source is associated with the ~-ray source J1444.0-3907 of the third Fermi
catalog (3FGL) (Ackermann, Ajello, and Atwood 2015b). It is listed there as a bright
and steady extragalactic source with a hard spectrum and is therefore also included in

Thttp://tevcat.uchicago.edu/
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3. Determining the Velocities of TeV blazars from the TANAMI sample

the second Fermi Hard LAT sources catalog (Ackermann et al. 2016). According to
Bock et al. (2016), PKS 1440—389 has a spectral index of 1.83 £ 0.08 in the range of
0.1 — 100 GeV with a flux density of (2.3 +0.5) x 1078 phcm~2s~1. Its radio properties
are listed as well with a radio core flux density at 8.4 GHz of Scoe = (0.09 £ 0.02) Jy
and a brightness temperature of 7T, = 8.8 x 10°K. The source was observed with
H.E.S.S. between February and May 2012 and was confirmed to be a VHE emitter in
Prokoph, Becherini, and Bottcher (2015) Its VHE spectrum shows a photon index of
I' = 3.614+0.34. The integral flux density above 220 GeV corresponds to 3 % of the Crab
Nebula flux density. The excess flux density was fitted well with a single Gaussian, i.e. a
point-like source and no variability in flux density was identified. Its SED is provided by
Kraufl et al. (2016) and was fitted well with two logarithmic parabolas and a blackbody
spectrum where needed. It is shown in Fig. 3.1 and confirms the classification of the
source as an HBL.
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Figure 3.1.: Spectral energy distribution of the source PKS 1440—389. The SED was
fitted with two logarithmic parabolas and a blackbody spectrum at the dotted lines.
The color coding and greek letters correspond to datasets in the light curves with
sufficient data coverage. Credit: Kraufl et al. 2016

Its most recent light curve in the range of 0.1 — 300 GeV in the time frame of the
current VLBI data are shown in Fig. 3.2 and shows no clearly isolated flares. Its radio
structure is presented in Miiller et al. (2017) as a first epoch VLBI image at 8.4 GHz and
is shown in Fig. 3.3. Much like its VHE structure in the H.E.S.S. sky map, it appears
to be mostly point-like with a slight extension to the south-west. Further south-west
another, less luminous structure can be seen. However, with only three contour lines and
a single epoch it can very well simply be an artifact. The total integrated flux density
is Siotal = 0.096 Jy.
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Figure 3.2.: Fermi light curve of PKS 1440—389 during the time of the current VLBI
epochs in the energy range of 0.1 — 300 GeV with a time binning of 30d. No variability
is seen during the observed time period. Credit: Michael Kreter
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PKS 0447—-439

PKS 0447—439 is a BL Lac type object located at RA = 04h49m24s and § =
—43°50'08" (Wierzcholska et al. 2015). The source is associated with the v-source
J0449.4-4350 in the 3FGL catalog and is one of the brightest hard-spectrum blazars in
the Fermi catalog, leading to an inclusion in the 2FHL catalog. It was first misiden-
tified as a Seyfert I galaxy by Craig and Fruscione (1997), but classified as a BL Lac
in Perlman et al. (1998) and later as a HBL by Landt and Bignall (2008). Its basic
v-ray and radio properties are summarized in Bock et al. (2016), which yields a photon
index of I' = 1.95 + 0.04 with a flux density of (9.7 4+ 0.7) x 1078 phem™2s™! in the
high energy range of 0.1 — 100 GeV. Its radio core flux density at 8.4 GHz is given by
Seore = (0.09 4 0.02) Jy with a brightness temperature of T, = 4.7 x 101°K. The VHE
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3. Determining the Velocities of TeV blazars from the TANAMI sample

energy emission of PKS 0447—439 was first discovered by H.E.S.S. during observations
from December 2009 to January 2010 (Zech et al. 2011). It features very strong emission
with a significance of 15.20, as shown in H.E.S.S. Collaboration et al. (2013). Its flux
density above 250 GeV corresponds to ~ 3 % of the Crab Nebula flux density above the
same energy threshold and its spectrum is derived to be very soft with a photon index
of I' = 3.89 £+ 0.37 (with a systematic error of +0.22). This VHE detection triggered
observations in the X-ray with the Swift and RXTE telescopes, which showed a flare in
the hard X-ray band (2 — 10keV) as well as rapid variability on nightly timescales as
reported in H.E.S.S. Collaboration et al. (2013). The Fermi light curve, on the other
hand, showed no clear flares during this time frame, but some variability with rising and
decaying phases, which can also be seen in the recently produced light curve in Fig. 3.4.
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Figure 3.4.: Light curve of PKS 0447—439 in the energy range of 0.1—300 GeV during the
time frame of the provided TANAMI VLBI data with a time binning of 30d. During
this time frame, the source shows no flares, but phases of rising and decaying flux
density. Credit: Michael Kreter

With the multiwavelength data, the SED was fitted in there using a simple one-zone
SSC model which is valid for z < 0.4. Additionally, an upper limit to the redshift of
z < 0.59 is derived from the combined Fermi and H.E.S.S. data. Its most recent SED
by Krauf} et al. (2016), fitted with two logarithmic parabolas, is shown in Fig. 3.5 up to
the high energy spectrum, which sets its synchrotron peak high enough to classify it as
an HBL.

Miiller et al. (2017) provides a first epoch TANAMI VLBI image of PKS 0447—439 at
8.4 GHz, with and without suppressing the longer baselines for higher sensitivity (taper).
Both images are shown in Fig. 3.6. The source has a bright core with a total integrated
flux density of Siota; = 0.097 Jy (or 0.11 Jy for the tapered image) and an extension in
the northwestern direction. A more prominent component is clearly visible close to the
core at about 2.5 mas distance and fainter features of only two contours in roughly the
same direction. These features are more prominent in the tapered image.
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Figure 3.5.: Spectral energy distribution of the source PKS 0447—439. The SED was
fitted with two logarithmic parabolas and a blackbody spectrum at the dotted lines.
The color coding and greek letters correspond to datasets in the light curves with
sufficient data coverage. Credit: Krauf} et al. 2016

The source’s redshift was first determined to be z = 0.107 in Craig and Fruscione
(1997), but Perlman et al. (1998) find a value of z = 0.205 instead, where both values
were widley used. Landt (2012) proposes a lower limit of z 2 1.246 from optical spec-
troscopy, which would contradict to both the previously known values and the current
paradigm which states that VHE ~-rays cannot freely propagate for z 2 1 (Fumagalli
et al. 2012). Rovero et al. (2013) could not reproduce the lower limit of 1.246 from
further spectroscopy, reaching the conclusion that the observed emission line originated
from the Earth’s atmosphere, and Prandini, Bonnoli, and Tavecchio (2012) computed it
from combined Fermi and H.E.S.S. data to be at z = 0.20 £ 0.05. Finally, Landt and
Bignall (2008) provide a lower limit of z > 0.176 based on a photometric method applied
on a featureless spectrum. However, a recent study by Muriel et al. (2015) searched for
a group of galaxies in the field of PKS 0447—439 in which it is likely to find the source’s
host galaxy. The resulting group has a redshift of z = 0.343 4 0.002 and the probability
that the source galaxy of PKS 0447—439 is contained within is 2 97 %.

PKS 2005—489

PKS 2005—489 is a BL Lac object located at RA = 20h09m25s and § = —48°49'53"
(Wierzcholska et al. 2015). Its redshift was determined in Falomo et al. (1987) to be
z = 0.071 from optical emission lines. While it was during a faint state of the source, no
further measurements deviating from this result were performed. The source has been
investigated for a long time and was characterized as one of the brightest BL Lac objects
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Figure 3.6.: First epoch images of PKS 0447—439 from Miiller et al. (2017), with the
untapered image on the left and the tapered one on the right. The black contours
indicate the flux density level (dashed gray contours are negative), scaled logarithmically
and separated by a factor of 2, with the lowest level set to the 3 o noise level. The gray
ellipse in the lower left corner is the size of the restoring beam.

in early observations due to the optical and UV brightness of the galaxy identified with
PKS 2005—489 as well as its steep X-ray spectrum (Wall et al. 1986b, Wall et al. 1986a).
Long-term variability was detected in all the mentioned spectra. Perlman et al. (1999)
observed a very bright X-ray flare during a monitoring between October and December
1998. The source was 30 times brighter than during quiescence. They argue that this
flare is likely due to particle injecction or in situ particle acceleration with synchrotron
cooling causing a steepening of the spectrum. The synchrotron peak did not shift during
this flare. Its synchrotron peak is located at either ~ 10'® Hz (Sambruna et al. 1995)
or, more precisely, between 10'° and 2.5 x 109 Hz, as evident from the sources X-ray
spectrum during an active state (Tagliaferri et al. 2001), classifying it as a HBL, which is
also apparent in its most recent SED shown in Fig. 3.7. Sambruna et al. (1995) argues,
that the observed variability of the source could be due to a variable electron energy and
density. Optical observations show both short-term variability on timescales of minutes
(Dominici, Abraham, and Galo 2006), where a scenario of shock wave production in the
jet is proposed, as well as days (Dominici et al. 2004). Rector and Perlman (2003) argue
that due to the correlation between X-ray and optical flares simple particle injection
events are insufficient to explain the variability.

The source has been detected in the y-rays with EGRET (Lin, Bertsch, and Bloom
1997) and is included in both the 3FGL and 2FHL catalogs as J2009.4-4849. Its high
energy flux density in 0.1 — 100 GeV is (3.9 + 0.5) x 107® phem=2s™! with a photon
index of 1.90+£0.07 (Bock et al. 2016). It was detected as one of the bright y-ray sources
in the first three months of operations of Fermi. The source was discovered to be an
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Figure 3.7.: Spectral energy distribution of the source PKS 2005—489. The SED was
fitted with two logarithmic parabolas and a blackbody spectrum at the dotted lines.
The color coding and greek letters correspond to datasets in the light curves with
sufficient data coverage. Credit: Kraufl et al. 2016

emitter of VHE photons by H.E.S.S. in Aharonian, Akhperjanian, and Aye (2005) and
has a flux density above 200 GeV of ~ 2.5% of the Crab Nebula flux density as well
as one of the softest energy spectrum with a power law photon index of I' = 4.0 £+ 0.4.
Monitoring campaigns (H.E.S.S. Collaboration et al. 2010a) as well as simultaneous
multiwavelength campaigns (H.E.S.S. Collaboration et al. 2011, Costamante et al. 2008)
feature no significant variability in the VHE regime, contrary to the flaring behaviour
in the X-rays. The variability in the synchrotron regime and the lack of the same in the
inverse Compton area does not justify the usage of a single-zone SSC model to fit the
SED. Both Costamante et al. (2008) and H.E.S.S. Collaboration et al. (2010a) suggest
the emergence of a new jet component which does not see the photons of the synchrotron
peak and is responsible for the harder emission. Its lightcurve (see Fig. 3.8) in the range
of 0.1 — 300 GeV shows a repeating gradual increase and decrease in flux density over a
timescale of about 2 years.

Its radio morphology was first investigated in Shen et al. (1998) and showed only a
compact core. Ojha, Fey, and Charlot (2005) discovered a component at about 3 mas
distance to the core in southwestern direction. Béck et al. (2016) provides a core flux
density of (0.76 + 0.12) Jy at 8.4 GHz with a corresponding brightness temperature of
T, = 2.5 x 10" K. Ojha et al. (2010a) provides both tapered and untapered first-epoch
VLBI images. The source extends further in the southwestern direction with a fainter
jet than the previously discovered component with the faintest components being about
40 mas away from the core. According to these images, the jet features a large opening
angle. The integrated flux density is Siota = 0.65 Jy, or 0.64 Jy for the tapered image.

39



3. Determining the Velocities of TeV blazars from the TANAMI sample
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Figure 3.8.: Light curve of PKS 2005—489 in the energy range of 0.1 — 300 GeV during
the time frame of the provided TANAMI VLBI data with a time binning of 30d. The
source shows signs of gradual increase and decrease of flux density on a time scale of
about 2 years. Credit: Michael Kreter
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PKS 2155-304

PKS 2155—304 is classified as a HBL (Giommi et al. 2005) with a position of RA =
21h58mbH2.1s and § = —30°13'32.1" (Zacharias et al. 1999) and a redshift of z = 0.116
as determined through absorption features in surrounding nebulosity by Falomo, Pesce,
and Treves (1993). Brodie et al. (1983) state that the source is the brightest BL Lac
object at that redshift and is one of the brightest extragalactic X-ray sources in the
sky. Early studies on the source focussed mainly on its optical and X-ray properties,
where short-term variability down to minutes was detected in both wavelengths (e.g.
Tagliaferri et al. (1991) and Carini and Miller (1992)). Zhang et al. (2006) observe
different timescales for different epochs of the source and argue that different modes
of variability are operating on different timescales in the source. Zhang et al. (2002)
provide four years of monitoring data and model the variability with a internal shock
wave scenario within the jet.

PKS 2155—304 was first detected in the vy-rays with EGRET in Vestrand, Stacy, and
Sreekumar (1995) in the 30 MeV to 10 GeV range with a hard spectrum. Today it is
included in both the 3FGL and 2FHL catalogs as J2158.8-3013 and is one of the bright-
est y-ray sources with a flux density in 0.1 — 100 GeV of (21.4 £0.8) x 10"® phcm 257!
and a photon index of 1.92 + 0.02 (Bock et al. 2016). Its Fermi light curve is shown
in Fig. 3.10 in the energy range of 0.1 — 300 GeV and during the time of the VLBI
epochs presented here. It shows some flux density variations with a peak in 2011, but
constant, low flux density afterwards. It was detected in the VHE range for the first
time by Chadwick et al. (1999), with evidence for correlation between the VHE and
X-ray flux densities, however later observations during a low state found correlations
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Figure 3.9.: First epoch images of PKS 2005—489 from Ojha et al. (2010a), with the
untapered image on the left and the tapered one on the right. The black contours
indicate the flux density level. The hatched ellipse in the lower left corner is the size of
the restoring beam.

with the optical emission instead (Aharonian et al. 2009). It was detected by H.E.S.S.
in Aharonian, Akhperjanian, and Aye (2005) at > 160 GeV with variabilities on time
scales of months, days and hours. It is the brightest VHE emitter in the sample with
a flux density varying between 10 % and 60 % of the Crab Nebula flux density above
300 GeV with a steep photon index of I' = 3.32 & 0.06. Aharonian et al. (2007) report
on an exceptionally high flare of the source in 2006, reaching an average flux density of
~ T times of the Crab Nebula flux density. Further analysis of quiescent states and the
flare show that low-level ~-ray emission could have a different origin than the outbursts
(H.E.S.S. Collaboration et al. 2010b). The source shows rapid TeV flux density vari-
ability on timescales of 3 — 5 min, which implies bulk Lorentz factors of ~ 50 (Ghisellini
and Tavecchio 2008) and a similar relativistic Doppler factor. This would require very
low viewing angles of < 1°. Its SED up to GeV energies is shown in Fig. 3.11 with
two log-parabolas, which was also done in H.E.S.S. Collaboration et al. (2017). They
show that the 1-SSC model is not sufficient to explain the anticorrelation between the
VHE and X-ray emission. Furthermore, they derive that the source should have a sharp
break at &~ 100 GeV, suggesting the region responsible for the flares to be different from
the quiescent emitting regions. The arc second radio structure of PKS 2155—304 taken
with the VLA shows a bright core with two diffuse components to the east and west
(Ulvestad, Johnston, and Weiler 1983). More recent low-frequency images taken with
the GMRT (Pandey-Pommier et al. 2016) confirm this structure and identify the diffuse
components as FR 1-like lobe structures to the east and west of the core with the west-
ern lobe being brighter. Contrary to the higher wavelengths, no variability was seen in
their low-frequency radio observations. On the other hand, the parsec-scale structure
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Figure 3.10.: Light curve of PKS 2155—304 in the energy range of 0.1 — 300 GeV during
the time frame of the provided TANAMI VLBI data with a time binning of 30d. The
flux density is variable until a peak in 2011, after which it lowers and stays at the same
level. Credit: Michael Kreter

taken with the VLBA at 43 GHz (Piner and Edwards 2004) shows en extension with one
component south east of the core at about 1.5 mas distance to the core. Piner, Pant, and
Edwards (2008) measured the low apparent speed of the component to be (0.93+0.31)c.
Piner, Pant, and Edwards (2010) were able to identify two more component closer to
the core. They describe the morphology of the jet with a bending model, where the jet
starts out southwest with a position angle of —125°, then quickly bends south to the
core and finally approaches the 15 GHz position angle of 160°, however the observed
regions are quite diffuse. The first epoch image in Ojha et al. (2010a) at 8.4 GHz (see
Fig. 3.12) shows a similar structure, but at a higher dynamical range, with a component
at ~ bmas southeast of the core and a ~ 150 component at the same position angle as
the inner one, with a total integrated flux density of 0.51 Jy. Bock et al. (2016) lists its
radio core flux density to be Seore = (0.38 £ 0.06) Jy with a brightness temperature of
T, =7.7x 101°K.

PKS 0625—-354

PKS 0625—354, often referred to as PKS 0625—35 (Kuehr et al. 1981), was first
detected by Bolton, Clarke, and Ekers (1965) and later identified in the optical by
Prestage and Peacock (1983) and is a bright extragalactic source at low radio frequencies
(Wall and Peacock 1985). It is located at a position of RA = 06h25m20.23s and
0 = —35°27'21.8" (Prestage and Peacock 1983) and at a redshift of z = 0.055 (Jones
et al. 2009). Its optical counterpart is located at the center of the Abell 3392 cluster

and is a giant elliptical galaxy with a strong point source in its nucleus (Govoni et al.
2000).
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Figure 3.11.: Spectral energy distribution of the source PKS 2155—304. The SED was
fitted with two logarithmic parabolas and a blackbody spectrum at the dotted lines.
The color coding and greek letters correspond to datasets in the light curves with
sufficient data coverage. Credit: Kraufl et al. 2016

The source is often classified as a FR 1 radio galaxy due to its morphology, which
features a core and distorted, diffuse lobes (Morganti, Killeen, and Tadhunter 1993).
Early observations of its parsec-scale structure with the VLBA (Fomalont et al. 2000)
feature a bright core with a faint jet component directly southeast of the core. Venturi et
al. (2000) provide an image at 2.3 GHz which shows a more distant jet component located
at about ~ 200 mas to the south east of the core. The first epoch TANAMI images from
Ojha et al. (2010a) (tapered and untapered) feature a similar structure with a steady
jet propagating to a length of ~ 95mas away from the core (see Fig. 3.13). They list
a total integrated flux density of Sioa = 0.36 Jy for both images. Bock et al. (2016)
provides a core flux density of Seoe = (0.35 £ 0.06) Jy and a brightness temperature of
T, = 1.2 x 10" K. However, the spectrum of the source suggests a classification as a
BL Lac object instead, since Wills et al. (2004) can only fit the spectrum by using a
power law. Additionally, non-thermal emission in the hard X-rays has been detected by
Trussoni et al. (1999).

The source has been detected in the y-rays first with EGRET in Fichtel et al. (1994)
and is listed in the 3FGL and 2FHL catalogs as J0267.0-3529 and J0626.9-3528 respec-
tively. Furthermore, the source shows small variability in the near-infrared and v-rays
(Nesci et al. 2013), favoring a classification as a BL Lac. Its Fermi light curve in the
energy range of 0.1 —300 GeV presented in Fig. 3.14 shows no sign of flares and only low
variability. Bock et al. (2016) lists its flux density as (0.7 +£0.4) x 107® phem™2s! with
a hard spectrum with a photon index of 1.86+0.18 in the energy range of 0.1 —100 GeV.
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2 T Figure 3.12.: First epoch image of the
R AR08 source PKS 2155—304 at 8.4 GHz from
Miiller et al. (2017). The black con-
tours indicate the flux density level. The
hatched ellipse in the lower left corner is
the size of the restoring beam..

10

Finally, the source was detected with H.E.S.S. in the VHE range by Dyrda et al. (2015)
with a significance of ~ 60 above an energy threshold of 250 GeV. The data are fitted
well with a power law with a photon index of I' = 2.8 + 0.5. The unified model pre-
dicts that BL Lac objects are simply FR 1 radio galaxies, which are boosted due to a
low viewing angle. Bai and Lee (2001) suggests two subclasses of FR 1 radio galaxies,
namely the HBL-like and LBL-like ones. PKS 0625—354 could very well be an object
with an intermediate inclination angle, setting it somewhere between the classification
as a BL Lac and a FR 1 radio galaxy.
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Figure 3.13.: First epoch images of PKS 0625—354 from Ojha et al. (2010a), with the
untapered image on the left and the tapered one on the right. The black contours
indicate the flux density level. The hatched ellipse in the lower left corner is the size of
the restoring beam.
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Figure 3.14.: Light curve of PKS 0625—354 in the energy range of 0.1 — 300 GeV during
the time frame of the provided TANAMI VLBI data with a time binning of 30d. The
source shows only low variability. Credit: Michael Kreter
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3.2. Imaging and Morphology

This section will focus on showing the images obtained from the inverse Fourier trans-
formation and deconvolution performed with DIFMAP on each of the five sources of the
sample. All observations presented here have been performed at 8.4 GHz.

(u,v)-coverage and telescope configurations

Due to new telescopes being included in the TANAMI array, antennas sometimes
being unusable due to various problems as well as differing observation schedules, the
(u, v)-coverage varies from epoch to epoch. In order to get a basic idea of the data being
dealt with, Fig. 3.15 compares a good (u,v)-coverage up to long baselines with one,
where only short baselines are present. In Appendix A the (u,v)-coverages for every
source in their most recent epoch are shown. Short baselines cover the inner part of the
(u, v)-plane in every epoch in the range of ~ 0—100 MA. Most of the epochs possess data
from longer baselines, covering a range of ~ 200 — 300 MA. Some epochs only have data
from the shorter baselines, resulting in bigger beams and hence a smaller resolution. As
is characteristic for TANAMI data, none of the epochs cover the intermediate baselines
due to the lack of telescopes at these distances. The (u,v)-coverage improved with each
successing epoch. The different telescope configurations for each observation epoch are
listed in Tab. 3.1.

PKS 1440—-389

Data of six TANAMI VLBI epochs from February 2009 to March 2013 have been
analyzed for the source PKS 1440—389. All of the contour maps produced with DIFMAP
are shown in Fig. 3.16 and additional information regarding the image parameters is
listed in Tab. B.1.

The structure of the source appears to be very compact with a feature extending to
the southwest at a distance of about ~ 2mas to the core at a position angle of roughly
~ —120°. The first epoch image on 27 February, 2009 is not exactly the same as the one
presented in Miiller et al. (2017). The overall structure is the same, but the southeastern
feature extends further to the south and the east, which can likely be attributed to
differently placed windows during the cleaning. The original image shows a feature with
three contour lines further southeast at roughly 13 mas distance to the core, which is
not present in the image shown here. Instead, several two-contour-line features appear
south and north of the source in this epoch and others appear at different positions in
the remaining epochs. It is possible that these are simply artifacts created by noise and
can be stressed in imaging through respective placement of windows. When imaging
only one epoch, such features can be misinterpreted as real components of the jet, most
prominently weak features of only two or three contour lines. However, the approach
taken with multi-epoch-imaging is to compare the images at different epochs and only
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Figure 3.15.: Exemplary (u — v)-coverages of PKS 0447—439 (top) and PKS 0625—354
(bottom). The top image shows a small coverage, where only the short, inner baselines
are present, whereas the bottom image features baselines of up to 300 M.

keep components which appear in either several epochs or the epoch with the best data.
So, while some epochs showed residual flux density further down southwest, but with
differing peak positions, while other epochs showed no such residual flux density. To
reach a definitive answer, data from future observations are needed.

Throughout the other epochs, the structure does not change significantly, with the
feature always appearing southwest of the core at roughly the same distance. The source
appears to have some extension directly south of the core in 27 April, 2012 in addition
to the southwestern feature. It does not appear in the following observations and only
slightly in the very first epoch, so it could be a result of the bigger beam combined
with some badly placed windows. In 14 March, 2013 the source appears slightly more
compact to the west and further extended to the south, possibly due to a smaller beam.

The total integrated flux density of this source ranges between values of 0.08 Jy to
0.11 Jy. The conventional error to the flux density is given by Ojha et al. (2010a) to be
at ~ 15—20%. Within these error margins, the flux density is constant, so all total inte-
grated flux densities can be used to obtain an average value of Syt ave = (0.094+0.01) Jy,
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Table 3.1.: Array configurations of the analyzed observations

Epoch Participating Telescopes

2007 Nov. 10 CATW113, CD, HH, HO, MP, PA

2008 Feb. 07  CATW104, DSS43, HH, HO, MP, PA

2008 Mar. 28 CATW104, CD, DSS43, HH, HO, MP, PA

2008 June 09 CATW109, CD, HH, HO, MP, PA

2008 Aug. 09 CATW104, CD, DSS45, HH, HO, MP, PA

2008 Nov. 27 CATW104, CD, DSS43, HO, MP, PA, OH, TC

2009 Feb. 23 AT, CD, DSS34, DSS45, HO, MP, OH, PA, TC

2009 Feb. 27 AT, CD, DSS45, HO, MP, OH, PA, TC

2009 Sep. 06 AT, CD, DSS43, HO, MP, PA, TC

2009 Dec. 14 AT, CD, HO, MP, PA, TC

2010 Mar. 12 AT, CD, HO, MP, PA, DSS43

2010 May 08 AT, CD, DSS43, HO, MP, PA, TC

2010 July 24 AT, CD, HO, MP, PA, TC, TI

2010 Oct. 28 AT, CD, DSS34, DSS45, HH, HO, MP, OH, PA, TC

2011 Apr. 01 AT, CD, DSS43, HH, HO, MP, PA, TC, WW

2011 July 21 AT, CD, DSS34, DSS43, HH, HO, MP, PA, TC, WW

2011 Aug. 14 AT, CD, DSS43, HH, HO, KE, MP, PA, TC, YG

2011 Nov. 14 AT, CD, DSS34, DSS43, HH, HO, MP, PA, TC, WW

2012 Apr. 27 AK, AT, CD, HH, HO, MP, PA, TC, WW

2012 Sep. 15 AK, AT, CD, DSS43, HH, HO, KE, PA, TC

2012 Sep. 16 AK, AT, CD, DSS34, DSS45, HH, HO, KE, PA, TC

2013 Mar. 14 1: AK, AT, CD, DSS34, DSS43, HO, KE, PA, TC, WW
2: AK, AT, CD, DSS43, HH, HO, KE, PA, WW

which is in agreement with the value listed in Miller et al. (2017).
PKS 0447—-439

The data provided for PKS 0447—439 cover six epochs across the time frame from
February 2009 to March 2013, meaning the data is from the same observations as for
PKS 1440—389. The contour maps produced with DIFMAP are shown in Fig. 3.17 and
image parameters are listed in Tab. B.2.

The source features a bright core with one or more components going off into north-
western direction at a position angle of roughly ~ —50°. The first peak, which is present
in every epoch, starts out at a distance of ~ 2.5 mas northwest of the core in February
2009 and moves further away throughout the epochs up to a distance of ~ 3.6 mas in
March 2013. A second, fainter feature further northwest appears in October 2010 at
a distance of roughly ~ 7mas to the core and is present in July 2011, but disappears
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Figure 3.16.: Clean images of the source PKS 1440—389 from VLBI data between Febru-
ary 2009 and March 2013. The observation date is in the upper right corner and the
other listed parameters are the total integrated flux density Siot, the highest flux den-
sity per beam Spcax and the noise 0. The contours scale logarithmically by a factor
of 2 and the lowest level is set to the 3o-noise level. The size of the restoring beam is
shown in the lower left corner of each image as a grey ellipse.

afterwards. It seemingly moves closer to the core within those two epochs, but without
considering positional uncertainty as well as having it appear in other epochs, no further
positional restrictions can be made. It is unlikely however, that this feature is simply
an artifact since it shows more than three contour lines in two epochs and when still
leaves enough residual flux density at that position when no windows are placed there
during imaging. Instead, it can be assumed that the feature is very faint, but slightly
variable, becoming only visible in some epochs when its flux density is just high enough
to be detected. Finally, there is a feature with three contour lines at a distance of
about ~ 18 mas northwest of the core with three contour lines, which however does not
reappear to a sufficient extent in the remaining epochs.

When comparing the February 2009 image to the first epoch image by Miiller et al.
(2017), the inner structure is clearly the same in both images with the bright core and
one component directly northwest. In Miller et al. (2017) the source features several
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more faint components along the northwestern line. However, these features are both
very faint with only two contour lines each and have distorted edges, i.e. the contour
lines are not clear ellipses, but rather wavy structures. The only other feature coinciding
with the image shown here is the farthest structure at ~ 18 mas, which is assumed to
be an artifact. This is another good example of the advantage of multi-epoch imaging,
since it is difficult to determine, whether faint features such as these are real or not
without comparing the image to other epochs. The tapered image from Miiller et al.
(2017) shows a clearer, more extended jet in the northwestern direction. Here, the
closest component is not visible as well as before since it is likely hidden by the bigger
beam, much like in the March 2010 image here, leaving the brightest feature to still be
at only three contour lines. However, much like the second feature at 7mas appearing
and disappearing between epochs, it is possible that the distant component at 18 mas
became fainter afterwards, so it became undetectable in later epochs.

The overall flux density is constant within the conventional error margins, ranging be-
tween values of 0.11—0.13 Jy. The February 2009 flux density is given by (0.124+0.02) Jy
within these uncertainties, which is in agreement with the value shown in Miiller et al.
(2017). This leads to an average value of Siot ave = (0.13 £ 0.01) Jy.

PKS 2005—489

A total of nine epochs covering the time frame from November 2007 to September
2013 were analyzed for the source PKS 2005—489. The contour maps produced with
DIFMAP are presented in Fig. 3.18 and additional information regarding the image
parameters is listed in Tab. B.3.

The source features a bright core and a similarly bright component at a distance of
about ~ 2mas southwest of the core and is present in every single epoch. The whole
jet has a collimated structure and is propagating to the southwest up to a distance of
about ~ 30 mas at a position angle of roughly ~ —130°. However, aside from the closest
component, which is well defined in every epoch, the rest of the jet appears as diffuse
regions, often with several peaks. Additionally, there is a gap between the inner region
and the diffuse part of the jet. This diffuse region changes significantly between epochs
and is, for instance, more compact in some epochs, but shows further extension in other
epochs. In November 2011 this region appears the most distinct, where it consists of
several smaller, disconnected peaks. In three epochs intermediate features are present,
i.e. in February 2009, August 2008 and September 2012. It is apparent that the diffuse
region must have a complex intrinsic brightness distribution. The imaging process with
the CLEAN-algorithm is essentially an inverse Fourier transformation of the complex
visibility function combined with a deconvolution of the beam. This includes inter-
polation since the (u,v)-coverage is limited to the observation times and the telescope
baselines at hand. With a complex brightness distribution such as this, small changes in
the (u,v)-coverage can lead to drastic changes in the modelled brightness distribution.

As for the imaging process, it should be noted that the August 2008 epoch have a
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Figure 3.17.: Clean images of the source PKS 0447—439 from VLBI data between Febru-
ary 2009 and March 2013. Source parameters and contours as in Fig. 3.16.

lot of bad data which needed to be flagged. This was especially apparent at the longest
baselines, where a lot of the data appeared to be simply noise and no real detection of
flux density. Due to this, the beam is larger than it could be and it is likely that this is
the reason why the contour map looks more distorted than the rest. Additionally, in both
the April 2011 and the November 2011 epoch, a lot of data from the telescope Warkworth
were problematic, since the amplitude correction with selfcal lead to an unreasonable
increase in flux density for that data. So a lot of the data involving baselines with
Warkworth were flagged in those epochs.

Furthermore, the August 2008 epoch appears to feature some contours directly east
of the core and there are some very faint one-contour features in March 2008. The latest
three epochs can all be modelled to show some emission east of the core which is similar
to the bright western component in terms of flux density. Since the object is a Doppler
boosted blazar, it is highly unlikely to observe a counter-jet. If future epochs confirm the
existence of flux density east of the core, a possibility is that the component identified
as the core is actually brighter than the core itself and simply hides the actual core
behind it in other epochs. Nonetheless, the images presented here show that neglecting

o1
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an extension to the east provides an adequately good model to fit the data.

The November 2007 image presented here features the same inner structure as the
image by Ojha, Fey, and Charlot (2005) as well as the first epoch image by Ojha et
al. (2010a). However, in the image of the latter the jet has a wider opening angle
and extends more to directly south of the core. The diffuse southwestern region is
still present, but fainter than in the image of this thesis. Since modelling the intrinsic
brightness distribution in DIFMAP is essentially fitting the sampled visibility function
with the least squared method, different models can achieve similarly good results. This
is true especially for more complex brightness distribution since small changes within the
parameters can lead to a different local minimum in the x2-plane. Only the comparison
with later epochs can lead to a sufficient conclusion on which components are real and
which are not.

The other parameters presented in Ojha et al. (2010a), however, are in good agree-
ment with the image parameters here within the uncertainties. The total integrated flux
density ranges between values of 0.56 — 0.88 Jy. Within the conventional uncertainties,
the highest and lowest flux density values are not in agreement with (0.88 + 0.18) Jy
and (0.56 &+ 0.11) Jy. However, assuming the flux density remains constant throughout
all epochs, a deviation of ~ 1.3 times the error is not outside of statistical expectation.
This then leads to an average flux density of Siot avg = (0.70 £ 0.11) Jy.

PKS 2155-304

PKS 2155—304 has been observed with the TANAMI array in the time frame from
March 2008 to September 2012 for a total of eight epochs. The contour maps produced
with DIFMAP are presented in Fig. 3.19 and additional information regarding the image
parameters is listed in Tab. B.4.

The structure of the source consists of a bright core and a jet which is, in general, di-
rected toward the southeast with a position angle of approximately ~ 140 °. Essentially,
three main features can be identified within the different epochs. The first is located at a
distance of about ~ 3 mas southeast of the core and is clearly present in all epochs until
May 2010, with differing positions and extensions. The second feature can be found
further to the southeast with a gap between the features. In March 2008 it is located at
about ~ 13 mas away from the core and appears to be propagating further away, being
at a distance of ~ 18 mas. This feature is not present in September 2009, March 2010
as well as September 2012. While the latter epoch generally features a more compact
structure compared to the other epochs, the September 2009 contour map appears to be
more diffuse closer to the core. Additionally, the long baseline data in this epoch appear
to consist mostly of statistical noise. Hence, it is possible that this epoch suffers from
some artifacts. As for the March 2010 observation, the total integrated flux density is
the lowest out of all observations for this source with Siota = (0.24 £0.05) Jy. If the dis-
tant feature behaves like the inner structure and became fainter, it may have simply not
been detected by the array. It should also be noted that the August 2008 epoch suffers
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from many artifacts and shows structures with more distorted edges in general. This
epoch was also present in PKS 2005—489, so the same explanation applies here. Finally,
the third feature is an extension directly south of the core up to a distance of ~ 5mas.
While earlier observations showed no signs of a southern extension, it is present in the
September 2009 and May 2010 and following epochs. The feature is probably unresolved
in March 2010 due to the large beam.

The image from March 2008 is very similar to the first epoch image presented by
Ojha et al. (2010a), with the inner structure being morphologically identical. The only
difference is the location of distant southeastern feature, which is located at a distance
of about ~ 14 mas and at a smaller position angle compared to the image of this thesis.
However, this deviation can be accepted within positional uncertainties. Compared to
the VLBA images at 43 GHz by Piner, Pant, and Edwards (2010), the structure is largely
the same, but at a higher dynamical scale. In Piner, Pant, and Edwards (2010) the jet
is extended up to a distance of only ~ 3 mas southeast of the core as opposed to the
13—18 mas here. Furthermore, they also find an extension directly west of the core which
is not present in any of the 8.4 GHz images. Their contours show a bending of the jet,
starting west and eventually bending toward the southeast. Furthermore, jet-bending
between pc- and kpe-scales towards the northwest was proposed by Seeg (2017). With
the changing morphology within the epochs produced here, it is difficult to determine
whether jet-bending is observed here as well.

The total integrated flux density of the March 2008 observation is given by Sy, =
(0.48 £ 0.10) Jy and is in agreement with the value given in Ojha et al. (2010a). Across
the epochs, the flux density ranges from values between 0.24 — 0.48 Jy, which does not
appear to be constant within the conventional error margins and the lowest flux density
is almost two standard errors away to be in agreement with the highest flux density
value. Considering the drastic changes in morphology throughout the epochs, some de-
gree of flux density variability cannot be ruled out.

PKS 0625—354

The data provided for PKS 0625—354 covers a time frame from November 2007 to
September 2012 for a total of nine epochs. The images produced by DIFMAP are
shown in Fig. 3.20 and additional information regarding the image parameters is listed
in Tab. B.5.

The source structure consists of a bright core and a straight, collimated jet to the
southeast at a position angle of about ~ 150°. In most epochs it features three compo-
nents at distances of about 2 — 3 mas, 6 — 7 mas and 18 mas to the core. While the inner
two components are well defined in almost all epochs, the more distant feature is more
complex in most epochs. It appears to actually consist of three components in November
2011 and is more diffuse in April 2011, likely due to the very small beam. However, in
the other epochs, this region is mostly unresolved and appears as one structure. Further-
more, in this and the September 2012 observation the jet appears more continuous than
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in the other epochs, making a clear distinction of two single components in the inner
structure more difficult. In June 2008 only the inner structure of the jet is visible. This
is mainly due to the fact that the data on longer baselines is overestimated by a large
margin, reaching initially higher flux density values than the shortest baselines, likely
due to a calibration error. Through amplitude self-calibration, the data were corrected
towards lower values, which were still almost as high as the short baseline flux densities
and significantly higher than in the other epochs.

In comparison to the first epoch image by Ojha et al. (2010a), the morphology and
direction of the jet are largely the same. However, they detect diffuse emission from the
jet up to a distance ~ 95 mas to the core in their tapered image which is not observed in
any of the images shown here. If this distant emission exists, it must be very faint since
the total integrated flux density from the image for this thesis with Sy, = (0.37+0.07) Jy
is in agreement with the value listed in Ojha et al. (2010a).

The total integrated flux density throughout all epochs ranges between values of 0.37—
0.46 Jy and remains constant within even an uncertainty measure of 15%. Thus, the

flux density can be taken as constant and results in an average value of Siotave =
(0.41 4 0.03) Jy.
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Figure 3.18.: Clean images of the source PKS 2005—489 from VLBI data between Novem-
ber 2007 and September 2012. Source parameters and contours same as in Fig. 3.16.
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Figure 3.19.: Clean images of the source PKS 2155—304 from VLBI data between Novem-
ber 2007 and September 2012. Source parameters and contours same as in Fig. 3.16.
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Figure 3.20.: Clean images of the source PKS 0625—354 from VLBI data between Novem-
ber 2007 and September 2012. Source parameters and contours same as in Fig. 3.16.
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3.3. Modelfitting

As stated previously, after calibrating the initial data with the CLEAN algorithm and
several steps of self-calibration, a properly calibrated remap is created. The calibrated
data are then fitted with two-dimensional circular or elliptical Gaussian components in
order to track the radio knots visible in the contour maps and thus be able to perform a
kinematic analysis. This section will focus on explaining how and why the components
were fitted within the model as well as elaborate on problems met during the fitting
of the model. The results gained from the kinematic analysis are the focus of the next
section.

PKS 1440—-389

PKS 1440—389 is fitted with a simple model consisting of the core and a single com-
ponent southeast of the core. The time-evolution plot is shown in Fig. 3.21 and all
model fit parameters are listed in Tab. B.6. The solid lines in Fig. 3.21 represent the
reconstructed movement of each component based on the velocity gained by unweighted
linear regression of the component distance over time relative to the core. The com-
ponent is fitted as a circular Gaussian in all instances, whereas the core is fitted as
an ellipse when possible. In certain epochs, i.e. March 2010 and April 2012, the core
is unresolved along its minor axis, so a circular Gaussian is used instead. This model
is consistent throughout all presented epochs, with no further divergences. In April
2012 the southern to southwestern region can also be fitted with two circular Gaus-
sians. However, for the sake of tracking the bulk motion of the entire southwestern
jet, only one component is used within this model. In March 2013 the FHWM of the
fitted component extends further to the east than the contour lines of the clean image in-
dicate, so it may be possible to image this epoch with additional southwestern extension.

PKS 0447—-389

The jet of PKS 0447—439 can be fitted with an elliptical core in all but one epoch,
namely in March 2010, likely due to the big, circular beam, so a circular Gaussian is
used in this epoch. The time-evolution across all epochs is presented in Fig. 3.22 and
the model fit parameters are listed in Tab. B.7. The northwestern jet can be fitted with
one to two circular Gaussian components in every epoch. The component C1 appears in
every observation, while the more distant component C2 appears only in October 2010
and July 2011. April 2012 and onward show the emergence of a small new component
close to the core. Usually the emergence of a new component is expected to be preceded
by a flaring state. However, it is very well possible, that such a small component was
simply hidden by the core and only became apparent now due to either better reso-
lution, further propagation or both. Since two of the components only appear in two
epochs each, an unweighted linear regression is unreasonable, so only a speed for C1 is
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determined later.
PKS 2005—-489

Due to the diffuse and changing nature of the jet in PKS 2005—489, it is difficult
to model the entire jet consistently using simple circular Gaussian components. Hence,
only the core and the component closest to the core are modelled properly throughout
all epochs. In some epochs, one more component arises. In order to show that there
is no merit in modelling the distant diffuse region of the jet, one exemplary component
has been fitted to it in each epoch. The time evolution is shown in Fig. 3.23 and the
model fit parameters are listed in Tab. B.8.

The core is unresolved in one direction in six out of nine epochs. Only in February
2009 as well as April and November 2011 does an elliptical Gaussian converge for the
core. Component C1 is clearly visible and well modelled in all epochs. In December
2009 its position is further away from the core compared to the remaining epochs. In
August 2008 and February 2009 a second component, labelled C2, is resolved. It seems
that the two components are viewed as a single one in December 2009 due to the big
beam along with its high position angle. This would lead to a shifted peak located
somewhere between the actual C1 and C2 components, leading to the increased distance
of the model component. Additionally, a component identified here as C2 can be fitted in
September 2009. However, its position is much closer to the core here than in the other
two epochs and appears more diffuse than before. This in addition to C2 appearing in
only three epochs means that determining a velocity for C2 is unreasonable.

It is apparent in Fig. 3.23 that the single circular Gaussian component C3 is not
enough to model the diffuse region to the far southwest. However, the region contains
several peaks in all epochs, which could warrant the placement of many Gaussian com-
ponents. Since the number and position of these peaks changes significantly between
epochs, with the most extreme epoch being the November 2011 observation, performing
a kinematic analysis is not feasible for this region.

PKS 2155-304

Within the first few epochs, PKS 2155—304 can be modelled rather consistently and
changes its structure towards the end. The southeastern jet can be modelled with two
to three circular Gaussians in each epoch and an elliptical core in half of them. The
minor axis of the core is unresolved in March and August 2008 as well as March 2010
and August 2011. The resulting time evolution plot is shown in Fig. 3.24 and the model
fit parameters are listed in Tab. B.9.

In March 2008 the peak positions of the components are off-centered compared to
where the contour lines indicate flux density maxima. It is possible that the core com-
ponent is not fitted well with enough flux density, leaving residual flux density close to
it. Hence, the peak position of C1 lies between the residual flux density from the core
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and the close peak in southeastern direction. It should also be noted that in some epochs
the image process with point source components allows for some freedom of placement
of the windows. This can be the case when two similar models are close by on the plane
of parameters, where the fit can potentially happen to “hop” between different local
minima. Nonetheless, C1 is well modelled in the remaining epochs up to May 2010 and
disappears afterwards. In August 2011 there is a component labelled as C5 at a similar
position angle, but much closer to the core, making it unlikely that this is the same
component as C1.

The distant, more diffuse component C2 is modelled sufficiently well with a circular
Gaussian and can be tracked up to August 2011, but is not present in some epochs in
between. The contour lines in March 2010 indicate an extension up to the distance of
C2. However, that region cannot be modelled well with two circular Gaussians, indicat-
ing that the C1 in this epoch is likely located at an average position between these two
components. Component C4 in September 2009 is used to model the diffuse emission
southeast of the core. Otherwise, the component directly south of the core, C3, cannot
be fitted well due to it being fainter than the diffuse emission. C3 then continues to
appear in all subsequent epochs, with the exception of March 2010.

PKS 0625—-354

The jet of PKS 0625—354 can be fitted almost exclusively with three circular Gaussian
components aside from the core. The time evolution is shown in Fig. 3.25 and the model
fit parameters are listed in Tab. B.10.

In February 2008 the core component diverges to a point source even with a circular
Gaussian model, leading to an unreasonably high brightness temperature far above the
known limits. Eq. 2.4.2 provides an upper limit on an arbitrary axis of the core using
its signal-to noise ratio given by the fitted core luminosity and the RMS in the region
of the core. With a measured noise of ¢ = 0.336 mJy/beam and a flux density of
Seore = 0.355 Jy this results in a ratio of SNR = 1.06 x 103. Since the core component
is circular, the minor axis of the beam is used, which is b,;, = 3.47 mas. Plugging these
values into Eq. 2.4.2 results in an upper limit of 6y, < 0.10 mas, finally leading to a
lower limit of the brightness temperature of T, > 6.48703 x 10 K. In five of the eight
remaining epochs the core was resolved as an ellipse and hence set as a circle in three
epochs.

The two inner components, C1 and C2, are visible in every epoch and can be fitted well
to the jet in nearly each. In both November 2008 and December 2009, the component C2
diverges to a point source. In order to restrict its size and brightness temperature, the
axis is set to the minor axis of the beam, which is 1.40 mas and 1.24 mas respectively.
The jet region desribed by C2 appears to be more complex than a single component
could describe, which is especially apparent in April 2011 due to its very small beam
and to an extent in September 2009, where the jet in general appears more continuous
rather than featuring well defined peaks. C3 is further away from the core and appears
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to consist of at least to distinct peaks, as is apparent in November 2008. However, only
one component is used to describe these two peaks to stay consistent with the remaining
epochs, where they are likely too close to be resolved by their respective beams. In
April 2011 this region is too diffuse to be fitted by a Gaussian component. In December
2009 the peak of the component is shifted a lot compared to the peak indicated by the
contour map. Perhaps the contour map can be imaged differently to agree with the
model fit. Additionally, the most distant component C4 appears in November 2008, but
is not present in any other epochs. Only a very faint feature with one contour line is
present in November 2011 and at roughly the same position.
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Figure 3.21.: Time evolution plot for
PKS 1440—-389. The fitted components
are plotted over the clean maps. The
displacement of the epochs is propor-
tional to the time difference between
each epoch. The solid lines represent
the movement of the component com-
puted from the parameters gained with
unweighted linear regression. Contours
are the same as in Fig. 3.16.
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PKS 0447—439. The fitted components
are plotted over the clean maps. The
displacement of the epochs is propor-
tional to the time difference between
each epoch. The solid lines represent
the movement of the component com-
puted from the parameters gained with
unweighted linear regression. Contours
are the same as in Fig. 3.16.
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Figure 3.23.: Time evolution plot for PKS 2005—489. The fitted components are plotted
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over the clean maps. The displacement of the epochs is proportional to the time dif-
ference between each epoch. The solid lines represent the movement of the component
computed from the parameters gained with unweighted linear regression. Contours are
the same as in Fig. 3.16. The image is split in two halves in order to fit the page.
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Figure 3.24.: Time evolution plot for PKS 2155—304. The fitted components are plotted
over the clean maps. The displacement of the epochs is proportional to the time dif-
ference between each epoch. The solid lines represent the movement of the component
computed from the parameters gained with unweighted linear regression. Contours are
the same as in Fig. 3.16. The image is split in two halves in order to fit the page. The
black lines indicate empty portions, which were cut out to fit the image on the page.

65



3. Determining the Velocities of TeV blazars from the TANAMI sample

Relative RA [mas]
20 10 0

L \\\. a

£

[=

=T

——
-

Al
I

. ﬁ . i
2‘(]""]'0' 0
Relative RA [mas]

Figure 3.25.: Time evolution plot for PKS 0625—354. The fitted components are plotted
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over the clean maps. The displacement of the epochs is proportional to the time dif-
ference between each epoch. The solid lines represent the movement of the component
computed from the parameters gained with unweighted linear regression. Contours are
the same as in Fig. 3.16. The image is split in two halves in order to fit the page.
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3.4. Results of the Kinematic Analysis

The models fitted in the previous section provide direct information about the position
of each component via their radial distance and position angle, their flux density as well
as the major and minor axes and hence indirectly about the component velocity and
brightness temperature. The following section will present these results for each source
and briefly discuss their implications. A more thorough discussion of the jet speeds
and properties in comparison to previous results and models as well as especially in the
context of the Doppler Crisis will be performed in the next section.

Since no certain redshifts are known for PKS 1440—389 and PKS 0447—439, a redshift
of 2 = 0.14 is used for PKS 1440—389 and a value of z = 0.176 for PKS 0447—389 re-
spectively. Both values are the lowest known and well computed values since z = 0.065
for PKS 1440—389 was gained from bad spectral data and z = 0.107 is a remnant of the
misclassification of PKS 0447—439 as a Seyfert galaxy.

3.4.1. Flux Density and Brightness Temperature Evolution

In this section the time evolution of the flux density and brightness temperature for each
of the source are presented. The flux density error is given by the conventional uncer-
tainty measure and is set to 20 % of the best known value for all sources. All brightness
temperatures are computed with Eq. 2.4.1. Since no uncertainties are estimated for the
major and minor axes, the brightness temperature error should be at least as high as
the flux density error, so it is also set to 20 % of the best known value.

PKS 1440—-389

Both the flux density and brightness temperature evolution are shown in Fig. 3.26
for PKS 1440—389. The core is set at a flux density of ~ 0.08 Jy, which is in agreement
with the flux density value presented in Bock et al. (2016). The emission is dominated
by the core by a factor of roughly 4, since the flux density of component C1 lies around
0.2Jy. The core emission is constant within the uncertainties, whereas C1 shows a
slight decrease in flux density for the last two epochs. This was seen previously in its
contour map (Fig. 3.16), since the structure of PKS 1440—389 becomes increasingly
more point-like towards later times.

Correspondingly, the brightness temperature of C1 is constant at first at ~ 6 x 107 —
7 x 107K and drops down to ~ 2 x 107 — 3 x 10" K in the last two epochs. Since the
temperature follows the flux density evolution very well, there must be no variability in
the size of the component. The brightness temperature of the core is constant for the
most part at ~ 8 x 10? — 1.5 x 101Y K. While the values are in agreement with Bock et al.
(2016), a comparison is unreasonable since they used a different redshift. However, in
July 2011 and April 2012, the brightness temperature rises to ~ 5 x 10 — 6 x 10'*° K
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despite a constant flux density. Hence, this increase can be attributed to smaller sizes of
the core component. This is likely due to a combination of a smaller beam and a better
SNR, leading to an increased resolution. All temperatures are moderate and are below
both the Compton as well as the equipartition limits of 102 K and 10'* K respectively.
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Figure 3.26.: Flux Density (left) and Brightness temperature (right) over time for the
source PKS 1440—389. The flux density errors correspond to the conventional TANAMI
uncertainty of 20 %. The error of the brightness temperature is set to 20 % as the lowest
error, since the uncertainty of the axes is unknown.

PKS 0447—-439

The flux density and brightness temperature evolution of PKS 0447—439 are shown
in Fig. 3.27. Similar to PKS 1440—389, the emission of PKS 0447—439 stems mainly
from the core with a flux density of ~ 0.11 Jy, which is in agreement with Bock et al.
(2016) and constant within its errors. All other components feature flux densities below
~ 0.01 Jy, with the exception of C1 in October 2010 with a flux density of 0.019 Jy.
The flux density of C1 rises up to this point and decreases to a slightly lower level than
before the rise. C2 shows a very low flux density close to 0 in both of its detections. It
is possible that this component was only visible twice due to either better sensitivity in
the respective observations or due to variability in C2, where it was just bright enough
to be detected in October 2010 and July 2011. C3 is slightly brighter in both its epochs
than C1, but still very faint compared to the core. The component was most likely too
outshined by the core when it was still too close and was far enough just recently to
be identified as a component. The flux density bears no correlation to its Fermi/LAT-
lightcurve in Fig. 3.4, which instead shows increasing and decreasing phases.

The brightness temperature of the core is located in the range of 1.5 x 10*° —3 x 101° K
and follows the flux density evolution very well. The only exception is in March 2010,
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reaching up to 5 x 10! K and is correspondingly the only epoch, where the core is re-
solved as a circular component instead of an elliptical one. Despite Bock et al. (2016)
computing a lower limit with z = 0, their temperature appears to be larger than the
one seen here. Perhaps they used a circular and thus smaller component to model the
core. Due to its small size, C3 has a significantly higher brightness temperature than the
other components, with C2 being the lowest due to its low flux density and large size.
the brightness temperature of C1 features a “time lag” of decrease compared to the flux
density. Between October 2010 and July 2011 the size varied inversely to the change in
flux density, leading to the observed evolution. Additionally, the size of the component
correlates with its distance to the core, as predicted by a conical jet model. None of the
temperatures are particularly high, however, and are all below both limiting values.
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Figure 3.27.: Flux Density (left) and Brightness temperature (right) over time for the
source PKS 0447—439. The flux density errors correspond to the conventional TANAMI
uncertainty of 20 %. The error of the brightness temperature is set to 20 % as the lowest
error, since the uncertainty of the axes is unknown.

PKS 2005—489

Figure 3.28 shows the time evolution of the flux density and brightness temperature
for PKS 2005—489. Judging only by the best values, the core flux density shows some
variability with increasing and decreasing phases. It shows some similarity to its Fermi
light curve in Fig. 3.8, with a higher flux density prior to the drop in mid 2010 and a
subsequent rise in 2011, just to decrease again afterwards. However, within its uncer-
tainty, the flux density remains constant for a value of ~ 0.4 Jy. The core flux density
given by Bock et al. (2016), which is derived from the first epoch image, is higher than
the one from this model. It is possible to model the inner region, i.e. the core together
with C1, as a single ellipse, which is however unresolved in one direction. Since this
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region is modelled with two circular components here, the sum of the flux densities is
(0.577 £ 0.12) Jy, which then agrees with Bock et al. (2016). Compared to the total
integrated flux densities from imaging (see Sect. 3.2), it is apparent that a significant
amount of flux density is contributed by the closest component, C1. Its flux density is
set around ~ 0.2 Jy for most epochs with some exceptions. In November 2007 its flux
density is lower than later on possibly due to its close vicinity to the core combined with
an unfortunate position angle of the beam, which is close to the position angle of C1 rel-
ative to the core, leading to difficulties when determining the exact flux densities during
fitting. The other exception is in December 2009, where the flux density of C1 drops
significantly. Additionally, this is the only epoch in which its distance to the core varies
significantly compared to the other epochs (see Fig. C.1). Previously in Sect. 3.2 it was
assumed that the beam lead to C1 and C2 being unresolved, thus making the model set
the peak of the model component between C1 and C2. However, the significant decrease
in flux density instead indicates that there is a calibration error in this epoch. Finally,
the flux density of C1 decreases again for the last two epochs similar to the core, but still
remains constant within only ~ 1.60. C2 on the other hand is a very faint component
with flux densities close to 0 in all three detections. The flux density variability in C3
is easily explained by the imaging process: Since the visible regions change drastically
with changing (u, v)-coverage, the modelled region changes as well and sometimes more
or less of the diffuse jet is properly described by the model component. Nonetheless, the
resulting flux densities are consistent for most epochs, implying that similar regions are
fitted throughout these epochs.

The brightness temperature of the core ranges between values of ~ 3x101°—6x 101V K.
However, its evolution does not follow the flux density as well, hence it is governed by
the change in component size, especially in August 2008. Despite a lower flux density of
the core than in Bock et al. (2016), the measured brightness temperatures are in good
agreement. C1 is shifted by around one magnitude with values at ~ 1 x 10° — 3 x 10K,
but reaches peak values of ~ 101°K in the first and last epoch respectively, showing
the variability in the component size. The brightness temperature of C2 is very high in
February 2009 due to its small size despite a low flux density, but is very low otherwise.
The brightness temperature of C3 remains low, but since the fitted regions of the diffuse
jet vary in size and position, it is unreasonable to discuss its brightness temperature.
The core temperature comes close to the equipartition limit of 10 K, but is still below,
indicating a low degree of Doppler boosting.

PKS 2155—-304

PKS 2155—304 is by far the strongest core-dominated source in the sample. Its core
features variable emission between ~ 0.2 — 0.4 Jy, starting out at its highest in the first
epoch, in agreement with Bock et al. (2016), and constantly decreasing to its lowest flux
density in the beginning of 2010. From then on, it seems to rise again to a mid-flux
density of ~ 0.3Jy. This decrease to its lowest point in 2010 is similar to its Fermi
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Figure 3.28.: Flux Density (left) and Brightness temperature (right) over time for the
source PKS 2005—489. The flux density errors correspond to the conventional TANAMI
uncertainty of 20 %. The error of the brightness temperature is set to 20 % as the lowest
error, since the uncertainty of the axes is unknown.

light curve in Fig. 3.10. However, the Fermi flux density then reaches a highest peak
in 2011, not present in the radio data, just to drop to its lowest state again. However,
no data are present in the beginning of 2011 to confirm or deny the existence of a peak
in the radio frequencies. But the subsequent flux density does not correspond to a low
state. The flux density of the components is almost neglectable and close to 0 without
variability for all but C1. This component shows a decrease from ~ 0.05Jy down to
~ 0.01 Jy in 2009, followed by a increase to the previous flux density in 2010 and appears
to be independent of the core in its behaviour. These low component flux densities are
an indicator of the drastically changing source morphology seen in the images in Fig.
3.19. Such low flux densities would allow the components to appear and disappear from
detection due to being narrowly above or below the sensitivity of the observing array.

The brightness temperature of the core remains largely the same at around ~ 3x 100 K
for most epochs. In March 2008 it features its highest temperature at ~ 1x 10! K, higher
than the equipartition limit. This value is also slightly higher than the one listed in Bock
et al. (2016), but it agrees within its error. Additionally, its error allows the temperature
to be below the equipartition limit. Correspondingly, this epoch featured the smallest
core size of all epochs. This is due to its good resolution, since this epoch also features the
smallest minor axis of all beams. In March 2010 the temperature instead shows a drop
to ~ 1 x 10'° K, due to the large beam in this epoch and the resulting big core compo-
nent size. Unlike the core, however, all components feature rapidly changing brightness
temperatures, most notably C1 and C2, which reach up to ~ 2 x 10° K and ~ 4 x 10 K
respectively. Since the flux densities did not change significantly, this indicates rapid
changes in the component sizes throughout all epochs, also reflected by the changes in
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the contour lines within each epoch (see Fig. 3.19). The changing sizes could be related
to the low flux densities of the components. Since the emission is already very faint and
the component size is a measure of the full width at half maximum, the edges of each
component could, for some epochs, be below the sensitivity and thus the component
appears to be smaller than in previous epochs, where the edges were bright enough to
be detected. Additionally, the changing size of C3 could be a problem of it being too
close to the core in some epochs, thus leading to difficulties during the fitting process.
Aside from one value, which still agrees within its errors, all brightness temperatures
are below both limits, again indicating a low degree of Doppler boosting.
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Figure 3.29.: Flux Density (left) and Brightness temperature (right) over time for the
source PKS 2155—304. The flux density errors correspond to the conventional TANAMI
uncertainty of 20 %. The error of the brightness temperature is set to 20 % as the lowest
error, since the uncertainty of the axes is unknown.

PKS 0625—-354

The core flux density of PKS 0625—354 shows the least amount of variability from
all sources of the sample, with a well defined level at ~ 0.35 Jy, which is also in good
agreement with the value given in Bock et al. (2016). Much as the other sources, the
emission is largely core-dominated, with all other components being below 0.1 Jy. Both
C2 and C3 are mostly close to 0 and show similar flux density values, although C2
shows slightly more emission, going up to ~ 0.02 Jy. C1 features the strongest emission
of all components in PKS 0625—354 and some small variability, where some epochs are
brighter than others. In total, its flux density is in the range of ~ 0.02 — 0.08 Jy. It
should be noted that, since the flux density error is simply given by 20 % of its value,
the uncertainty of low flux density values is likely underestimated, leaving the possibility
that some seemingly variable emission is actually constant within the “real” errors.

72



3.4. Results of the Kinematic Analysis

The brightness temperature, on the other hand, changes more rapidly for most com-
ponents. The core temperature is at ~ 4 x 10° — 7 x 10!° K for all but two epochs. In
both February and June 2008 the temperature reaches values of ~ 6 x 10! K, above the
equipartition limit. Furthermore, it is only a lower limit in February 2008 and despite
its large beam, this epoch benefits from a good signal-to-noise ratio. The June 2008
epoch should be taken critically, since this epoch suffered from badly calibrated data on
long baselines and may not give proper information. Even though the flux density is in
good agreement for the first epoch, its brightness temperature is lower than the value
listed in Bock et al. (2016). Perhaps they used a different number of components and
were able to further restrict the core component size, leading to a higher temperature.
Similar to the core, the brightness temperature of C2 is particularly high in the same
two epochs of 2008, but also in April 2011. It is assumed that the region of the jet,
where C2 is assumed, is actually a more complex structure and becomes more diffuse
with better resolution. So a single component may not be enough to describe this region.
On the other hand, C1 shows a smaller degree of variability in its temperature, but still
enough, to indicate that the component sizes are changing throughout the epochs. With
each subsequent epoch, the jet of PKS 0625—354 becomes more continuous in its inner
region. Simple circular Gaussian components are then insufficient to describe the form
which is devoid of well defined peaks, leading to changing component sizes. C3, on the
other hand, shows only minor changes in temperature. The region appears to be more
complex in some epoch, but is still unresolved enough to be fitted well with a single
Gaussian component. Aside from the two problematic epochs in 2008, all brightness
temperatures are clearly below the established limits and even then are the two highest
values still below the Compton limit, again indicating a low degree of Doppler boosting.
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Figure 3.30.: Flux Density (left) and Brightness temperature (right) over time for the
source PKS 0625—354. The flux density errors correspond to the conventional TANAMI
uncertainty of 20 %. The error of the brightness temperature is set to 20 % as the lowest
error, since the uncertainty of the axes is unknown.
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To summarize, all sources feature none or only minor variability in their flux density,
with PKS 2155—304 featuring the most variable flux density. The emission is usually
dominated by the core with mostly faint components. PKS 2005—489 features the
brightest jet component, which reaches the highest flux density in comparison to its core
out of all the sources. Finally, while some epochs showed variable and particularly high
brightness temperatures, almost all values are moderate and below the Compton and
equipartition limits for all sources, indicating only minor Doppler boosting.

3.4.2. Apparent Jet Component Velocities

In order to gain a measure of the propagation velocity of a jet, the position of each
component can be fitted linearly to compute its apparent velocity. There are two general
approaches to determine them:

The first approach is to simply take the radial distance of each component relative
to the core and perform a linear regression by assuming constant motion with the core-
distance over time. This assumes that the jet performs a constant motion in a straight
line away from the core, with no acceleration or jet-bending. With this method, the
deviations along particular z- and y- directions are not taken into account. Suppose a
circle around the origin (or more precisely a projected sphere) with a radius that is equal
to the distance of the component to the core. Deviations between epochs along each
of their circles are then not taken into account, since only the radial distance matters.
However, with this method it can be easily determined whether a component is moving
away or toward the core. A general approach to estimate the uncertainty is to take
half of the major axis as an error. However, the major axis is not a measure of the
position of a component, but rather of its actual detected size. Additionally, in some
sources the component size can change drastically due to, for instance, faintness. This
results in either over- or underestimation of the error for certain epochs, leading to them
being weighted to heavily or not enough. To compensate for that, the resolution given
by half of the minor axis of the beam can be used as o5 = \/(Qmaj/Q)Q + (bmin/2)2.
However, this in return leads to a gross overestimation of the uncertainty, making the
errors several times higher than the best values. Instead, only the statistical deviation of
the positions is used in an unweighted linear regression here. For sources with less than
4 identifications, no fit is performed since the data coverage is deemed as insufficient.
Figure 3.31 shows the fitting result for PKS 0625—354 as an example and the others are
shown in Appendix C. The resulting velocities along with the used redshift are all listed
in Tab. 3.2.

The second method of determining the apparent velocity is to perform two linear
regressions on the z- and y-distances to the core separately, labelled as vapp, » and vapp -
The total apparent velocity is then simply computed as the norm of the two values as
Vapp = \/Vippa T Vappy- Lhe advantage here is that the scattering along the z- and
y-directions are also taken into account rather then just to focus on radial distance.
Furthermore, this method allows for independent movement in these directions instead

74



3.4. Results of the Kinematic Analysis

Figure 3.31.: Distance to the core plot-
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of solely focusing on straight radial motion. On the other hand, since the norm is
computed, the apparent velocities are always positive. Thus, no distinction between
forward- or backflow can be made from these values alone. Exemplary plots from PKS
0625—354 are shown in Fig. 3.32 and the remaining plots are listed in Appendix C.
Table 3.3 lists all computed apparent velocities for each source.
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Figure 3.32.: Separate x- and y-distance to the core plotted vs time for PKS 0625—354.
No uncertainties are given due to the reasons mentioned in the section. The solid lines
are computed from unweighted linear regression.

When comparing the computed values, the vectorial ones are generally higher since
they allow for more movement along the non-radial line to the core. However, all of
the computed values agree within their respective uncertainties when the modulus is
taken for the negative apparent velocities with the radial method. In general, if non-
radial movement is allowed within the assumptions, the vectorial method should yield
more accurate results. This is especially true for sources like PKS 2155—304, where
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Table 3.2.: Apparent jet component velocities from linear regression of the core-distance

over time.
Source Name Label  vapp® Bapp” 2P
fmas/yi]

PKS 1440-389 C1 —0.003 £0.095 —0.03+0.87 0.176

PKS 0447—439 C1 0.43 +£0.19 49422 0.14

PKS 2005—489 C1 0.05+0.16 0.26 +0.74  0.071
C3 0.67 £ 0.55 32426 0.071

PKS 2155-304 C1 0.75+0.78 5.7+6.0 0.116
C2 0.86 +0.41 6.6 £3.1 0.116
C3 —0.23 +£0.19 —-1.84+14 0.116

PKS 0625—354 C1 —0.05+0.13 —0.18 £ 0.49 0.055
C2 0.03 +0.30 0.11+1.1 0.055
C3 0.11 +0.30 04+1.1 0.055

Note: (@) Apparent velocity given in mas/yr and in units of c.
(b) Redshift used for the calculations.

jet-bending can be seen on various wavelengths.

For the radial method, most components are stationary within their given errors and at
best only slightly superluminal. The only non-stationary components with superluminal
apparent speeds are C1 in PKS 0447—439 with (4.9 4+ 2.2)c and C2 in PKS 2155—304
with (6.74+3.2). C3 in PKS 2155—304 is also superluminal and actually moving towards
the core with (—1.8 £ 1.4)¢, but is potentially subluminal within its error. In PKS
2005—489, the component C3 appears to be moving at slightly superluminal speed, but
since the modelled jet region is very diffuse, this should be interpreted as a very rough
approximation to the bulk motion of said region. It should be noted that the errors are
very large and indicate a lot of scattering when determining the component positions.
The uncertainty can be hopefully restricted in the future with more and better data.

A kinematic analysis on PKS 0625—354 and PKS 2005—489 has been performed
previously in Tristedt (2013). His model for PKS 0625—354 is virtually the same, with
two components close to the core and a diffuse region further downstream. The biggest
difference lies in this more distant, diffuse feature, which was imaged to be more extended
in Trustedt (2013) compared to this thesis. This leads to generally larger component
sizes and varying distances. Additionally, the diffuse region in November 2008 was
modelled with only one component in Triistedt (2013), compared to the two components
used here, leading to a more distant position. Despite these only minor differences, the
computed apparent speeds are much larger in Triistedt (2013) and do not agree with
the values presented here. This is mainly due to the fact that the last two epochs there,
i.e. December 2009 and July 2010, actually seem to be outliers, since their distances to
the core are the largest in all epochs. The three new epochs then “pull” the resulting
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Table 3.3.: Apparent jet component velocities from separate linear regression of the z-
and y-core-distance over time and subsequent norm computation.

Label  vapp ® Vappy™ Vapp" Bapp” 2P
[mas/yr] [mas/yr] [mas/yr]

PKS 1440—389

C1 0.085 £ 0.048 —0.07 £0.11 0.108 =0.080 0.99£0.73 0.176

PKS 0447—439

C1 —0.055 £ 0.071 0.47£0.22 0.48 £0.22 5.4+£25 0.14
PKS 2005—489

C1 —0.02+£0.14 —0.063 £ 0.080 0.066 = 0.088 0.31£0.41 0.071
C3 0.02 £0.39 —0.90 +0.46 0.90 £ 0.46 4.3+£2.2 0.071
PKS 2155—304

C1 0.96 £ 0.78 —0.10£0.44 0.96 £ 0.77 74+£6.0 0.116
C2 0.94 +0.32 —0.37£0.31 1.02 £0.32 7.8£25 0.116
C3 —0.05+0.29 0.21 £0.18 0.22£0.19 1.7£14 0.116
PKS 0625—354

C1 —0.03 £0.10 0.04 £0.12 0.05 £ 0.11 0.18+0.41 0.055
C2 —0.02 £0.16 —0.06 = 0.27 0.07£0.26 0.24£0.96 0.055
C3 —0.16 £0.14 —0.25£0.27 0.29£0.24 1.07£0.89 0.055

Note: () Apparent velocities along the z- and y-axes as well as the norm given in mas /yr
and the norm additionally given in units of c.
(b) Redshift used for the calculations.

linear fit down to slower apparent speeds. As a comparison, a linear fit was performed
for the first six epochs imaged in this thesis and are shown in Fig. 3.33. The computed
speeds are then Buppc1 = 1.50 £ 0.65, Bapp,c2 = 3.7 £ 1.2 and Bappcs = —0.7 £ 2.5.
The apparent speeds for C1 and C2 now agree well with the apparent speeds listed in
Triistedt (2013). The discrepancy for C3 however illustrates the difficulty of precisely
modeling diffuse regions, to reach consistent models on independent works since the
component positions are the only big differences in the models, while the flux density
values are largely the same. In the case of PKS 2005—489 a similar argument can be
made, since the diffuse region is modelled with two components mostly, so a comparison
is difficult here. However, the apparent speed of the innermost component agrees with
the result from Tristedt (2013) within the uncertainties.

The vectorial method results in generally higher apparent velocities since the motion
along both directions is taken into account. This can affect the resulting velocities
greatly, since now, for instance, C1 in PKS 1440—389 is non-stationary with an apparent
speed of (0.99 + 0.73), but is still subluminal. This could stem from some jet-bending
along the motion of C1, where its distance to the core does not change significantly.
This, in turn, implies a very low inclination angle, where the component would cross the
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Figure 3.33.: Distance to the core plotted

* x Core vs time for the first six epochs of PKS
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line of sight, but appear to have a constant distance to the core. The same applies to
C1 in PKS 2155—304 with (7.4 +6.0)c, now only allowing down to subluminal motion,
and C3 in PKS 0625—354 with (1.07£0.89)c¢, being slightly superluminal. Additionally,
the uncertainty is lowered with this method since the apparent velocity is computed by
two fitted values instead of only one linear regression.

3.5. Discussion

3.5.1. Jet-bending in PKS 2155—-304

PKS 2155—304 is an interesting object since it features the most rapid variability in
upper wavelengths in the entire sample and even shows some clear variability in its radio
flux density as the only source in the sample. Furthermore, its radio morphology changes
the most throughout all epochs, where the jet is clearly pointed to the southeast for the
first few epochs, but is instead propagating south in the last epoch. Unfortunately,
the data coverage shows large gaps between the last three epochs, where the change
of this jet direction would have been visible. However, the intermediate epochs feature
this component, C3, south of the core even despite a southeastern jet. Additionally,
the linear fit suggests that C3 is moving towards the core, indicating the possibility of
jet-bending at this frequency.

Previous results by Piner, Pant, and Edwards (2010) already featured a high degree
of jet-bending in PKS 2155—304 at 43 GHz. The jet started out toward the southwest
and bent toward the southeast with a bending angle of ~ 75° during its propagation.
Since in this paper three out of six of their sources, namely PKS 2155—304, Mrk 501
and 1ES 19594650, featured jet-bending, they established this as a common property
of TeV blazars. Furthermore, the large-scale structure of PKS 2155—304 suggests even
more bending, since observations with the GMRT (Pandey-Pommier et al. 2016) show
structures toward the northeast and -west. Further GMRT observations were analyzed
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in Seeg (2017), where a brighter structure was found to the northwest. In this work
jet-bending for PKS 2155—304 was also proposed to explain the discrepancy between
the southeastern jet on VLBI-scales and the northwestern feature on larger scales. Fur-
thermore, it was proposed that at different frequencies different sections of the jet are
observed, essentially sampling the 3D-morphology of the source’s jet.

With all of this taken into account, it seems logical that the jet of PKS 2155—304
would also feature some bending at 8.4 GHz. Two of the components, C1 and C2, are
propagating toward the southeast in roughly the same direction, whereas C3 is directed
north, toward the core. One possibility would be that the jet starts out south of the
core, reaching to the position of C3 with an unknown previous jet, starting out at a
position angle of ~ —178° and propagating toward the core. At some point close to C1
the jet would then bend to reach the position angle of C1 to roughly ~ 135°, resulting in
a jet-bending angle of ~ 47°. Since Piner, Pant, and Edwards (2010) featured a higher
jet-bending angle, this result is on a reasonable scale. It should be noted that this is the
projected bending angle and should be much lower when deprojecting it from a small
viewing angle, similar to what was proposed in Seeg (2017).

3.5.2. Inclination of PKS 0625-354

PKS 0625—354 is a peculiar object since its morphology clearly resembles that of a
FR 1 radio galaxy with a bright core and jet and diffuse lobes on larger scales, but
its power-law spectrum resembles that of a BL Lac object instead (Wills et al. 2004).
The unification model suggests a clear connection between BL Lac objects and FR 1
radio galaxies, where they are just rotated counterparts to each other. For BL Lacs, the
observer looks directly into the jet under a low inclination angle, but views a FR 1 radio
galaxy edge-on instead. So there must clearly be objects with intermediate inclination
angles, which could possibly share traits of both classes of AGN. This can be studied
in the case of PKS 0625—354, by computing its inclination angle directly using the
flux density ratio of its jet and counter-jet as stated in Eq. 1.3.17. Since no counter-
jet is visible, the source shows some degree of Doppler boosting and de-boosting, so it
can already be stated that this source is not viewed edge-on. The counter-jet is then
approximated by 5 times of the noise given in Tab. B.5 for each epoch. The full flux
density of the jet is approximated by summing the flux density values fitted for C1 and
C2 given in Tab. B.10. C3 is left out since it is a more distant component and since
it either does not appear or is not fitted in some epochs. Solving Eq. 1.3.17 for the
inclination angle ¢ yields

1
Sjet 3.a
]- < Scounter > 1

1
Sjet )3"" +1

S counter

¢ = arccos (3.5.1)
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By letting 8 — 1, an upper limit for ¢ can be computed. Wills et al. (2004) fitted the
optical spectrum of PKS 0625—354 with a = —1.15, so this value is used as a rough
estimate for the calculations. For each epoch, the upper limit to the inclination angle
was computed with the given values and Eq. 3.5.1. Finally, these results were averaged
t0 Pmax = H8.37 £ 0.67 ° using standard error, leading to an upper limit of

¢ < 59°. (3.5.2)

Venturi et al. (2000) computed an upper limit using the flux density ratio method, too,
and gained an upper limit of 61°. A different method yielded an even lower limit of 43 °.
All these results confirm that PKS 0625—354 is not viewed under an edge-on inclination
angle, and is indeed situated at an intermediate position between a BL Lac object and
a FR 1 radio galaxy.

3.5.3. Jet Velocities in the context of the Doppler Crisis

Observations of blazars, most notably of high frequency peaked BL Lac objects, in
the very high energy regime yield rapid variability on various timescales. The most
prominent objects here are, among others, Mrk 421, Mrk 501 and PKS 2155—304, where
the latter features variability of down to minutes. Such rapid variability implies a high
degree of Doppler boosting, leading to a bulk Lorentz factor of I' ~ 50 (Ghisellini and
Tavecchio 2008).

On the other hand, kinematic studies with radio VLBI observations yield apparent
velocities at mostly subluminal or only slightly superluminal values (Piner and Edwards
2016), leading to even lower, deprojected velocities. For instance, Piner, Pant, and
Edwards (2010) find values of (0.72 & 0.05)c and (5.48 £ 3.59)c in the case of PKS
2155—304 at 43 GHz. The Doppler crisis or bulk Lorentz factor crisis is the term used
for this discrepancy of velocities at different wavelengths. The radio studies were almost
solely performed by this group, so it is reasonable to perform an independent study to
check if similar slow apparent velocities can be found. Additionally, the previous studies
consist of mostly northern sources of (e.g. from the MOJAVE sample), so an extension
to sources on the southern hemisphere is reasonable.

Four of the five investigated sources, PKS 1440—389, PKS 0447—439, PKS 2005—489
and PKS 2155—304, are classified as HBLs, while PKS 0625—354 appears to be an
intermediate object between an HBL and a FR 1 radio galaxy. All sources are detected
in the VHE regime by H.E.S.S.; although not all of them feature variability and the
bulk Lorentz factor was only computed for PKS 2155—304. The TANAMI VLBI data
analyzed in this thesis yields low apparent velocities for all sources. PKS 2005—489
features a stationary component and a diffuse region which seems to be propagating
at slightly superluminal apparent speed. PKS 1440—389 and PKS 0625—354 feature
only stationary or one slightly superluminal component, depending on the method of
fitting used. PKS 0447—439 and PKS 2155—304 feature the fastest components with
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almost 8c in the case of the latter. However, the computed values are still lower than
what is usually detected in BL Lac objects, where apparent speeds of 10s of ¢ can be
found (e.g. Piner et al. 2006). However, even the highest velocities do not contradict
the apparent speeds computed by Piner and Edwards (2016) and rather confirm the
previously established results. The statistics shown in Piner and Edwards (2016) can
therefore be extended with the results of this sample, shown in Fig. 3.34. As in Piner
and Edwards (2016), the peak jet speeds of each source are used for the histogram. The
tail is extended with the fast moving component C2 in PKS 2155—304. Since the source
is also in their sample, it is possible that it is counted twice in this histogram, since
they did not give exact details on the data used for their histogram. In the case of PKS
2005—489, only the slower component is considered since the diffuse jet is not well fitted.

Figure 3.34.: Histogram of the

[ Piner & Edwards previous results peak apparent jet velocities.
e [ MOJAVE
: The green sources are from
i 12 B Piner & Edwards 2016 sample .
g EEE This sample this sample and the others
3 = are reproduced from Piner and
5 8 Edwards (2016). The tail is
£ 6- extended with PKS 2155304
2 4] with (7.8 £ 2.5)c.
2—

o

M

2 3 4 5 6 7 8
Apparent Jet Velocity [c]

o
=

The Lorentz factor computed for PKS 2155—304 of ' ~ 50 implies an intrinsic jet
velocity of B ~ 0.9998. With a known apparent speed ., Eq. 1.4.5 can be solved for
the inclination angle ¢. The peak apparent speed of C2 allows for moderate inclination
angles of ~ 14°. However, the low apparent speed of C3 yields a larger angle of ~ 60 °,
which contradicts both the observed morphology as well as the high degree of Doppler
boosting observed in the ~-rays. Much like in Piner and Edwards (2016), the only
other solution would imply an inclination angle of ¢ < 1°. For simplicity, an angle of
¢ = 0.01° is assumed in the following. The strongest peak of PKS 2155—304 in Seeg
(2017) is located at ~ 14 as, corresponding to ~ 37 kpc at z = 0.116. Using the given ¢,
the deprojected size then becomes ~ 236 Mpc. This, of course, is only a rough estimate,
especially considering the jet-bending in this source, potentially leading to differing
inclination angles. However, this is a huge linear size for any jet and thus the assumption
of low angles is unphysical. Additionally, all observed brightness temperatures are below
or only very slightly above the equipartition limit of 10! K, meaning that for the radio
emission there is only little Doppler boosting present. The aforementioned conclusion is
that the radio and 7-ray emission do not stem from a single-zone jet, but must rather
be explained by regions with different properties within the jet.
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3. Determining the Velocities of TeV blazars from the TANAMI sample

Several approaches utilizing numerical simulations are present in the context of the
Doppler crisis. Ghisellini, Tavecchio, and Chiaberge (2005) propose a structure con-
sisting of a fast inner spine responsible for the y-rays and a slow outer sheath, which
acts as the synchrotron emitter. In this model, both regions see the photons of the
other frame as blueshifted, increasing the inverse Compton emission in both regions.
Limb-brightnening observed in Mrk 421 by Piner, Pant, and Edwards (2010) would be a
property arising from such a structure. Other models include a velocity structure along
the line of the jet (Georganopoulos and Kazanas 2003), where deceleration along the
flow leads to regions of different velocities and therefore beaming between the different
frames, reaching energies up to TeV. This model also helps the BL Lac - FR 1 unification
scheme, since the debeamed BL Lac flux densities are not significantly lower than the
observed FR 1 flux densities. Several other models include scenarios with fast moving
blobs within the jet (Tavecchio et al. 2011), turbulent sub-regions leading to variability
in a jet (Marscher 2014), small active regions, which occasionally point at the observer
(Ghisellini and Tavecchio 2008) as well as plasmoids driven by magnetic reconnection
processes (Giannios 2013).
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In this thesis several epochs of a sample of five TANAMI VLBI sources at 8.4 GHz were
imaged and fitted with Gaussian model components to perform a kinematic analysis.
With the exception of Centaurus A, the sample consists of all sources of the TANAMI
sample which were detected in TeV energies and are bright enough to be observed with
VLBI, namely PKS 1440—-389, PKS 0447—439, PKS 2005—489, PKS 2155—304 and
PKS 0625—354. All sources are classified as high frequency peaked BL Lacs, although
PKS 0625—354 is also potentially a FR 1 radio galaxy.

Previous studies of TeV blazars by Piner & Edwards computed the apparent jet ve-
locities of these types of sources. Their results showed stationary and slow moving jets,
which are at most only slightly superluminal, with the fastest object being at ~ 6c.
This is in contrast to variability studies of the VHE emission, yielding very high Lorentz
factors of I' ~ 50, needing unreasonably low inclination angles to work with a single
zone model. The discrepancy of apparent vs. intrinsic speed is known as the Doppler
crisis and while there are several approaches with multi-zone jets to properly model the
emission, it stands to reason to perform an independent study to confirm or deny the
slow moving radio jets in TeV sources.

This was the focus of this thesis. The provided data covered a time range of roughly
2007 to 2013, with six to nine epochs per source. All sources featured core-dominated
emission and compact and collimated parsec-scale jets, propagating away from the core
in a straight line. The jet of PKS 2005—489 is well defined in the inner region, but
shows more complex and diffuse structure further out, which could not be modeled well.
Additionally, the jet of PKS 2155—304 changes drastically between epochs and shows
some degree of jet-bending, also seen on other frequencies. The jet-to-counterjet ratio
was used to constrain the inclination angle to PKS 0625—354 to ¢ < 59°, classifying it
as an intermediate object between a BL Lac and a FR 1 object. Furthermore, all sources
showed only moderate brightness temperatures, implying small Doppler boosting fac-
tors. Finally, the apparent velocities computed with linear regression showed mostly
stationary or subluminal component speeds. Only PKS 0447—439 and PKS 2155—304
featured slightly superluminal apparent motion with (5.4 +2.5)c and (7.8 £2.5)c respec-
tively. The tail of the distribution is now extended by the fast moving component of
PKS 2155—305 to higher velocities. Overall, the previous results by Piner & Edwards
were positively confirmed, extending their previous statistic of TeV blazars.

The only source of the sample to feature sufficient analysis in the TeV range is PKS
2155—304. None of the other sources had bulk Lorentz factors derived from flux density
variability. Additionally, the data coverage was sparse on some time intervals and the
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4. Summary and Outlook

computed apparent velocities show big uncertainties. These are due to a high degree of
scattering in the component positions from bad data quality as well as a small number
of epochs to better constrain this statistical error. Hopefully, future observations will
allow to derive intrinsic Lorentz factors from the TeV data for all sources as well as new
epochs to better constrain the apparent velocities in the radio frequencies. Finally, more
HBLs need to be searched for to further confirm that the slow moving radio jets are a
common feature of these types of AGN and to further establish multi-zone jet models.
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Figure A.1l.: (u,v)-coverages of the most recent epoch for each source in the sample.
Most of the other epochs show very similar coverages.
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A. (u,v)-coverages
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Figure A.2.: Continuation of Fig. A.1.



B. Imaging and Modelfit Parameters

Table B.1.: Image parameters for the TANAMI VLBI observations of PKS 1440—389 at

8.4 GHz.
Date Stor®  Spea” o Do’ bmimn® PAP
yyyy —mm —dd] [Jy] [Jy/beam] [mJy/beam| [mas| [mas|] []
2009-02-27 0.11  0.08 0.07 307 125 249
2010-03-12 0.08 0.07 0.03 441 356  80.8
2010-10-28 0.08  0.06 0.06 2.83 059 -0.6
2011-07-21 0.09 0.07 0.05 3.00 097 0.2
2012-04-27 0.08 0.07 0.05 332 266 19.8
2013-03-14 0.11  0.08 0.08 251 070 105

Note: (@ Total integrated and peak flux density as well as RMS of the 8.4 GHz image.
(b) Major and minor axis as well as the position angle of the synthesized beam.

Table B.2.: Image parameters for the TANAMI VLBI observations of PKS 0447—439 at

8.4GHz.
Date Stot”  Spea” o bma;” bmm® P.AP
lyyyy —mm —dd] [Jy] [Jy/beam] [mJy/beam] [mas] [mas] [°]
2009-02-27 0.12 0.09 0.07 254 123 385
2010-03-12 0.13  0.13 0.03 516 449 77.3
2010-10-28 0.13  0.10 0.04 328 070 -45
2011-07-21 0.11  0.09 0.05 256 0.76 0.0
2012-04-27 0.13 0.1 0.06 286 0.80 -0.3
2013-03-14 0.13  0.10 0.07 233 0.67 -5.7

Note: (@ Total integrated and peak flux density as well as RMS of the 8.4 GHz image.
(b) Major and minor axis as well as the position angle of the synthesized beam.
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B. Imaging and Modelfit Parameters

Table B.3.: Image parameters for the TANAMI VLBI observations of PKS 2005—489 at

8.4 GHz.
Date Siot™  Speak™ o? bmaj”  bmin®  P.AP
yyyy —mm —dd] [Jy] [Jy/beam] [mJy/beam] [mas] [mas] [°]
2007-11-10 0.65 0.42 0.16 3.69 0.89 358
2008-03-28 0.72 040 0.35 3.01 0714 -32
2008-08-08 0.88 0.63 0.28 3.71 264 -3.6
2009-02-23 0.84 0.46 0.20 227 0.72 35.0
2009-12-13 0.66 047 0.08 3.8 1.11 32.0
2010-07-24 0.62 0.44 0.24 426 2.08 23.5
2011-04-01 0.74 0.28 0.15 1.46 044 5.0
2011-11-13 0.56 0.27 0.17 1.86  0.53 7.1
2013-09-16 0.59 0.30 0.13 200 077 6.7

Note: () Total integrated and peak flux density as well as RMS of the 8.4 GHz image.
() Major and minor axis as well as the position angle of the synthesized beam.

Table B.4.: Image parameters for the TANAMI VLBI observations of PKS 2155—304 at

8.4 GHz.
Date Stot™  Speak” o® bmaj”  bmin”  P.AP
lyyyy —mm —dd] [Jy] [Jy/beam] [mJy/beam]| [mas] [mas] [°]
2008-03-28 0.48 0.38 0.09 3.82  0.60 1.1
2008-08-08 0.44 0.36 0.12 421 092 4.2
2009-02-27 0.36 0.32 0.12 2.74 1.02 6.7
2009-09-05 0.33 0.28 0.06 4.52 1.26 10.2
2010-03-12 0.24 0.20 0.05 448 3.35 67.6
2010-05-07 0.26 0.21 0.07 3.48 1.27 15.1
2011-08-13 0.35 0.30 0.12 277 141 18.2
2012-09-15 0.33 0.27 0.10 226 059 09

Note: (@ Total integrated and peak flux density as well as RMS of the 8.4 GHz image.
() Major and minor axis as well as the position angle of the synthesized beam.
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Table B.5.: Image parameters for the TANAMI VLBI observations of PKS 0625—354 at

8.4 GHz.

Date Stota Speaka o? bmajb bminb P.AP
yyyy —mm —dd]_[Jy] _[Jy/beam] [mJy/beam] [mas] [mas] [

2007-11-10 0.37 0.30 0.12 283 089 49

2008-02-07 0.46 0.39 0.14 3.61 347 -62.3
2008-06-09 0.44 0.33 0.10 2,711 0.68 -3.3
2008-11-27 0.42 0.33 0.11 2.02 140 36.8
2009-12-13 0.39 0.31 0.07 393 124 6.3

2010-07-24 0.37 0.31 0.09 411 144 109
2011-04-01 0.42 0.25 0.14 231 0.50 1.8

2011-11-13 0.42 0.32 0.10 3.04 078 4.8

2012-09-16 0.42 0.31 0.08 269 075 3.8

Note: (@ Total integrated and peak flux density as well as RMS of the 8.4 GHz image.
(b) Major and minor axis as well as the position angle of the synthesized beam.
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B. Imaging and Modelfit Parameters

Table B.6.: Model fit parameters of PKS 1440—389 at 8.4 GHz

Label S*  d® ¢  Oma® Own® PAS T
[yl [mas] [] mas] [mas] []  [10°K]

2009-02-27

Core 0.085 0.14 254 0.60 033 199 8.461
C1 0.022 250 -131.8 2.66 266 6.0 0.062

2010-03-12

Core 0.066 0.08 47.0 031 031 5.3 14.045
C1 0.015 236 -143.0 238 238 5.9 0.052

2010-10-28

Core 0.067 0.08 6.5 045 023 456 12.691
C1 0.018 255 -1346 211 211 11.1  0.078

2011-07-21

Core 0.071 0.08 1.8 032 0.09 588 47.679
C1 0.018 224 -132.7 238 238 24.0 0.063

2012-04-27

Core 0.068 0.08 29.3 019 019 19.7  37.530
C1 0.012 297 -1489 3.01 3.01 93 0.027

2013-03-14

Core 0.092 0.05 5.3 0.63 036 7.1 7.893
C1 0.012 229 -1404 2,53 253 13.7 0.036

Note: (@) Integrated flux density

(b) Distance and position angle from the phase center

(©) Major and minor axes and position angle of the major axis
(d) Brightness temperature
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Table B.7.: Model fit parameters of PKS 0447—439 at 8.4 GHz

Label S 4  ¢° Omai® Omm® DA T
[Jy]  [mas] [’] [mas] [mas] [°] [10°K]
2009-02-27
Core 0103 0.03 -156.1 0.44 027 -9.2  17.601
Cl 0010 2.71 -414 167 1.67 393 0.076
2010-03-12
Core 0.122 0.10 1445 034 034 85  21.878
Cl 0011 227 -33.7 131 131 11.1 0.126
2010-10-28
Core 0.107 0.03 1734 027 0.18 817 45885
Cl 0019 220 -499 169 169 -53  0.135
C2 0003 7.30 -244 258 258 -10.9 0.009
2011-07-21
Core 0.100 0.00 -23.5 0.39 027 -32.1 19.344
Cl  0.008 268 -367 092 092 144 0.184
C2  0.003 6.02 -257 144 144 -17.5 0.031
2012-04-27
Core 0.118 0.02 6.8 041 022 -40 27.489
Cl 0004 424 -215 136 136 1.8  0.040
C3 0009 1.84 -334 062 0.62 204 0491
2013-03-14
Core 0.112 002 151.0 051 030 -50 14.791
Cl 0006 3.8 -304 193 193 222 0.032
C3 0008 1.73 -51.0 030 030 0.0  1.889

Note: (@ Integrated flux density

(b) Distance and position angle from the phase center

(©) Major and minor axes and position angle of the major axis
(d) Brightness temperature
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B. Imaging and Modelfit Parameters

Table B.8.: Model fit parameters of PKS 2005—489 at 8.4 GHz

Label S*  dP &P Omai®  Omn® PAC  Tp0
Jy]  [mas] [°] [mas] [mas] [°] [10°K]
2007-11-10

Core 0.456 0.07 718 0.56 0.56 9.5 6.860
C1 0.121 215  -114.7 0.51 0.51 -7.8 8.584
C3 0.069 21.69 -132.7 6.82 6.82 18.3 0.028
2008-03-28

Core  0.447 0.10 29.0 0.50 0.50 6.2 32.945
C1 0.218 217 -121.9 212 2.12 -1.7 0.898
C3 0.046 20.38 -136.3 4.22 4.22 6.5 0.048
2008-08-08

Core 0.538 0.11 314 0.39 0.39 12.2 65.486
C1 0.277 207 -123.3 1.50 1.50 -24.8  2.280
C2 0.018 8.25 -146.2 3.74 3.74 0.0 0.024
C3 0.0564 21.51 -139.7 11.50 11.50 3.7 0.008
2009-02-23

Core 0.562 0.16 454 0.78 0.49 72.3 27.574
C1 0.220 236  -124.8 1.42 1.42 0.0 2.016
C2 0.024 6.84 -128.6 0.36 0.36 5.1 3.462
C3 0.038 19.36 -144.6 4.47 4.47 7.8 0.035
2009-12-13

Core  0.537 0.06 484 0.52 0.52 3.8 37.253
C1 0.057 4.09 -123.6 0.66 0.66 12.1 2.465
C3 0.069 17.36 -141.3 10.23 10.23 25.0 0.012
2010-07-24

Core 0.386 0.23 31.7 0.37 0.37 7.3 51.961
C1 0.178 2.04 -126.1 1.77 1.77 0.0 1.048
C3 0.098 19.28 -139.8 12.88 12.88 11.2 0.011
2011-04-01

Core 0.477 0.05 -54.2  0.63 0.34 68.5 40.719
C1 0.224 217  -122.7 1.92 1.92 -249  1.131
C3 0.037 25.88 -143.4 2.26 2.26 16.4 0.134
2011-11-13

Core 0.345 0.07 136 0.59 0.42 48.7 25.491
C1 0.136 2.08 -127.9 1.25 1.25 -2.1 1.617
C3 0.087 20.85 -138.1 1949 1949 -3.1 0.004
2012-09-16

Core  0.346 0.12 19.3 0.48 0.48 0.0 27.250
C1 0.143 224  -129.6 0.63 0.63 -3.3 6.787
C2 0.031 5.77  -150.0 3.38 3.38 -20.6  0.051
C3 0.032 25.02 -145.0 4.61 4.61 5.4 0.028

Note: (@ Integrated flux density

(b) Distance and position angle from the phase center

(©) Major and minor axes and position angle of the major axis
() Brightness temperature
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Table B.9.: Model fit parameters of PKS 2155—-304 at 8.4 GHz

Label S* d® @P Omai®  Omin® P.ACS T3
[Jy]  [mas] [] mas] [mas] []  [10°K]
2008-03-28
Core 0.419 0.05 2.2 026 026 99 117.594
C1 0.047 222 149.6 195 195 194 0.242
C2 0.006 12.97 148.3 259 259 146  0.018
2008-08-08
Core 0.393 0.02 124 0.51 051 87 29.749
C1 0.030 291 1418 334 334 -1.2 0.052
C2 0.009 13.84 142.3 444 444 20.6  0.009
2009-02-27
Core 0.336 0.04 -2.1 0.53 027 7.6 44 817
C1 0.016 4.53 110.1 0.44 044 11.3 1.559
C2 0.008 14.83 1443 163 163 21.3 0.059
2009-09-05
Core 0.286 0.04 -6.2 0.46 029 -27.1 41.031
C1 0.021 4.10 1144 239 239 186 0.072
C3 0.007 3.50 171.5 080 080 21.6  0.198
C4 0.014 837 161.6 723 723 21.6 0.005
2010-03-12
Core 0.207 0.02 -324 0.69 0.69 44 8.339
C1 0.029 6.02 125.1 6.01 6.01 14.6 0.015
2010-05-07
Core 0.214 0.01 -978 056 0.28 -3.0 26.731
C1 0.035 229 1259 332 332 26 0.061
C2 0.006 13.49 142.1 393 393 11.1  0.007
C3 0.004 4.21 -168.9 0.14 0.14 -11.8 4.345
2011-08-13
Core 0305 0.02 -17.0 038 0.38 15.0  40.837
C1 0.021 1.31 1587 040 040 20.1  2.547
C2 0.012 16.89 139.2 530 530 16.5  0.008
C3 0.010 3.54 -173.9 1.03 1.03 -9.5 0.183
2012-09-15
Core 0.326 0.01 -165.2 0.54 037 -0.6 31.693
C3 0.010 3.06 1795 220 220 4.8 0.040

() Brightness temperature

Note: @) Integrated flux density

(b) Distance and position angle from the phase center

(©) Major and minor axes and position angle of the major axis
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B. Imaging and Modelfit Parameters

Table B.10.: Model fit parameters of PKS 0625—354 at 8.4 GHz

Label 52 dP P Omai®  Omin® PAS  Tp9
[Jy] [mas] [°] [mas] [mas] [°] [10° K]
2007-11-10
Core  0.310 0.03 4.0 0.40 0.19 =37 72.456
C1 0.032 2.73 1446 1.17 1.17 5.3 0.425
C2 0.015 6.66  140.2 2.18 2.18 -1.1 0.058
C3 0.013 18.88 143.1 3.55 3.55 -1.4 0.019
2008-02-07
Core  0.355 0.09 -39.7 <0.10 <0.10 0.0 > 648.703
C1 0.070 1.74  137.6 147 1.47 5.4 0.590
C2 0.017 474 1319 0.32 0.32 18.4 3.029
C3 0.022 16.97 143.4 3.56 3.56 2.8 0.032
2008-06-09
Core  0.337 0.07 -45 0.09 0.09 1.7 824.875
C1 0.075 2.39 1427 1.43 1.43 1.2 0.670
C2 0.031 6.22 1457 0.33 0.33 -3.3 5.207
2008-11-27
Core  0.358 0.02 -11.3  0.49 0.20 -10.2 65.192
C1 0.039 299  139.6 0.73 0.73 0.0 1.334
C2 0.013 6.54  140.9 1.40%  1.40% 1.1 0.121
C3 0.008 16.56 144.2  3.69 3.69 3.4 0.010
C4 0.003 23.80 145.2 1.67 1.67 4.8 0.023
2009-12-13
Core  0.320 0.09 -1.0 0.35 0.35 3.7 46.502
C1 0.041 2.80 164.2 0.53 0.53 11.3 2.662
C2 0.011 824 1464 1.24%  1.24% 158 0.131
C3 0.016 1557 142.0 2.98 2.98 -19.7  0.033
2010-07-24
Core  0.327 0.04 -11.9 0.53 0.37 2325 30.734
C1 0.022 3.52  139.8 0.55 0.55 a7 1.334
C2 0.014 815  143.0 2.64 2.64 0.0 0.037
C3 0.010 18.66 145.0 2.38 2.38 0.0 0.031
2011-04-01
Core  0.314 0.05 3.3 0.39 0.39 -2.8 37.503
C1 0.077 1.49  140.7 153 1.53 16.5 0.603
C2 0.019 3.94 1427 0.53 0.53 19.5 1.263
2011-11-13
Core  0.338 0.04 1.0 0.32 0.23 777 83.031
C1 0.055 240  143.0 0.52 0.52 -2.7 3.686
C2 0.022 6.31 1420 1.60 1.60 17.4 0.157
C3 0.007 17.19 1459 2.39 2.39 -36.9  0.021
2012-09-16
Core  0.342 0.04 -5.8 0.48 0.28 2326 46.590
C1 0.050 2.21  141.1 1.30 1.30 18.8 0.540
C2 0.016 6.58  140.9 1.86 1.86 18.4 0.085
C3 0.007 18.65 147.8 3.45 3.45 7.6 0.011

Note: (@ Integrated flux density
(b) Distance and position angle from the phase center
(©) Major and minor axes and position angle of the major axis

(d) Brightness temperature

Values marked with * are restricted to the minor axis of the beam to prevent divergence to a
point source.
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C. Additional Linear Fits
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Figure C.1.: Distance to the core plotted vs time for PKS 1440—389 (upper left), PKS
0447—439 (upper right), PKS 2005—489 (lower left) and PKS 2155—304 (lower right).
The solid lines are computed from unweighted linear regression.
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C. Additional Linear Fits
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Figure C.2.: Separate z- and y-distance to the core plotted vs time for PKS 1440—389
(top) and PKS 0447—439 (bottom). The solid lines are computed from unweighted
linear regression.
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Figure C.3.: Separate x- and y-distance to the core plotted vs time for PKS 2005—489
(top) and PKS 2155—304 (bottom). The solid lines are computed from unweighted

linear regression.

113






Declaration of authorship

I, Amar Hekalo, declare that this thesis titled "VLBI monitoring of Five TeV Blazars’ and the work
presented in it are my own. I confirm that:

This work was done wholly or mainly while in candidature for a research degree at this University.

Where any part of this thesis has previously been submitted for a degree or any other qualification
at this University or any other institution, this has been clearly stated.

Where I have consulted the published work of others, this is always clearly attributed.

Where I have quoted from the work of others, the source is always given. With the exception of
such quotations, this thesis is entirely my own work.

I have acknowledged all main sources of help.

Where the thesis is based on work done by myself jointly with others, I have made clear exactly
what was done by others and what I have contributed myself.

Location, Date Amar Hekalo

115



	Deutsche Zusammenfassung
	Abstract
	Active Galactic Nuclei
	Classification of AGN
	Blazars
	Radio Galaxies

	Model of Unification
	Emission processes
	Synchrotron emission and beaming effects
	High energy emission

	Apparent Superluminal motion of jets
	The Doppler Crisis

	Radio Observations
	The Two-element interferometer
	Interferometry with arrays
	Deconvolution with CLEAN and Self-Calibration
	Data analysis in DIFMAP
	TANAMI

	Determining the Velocities of TeV blazars from the TANAMI sample
	Introduction of the Sample
	Imaging and Morphology
	Modelfitting
	Results of the Kinematic Analysis
	Flux Density and Brightness Temperature Evolution
	Apparent Jet Component Velocities

	Discussion
	Jet-bending in PKS 2155-304
	Inclination of PKS 0625-354
	Jet Velocities in the context of the Doppler Crisis


	Summary and Outlook
	Bibliography
	Acknowledgements
	(u,v)-coverages
	Imaging and Modelfit Parameters
	Additional Linear Fits
	Declaration of authorship

