Space-VLBI studies of the parsec-scale jet in the
quasar 3C 345

INAUGURAL-DISSERTATION

Zur
Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Universitiat zu Koln

vorgelegt von

Felix Potzl

aus Bonn, Deutschland

Koln 2021



Berichterstatter: Prof. Dr. J. Anton Zensus
Prof. Dr. Andreas Eckart

Tag der letzten miindlichen Priifung: 04.03.2021



“After sleeping through a hundred million centuries we have finally opened our eyes on a
sumptuous planet, sparkling with color, bountiful with life. Within decades we must close
our eyes again. Isn’t it a noble, an enlightened way of spending our brief time in the sun,

to work at understanding the universe and how we have come to wake up in it?”

- Professor Richard Dawkins






Abstract

Supermassive black holes in the centres of radio-loud active galactic nuclei (AGN) can
produce collimated relativistic outflows (jets). Magnetic fields are thought to play a key
role in the formation and collimation of these jets, but the details are much debated.
Very-long-baseline interferometry (VLBI) is a powerful tool to observe the innermost re-
gions of AGN jets and shed light on the physical processes responsible for the formation,
collimation, and the emission in those jets.

The main goal of this thesis is to expand the knowledge about AGN with a detailed case
study of the archetypical quasar 3C 345 with state-of-the-art high-resolution space-VLBI
observations. The flat-spectrum radio quasar 3C 345 was observed over several decades
by VLBI, single-dish radio monitoring as well as in X rays and ~-rays. The curved jet
structure and bending of the jet led to proposed helical motions of jet components and
possibly a precessing accretion disk as their origin.

I study the jet in 3C 345 with RadioAstron, where a VLBI ground-array is comple-
mented by a 10-m radio antenna in space on the Spektr-R spacecraft. This allows me
to image the source at an unprecedented resolution of 300 microarcseconds at 1.6 GHz.
On the ground, a similar resolution is reached only at 22 GHz. Both total intensity and
polarised intensity maps are produced, revealing the complex jet structure in high detail.
The electric vector position angles (EVPAs) seems to be aligned with the jet direction.
A likely shock-dominated region is identified as the total and polarised intensity peak
downstream of the self-absorbed, depolarised VLBI core.

A further study of these data in conjunction with a multi-wavelength dataset from
ground-based VLBI at 5, 8, 15 and 43 GHz reveals an optically thick core through the
steep spectrum, that is visible for all frequencies. The spectral index declines along the
jet direction as expected for a self-absorbed jet. The spectral index between 1.6 GHz and
15 GHz, with the highest available resolution, reveals an increase in the spectral index in
the peak intensity region, solidifying the shock-type scenario.

In addition, I investigate the possible Faraday rotation in the source. A moderately
high rotation measure (RM) of several tens up to a hundredrad m 2 is obtained, which
appears to change the EVPA direction from parallel to almost perpendicular to the local
jet direction around the peak emission region, while it becomes parallel in the core. An
increase of the RM is seen going upstream in the jet, which reflects the increase in particle
density and magnetic field strength. Interestingly, a flip in sign of the RM along the jet
indicates the presence of a poloidal magnetic field component.

The study of the frequency-depended shift of the VLBI core reveals that the shift
measured from the RadioAstron data is most likely underestimated, and that the overall
shift is consistent with an equipartition between particle and magnetic energy density in
the core. The derived magnetic field and particle density are consistent with earlier VLBI
observations. Comparing the particle density obtained from the core shift and RM hints
at an external Faraday screen around the jet being responsible for the observed Faraday
rotation.



In general, a consequence of the self-calibration procedures in VLBI observations is the
loss of the absolute positional information of the source. This is why in these cases, the
alignment of images at different frequencies is only possible with the presence of optically
thin features in the jet, whose position should not change with frequency. This method
is thus prone to systematic uncertainties, which drive the errors in the derived physical
parameters of the jets.

A solution to this problem are phase referencing (PR) observations. A nearby cal-
ibrator is observed in conjunction with the target source to apply the calibrator phase
solutions to the target, effectively removing the atmospheric phase errors without the
need of self-calibration. With the superior alignment from phase referencing, the core
shift can be more reliably estimated in AGN jets. However, PR observations are limited
to lower frequencies due to the rapid atmospheric fluctuations at higher frequencies and
need close-by, bright calibrators to be available. Observations at higher frequencies can be
used to constrain jet parameters close to the central engine from high-precision core-shift
measurements.

In this thesis I present the concept for PR observations at higher frequencies of 22 GHz
and 43 GHz. The work makes use of the observations at lower frequencies to calibrate
the phases at the higher frequencies, which enables PR at short mm-wavelengths. In
conjunction with conventional phase-calibration with a suitable calibrator, this technique
is termed source-frequency phase referencing (SFPR).

I proposed the first SFPR observations with intercontinental baselines between the
Korean VLBI network and the Yebes telescope in Spain. Due to unforeseen delays in the
observations, in this work I will focus in detail about the principles of SFPR, the source
sample selection, and the observational procedures, providing an outlook on the unique
capabilities of this observing mode.



Zusammenfassung

Supermassive schwarze Locher in den Zentren von radio-lauten aktiven galaktischen Ker-
nen (AGN) kénnen relativistische, kollimierte Plasma-Ausfliisse (Jets) produzieren. Dabei
spielen Magnetfelder eine zentrale Rolle bei der Entstehung und Kollimation dieser Jets.
Die Details sind jedoch noch immer umstritten. Very-long-baseline interferometry (VLBI)
ist ein méchtiges Werkzeug zur Beobachtung der innersten Regionen von Jets in AGN und
konnen Aufschluss geben iiber die physikalischen Prozesse, die die Bildung, Kollimation
und die Emission in Jets antreiben.

Das Hauptziel dieser Arbeit ist es, das Wissen iiber AGN anhand des Quasars 3C 345
zu erweitern, mithilfe von hochmodernen Weltraum-VLBI-Beobachtungen. 3C 345 wurde
iiber mehrere Jahrzehnte hinweg kontinuierlich beobachtet, sowohl mit VLBI als auch
mit einzelnen Radiotelekopen, sowie auch im Rontgen- und Gammastrahlungs-Bereich.
Die allgemein gekriimmte Struktur und die beobachtete Biegung des Jets wurden bere-
its auf spiralférmige Bewegung einzelner Jet-Komponenten und damit auf eine mogliche
prazedierende Akkretionsscheibe um das zentrale schwarze Loch zuriickgefiihrt.

Ich untersuche den Jet in 3C 345 mit RadioAstron, wobei ein VLBI-Netzwerk von einem
10-m Radioteleskop auf dem Spektr-R-Satelliten im Weltraum unterstiitzt wird. Dadurch
kann ich die Quelle bei bisher unerreichter Auflésung von 300 Mikrobogensekunden bei
1.6 GHz kartieren. Fiir VLBI-Netzwerke auf der Erde ist dies in der Regel nur bei 22 GHz
moglich. Es werden Karten sowohl in Gesamt- wie auch linear polarisierter Intensitat
erstellt. Diese offenbaren die komplexe Struktur des Jets in hohem Detail. Die Position-
swinkel der Vektoren des elektrischen Felds (EVPAs) scheinen mit der lokalen Richtung des
Jets weiterstgehend parallel zu verlaufen. Eine Region stromabwérts des Jets wird iden-
tifiziert, die sowohl in Gesamt- wie auch polarisierter Intensitit das Maximum der Karte
bildet. Wahrscheinlich zeigt dieses eine Schockfront, die sich stromabwarts des scheinbaren
Anfangs des Jets (des VLBI-Kerns) befindet, der selbst-absorbiert und depolarisiert ist.

Im Weiteren untersuche ich die Daten in Verbindung mit einem Multifrequenz-Datensatz
von erdgebundenen VLBI-Netzwerken bei 5, 8, 15, und 43 GHz. Aus diesen ergibt sich
durch das beobachtete steile Spektrum ein optisch dicker Kern bei allen Frequenzpaaren.
Der Spektralindex nimmt wie erwartet entlang des Jets ab. Im speziellen zeigt die Spek-
tralindexkarte zwischen 1.6 und 15 GHz, die die hochste Auflésung in dieser Studie hat,
einen Anstieg des Spektralindexes an der Position der hochsten Intensitéit, was die An-
nahme eines Schocks unterstiitzt.

Dazu untersuche ich mogliche Faraday-Rotation in der Quelle. Dabei wird ein méafig
hohes Rotation Measure (RM) gezeigt, das in der Gréflenordnung etwa zwischen 10 und
100 rad m? liegt. Dies rotiert die beobachteten EVPAs bei 1.6 GHz so weit, dass sie nun an
der Stelle des Schocks eher senkrecht zur Ausbreitungsrichtung des Jets stehen, wahrend
sie im Kern parallel sind. Ein Anstieg des RM stromaufwérts des Jets wird ersichtlich,
was den Anstieg in Teilchendichte und magnetischer Flussdichte widerspiegelt. Interessan-
terweise wird zudem ein Vorzeichenwechsel des RM beobachtet, was fiir einen poloidalen
Anteil des Magnetfeldes spricht, und auf ein spiralférmiges Magnetfeld hindeuten kénnte.



Die Untersuchung der raumlichen Verschiebung des VLBI-Kerns mit der Frequenz
zeigt, dass die Verschiebung, die von den RadioAstron-Daten gemessen wurde, hochst-
wahrscheinlich methodisch unterschétzt wird. Die anderen Frequenzen zeigen Verschiebun-
gen, die gut mit der Gleichverteilung der Teilchen- und Magnetfeldenergie in der Kern-
region vereinbar sind. Die hieraus hergeleiteten magnetischen Flussdichten stimmen mit
fritheren Studien tiberein. Ein Vergleich der Teilchendichten, die aus der Kern-Verschiebung
und der RM-Analyse berechnet werden, deutet auf externe Faraday-Rotation von Materie
um den Jet herum hin.

Im Allgemeinen fithrt die Anwendung von Selbst-Kalibration in VLBI-Beobachtungen
zum Verlust der absoluten Raumkoordinaten der so erhaltenen Karte. Deshalb erfordert
eine Ausrichtung von Karten bei verschiedenen Frequenzen die Prisenz von optisch diinnen
Komponenten im Jet, deren Position sich nicht mit der Frequenz dndert. Diese Methode
neigt allerdings zu systematischen Unsicherheiten, die die Genauigkeit der Bestimmung
der Kern-Verschiebung mafigeblich beeinflussen.

Eine Losung bieten Phase-Referencing(PR)-Beobachtungen. Dabei wird eine am Him-
mel in der Néhe befindliche Kalibrationsquelle mit der Zielquelle zusammen beobachtet,
um spéater die Phasenkorrekturen der Kalibratonsquelle auf die Zielquelle zu iibertragen.
Damit kénnen die Phasenfehler durch die atmosphérischen Schwankungen korrigiert wer-
den, ohne dass es der Selbst-Kalibration bei der Zielquelle bedarf. Mit dieser Methodik
kann die Verschiebung des Kerns besser bestimmt werden. Allerdings ist die Anwendung
von PR-Beobachtungen auf niedrige Frequenzen limitiert, durch die schnelleren atmo-
sphérischen Schwankungen und die limitierte Verfiigbarkeit von Kalibrationsquellen bei
hohen Frequenzen. Beobachtungen bei hohen Frequenzen werden jedoch benstigt, um
die Kern-Verschiebung und damit physikalische Parameter nahe des zentralen schwarzen
Lochs zu bestimmen.

In dieser Arbeit présentiere ich daher das Konzept fiir PR-Beobachtungen bei hoheren
Frequenzen, ndmlich bei 22 und 43 GHz. Dabei werden die schnellen atmosphérischen
Schwankungen zum Teil dadurch ausgeglichen, dass die Phasen von der niedrigeren Beobach-
tungsfrequenz fiir die hohere Frequenz angewandt werden. Damit sind grundsétzlich
PR-Beobachtungen bei mm-Wellenldngen moglich. Zusammen mit konventionellen PR-
Beobachtungen nennt sich das Verfahren source-frequency phase referencing (SFPR).

Ich habe einen Beobachtungsantrag fiir die ersten SFPR-Beobachtungen mit interkon-
tinentalen Basislinien gestellt, der vom Korean VLBI network in Korea und dem Yebes-
Telescope in Spanien angenommen wurde. Durch unvorhergesehene Ereignisse verzogerten
sich die Beobachtungen, jedoch gehe ich im Detail auf den Beobachtungsplan ein, der die
Auswahl der Quellen und die Beobachtungsprozeduren beinhaltet. Ich gebe dabei einen
Ausblick auf die Moglichkeiten, die diese Beobachtungen als Wegbereiter ertffnen.
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Chapter 1

Introduction

This chapter shall provide the necessary scientific context for the understanding of the
analysis presented in the following chapters of this thesis.

1.1 Active Galactic Nuclei

1.1.1 A brief history

Until the early 20th century, astronomers were still debating about the nature of diffuse
nebulae in the sky, that were clearly not stars. Only with the discovery of variable stars
in NGC 6822, Edwin Hubble could argue in 1925 that many of these objects are actually
too distant to be of galactic origin (Hubble 1925). He later published his famous “Hubble
sequence”, classifying these nebulae into spirals, ellipticals and irregulars (Hubble 1926).
That was followed up by his “Hubble sequence”, relating the velocity with which the
nebula is receding from us to its distance, v = Hyd (Hubble 1929). This defines the
Hubble constant Hy. The spectra of the observed nebulae, now known to be other galaxies,
contained mostly absorption lines from the stars in them.

However, already in the early 20th century, emission lines were detected in the nebula
NGC 1086 by Fath (1909), and were later shown to be very broad by Slipher (1917),
already hinting at very fast gas motions of 3600kms~' in the centre of this galaxy. This
was also observed for NGC 4151 (Campbell and Moore 1918), with even faster gas motions
(7500 kms~—! = 0.025 ¢, with ¢ being the speed of light).

In 1943, Seyfert (1943) presented data from more galaxies with broad emission line
spectra, where the emission came from a notably small region in the centre. To date,
millions of those objects have been found, and are termed Seyfert galaxies. It was later
shown that there are two distinct classes of Seyfert galaxies, termed type-1 and type-2
Seyfert galaxies. The former show both broad and narrow emission lines, while for the
latter, they show only narrow emission lines (500 — 1000kms™!). It was already argued
that the narrower emission lines should come from a region some 100 pc away from the
central radiation source, while the broader emission lines have to come from much closer
(< 0.01pc). The central radiation source had to be even smaller in size, and radiate power
in the range of (10*3 — 10%) ergs—! (1 erg = 1077 J). All this suggested exceptionally high
dynamical masses (~ 10 Mg) in the centres of these galaxies.

In the 1960s, a number of bright, unresolved sources in the optical were discovered,
and due to their brightness and variability were thought of as stars, termed QSOs (quasi
stellar object). During the same time, the number of detected radio sources increased by
a large amount with the third Cambridge catalogue. 3C 273 was the first object where a
cross-identification between the unresolved QSO in the optical and the quasi-stellar radio
source (quasar) was done (Schmidt 1963). Due to the highly redshifted emission lines, it
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became obvious that the source lies at a cosmological distance. Only about 10 % of QSOs
were observed to have radio counterparts, and were termed radio-loud.

Advances in technology resulted in the emergence of radio interferometers, which in-
creased the originally poor resolution and the sensitivity of radio telescopes by orders of
magnitude. One of the most prominent and archetypical radio sources is Cygnus A. It was
discovered in 1944 by Grote Reber, one of the pioneers of radio astronomy. It is the second
brightest radio source on the sky after the supernova remnant Cassiopeia A. Fig. 1.1 shows
an image observed with the Very Large Array (VLA) in the 1980s. The double structure
could only be seen with radio interferometers, and only with the sensitivity of the VLA,
the stream of emission between the “radio lobes” could be seen.

This phenomenon was soon connected to much earlier observations of the galaxy
Messier 87, where Curtis (1918) observed a collimated jet emanating from the nucleus
of the galaxy (see Fig. 1.4). Baade (1956) then observed the polarisation properties in this
jet, supporting the scenario that the emission is synchrotron radiation. Later observations
revealed that the optical jet is actually part of a much larger radio jet (see Fig. 1.3).

All these phenomena were later connected to the same kind of physical objects in the
framework of the unified scheme of AGN.

Figure 1.1: Cygnus A observed with the VLA at 5 GHz (Perley et al. 1984). The image clearly
shows the double structure of the source, with the kpc-scale jets connecting the central engine with
the radio lobes (Credit: Chris Carilli, NRAO/AUI).

1.1.2 The unified scheme

In the unified scheme (Urry and Padovani 1995), the different sources described in the
previous section are tied to the same kind of physical object, where its orientation with
respect to the observer explains the different observed properties. I will outline the basic
constituents of these active galactic nuclei (AGN), which can be seen in Fig. 1.5.

Nowadays, the centres of the majority of, if not all, galaxies of sufficient mass are
thought to host in their centre a supermassive black hole (SMBH), a black hole (BH) with
mass roughly between 10% and 109 M. Infalling matter, due to its own angular momentum
will form an accretion disc around the black hole and gets heated up to temperature of
millions of Kelvin due to friction. The disc shines bright in optical up to X-ray energies.
The luminosity is limited by the Eddington luminosity, which limits the luminosity of any
accreting object:
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Figure 1.2: Composite image of Cygnus A at different scales and radio frequencies (Boccardi
et al. 2017).
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Here, M denotes the mass BH mass, G is the gravitational constant, my, is the proton
mass and ot is the Thomson cross section. This limit effectively states that if the radi-
ation pressure gets too high due to increasing luminosity, it becomes stronger than the
gravitational pull of the central object, terminating the accretion and thus decreasing the
luminosity again. The limit on luminosity ultimately sets a limit on the mass accretion
rate as well. Still, accretion onto a SMBH is the most efficient mechanism to convert
rest-mass into energy known to date.

The SMBHs are generally thought to rotate, i.e. they can be fully described by the
Kerr metric, with their mass and their dimensionless spin parameter a = Jops/Jmax. The
maximum spin for a Kerr black hole is Jyax = GM?/c, then a = 1. Here, G is the
gravitational constant, M is the mass of the central object, and c is the vacuum speed of
light. Close to the BH, the accretion disk aligns with the direction and rotational axis of
the BH spin due to frame dragging effects.

Surrounding the accretion disk is a dusty torus, the exact geometry and composition of
which is still not well understood. It consists of gas and dust, and obscures the radiation
from the BLR for type-2 Seyfert galaxies, so only the emission from the NLR is visible. It
has been argued that the torus has a more clumpy shape than what is depicted in Fig. 1.5
(Elitzur 2007).

Only a fraction of about 10% of AGN is observable in the radio as stated in the
previous section. Their ”radio-loudness” or ”radio-quietness” is most likely tied to the
existence or absence of a relativistic jet (see Sect. 1.2) (Urry and Padovani 1995; Padovani
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2017). When the jet of an AGN is closely algined with the line of sight to the observer,
the objects are referred to as blazars. They are further catogatrised in BL Lac objects
(named after the progenitor, BL Lac) and flat-spectrum radio quasars. They mainly differ
in the appearance or lack of emission lines and their luminosity (see Fig. 1.8).

25,000 pc 0.5 pc 0.05 pc 0.005 pc

Figure 1.3: Radio view of M 87 at different scales and radio frequencies (Composite image taken
from Blandford et al. 2019). Credits from left to right: (a) NRAO, 90-cm Very Large Array
(VLA); (b) NRAO, 20-cm Very Large Array (VLA); (¢) NRAO, 20-cm VLBA (Cheung et al.
2007); (d) NRAO, 7-mm Very Long Baseline Array (VLBA) (Walker et al. 2018); (e) 3-mm Global
Millimeter VLBI Array (GMVA) (Kim et al. 2018); (f) 1.3-mm Event Horizon Telescope (EHT)
(Event Horizon Telescope Collaboration et al. 2019b).

1.2 Relativistic Jets

Relativistic jets refer to a collimated outflow of relativistic particles. The term “colli-
mated” is not uniquely defined, but one can think of it as the jet having a sufficiently
small opening angle ¢, where the transverse width of the flow R is much smaller than
the length of the flow r (¢ = arctan(R/r)). AGN jets have total power between 10%3 and
10*8 ergs™!, and this power can even exceed that provided by the gravitational potential
of the central object (Ghisellini et al. 2014).

Jets are observed in different astrophysical environments, such as protostars or X-ray
binaries, but I will focus solely on the basic properties of AGN jets here. For a recent,
more detailed review, the reader is referred to e.g., Blandford et al. (2019).

1.2.1 Jet launching

The formation of jets is tied to the AGN in the centre of galaxies. They are thought to be
produced close to the central engine, the SMBH, on scales of a few 100 gravitational or
Schwarzschild radii, r; = 2GM /c2. To date, single models of jet launching have difficulties
explaining all the observed properties of AGN jets. In general, accelerating particles to
relativistic speeds requires strong pressure gradients, for which thermal pressure is not
sufficient. Therefore, jet launching models include magnetic pressure gradients (see e.g.,
Meier et al. 2001; Zamaninasab et al. 2014)). For an illustration of these processes, see
Fig. 1.7. The basic principle is the extraction of energy via a magnetic torque and its
conversion to Poynting flux. For many of the jet launching scenarios, a large-scale helical
magnetic field is then expected around the jet (Fig. 1.7). The two main jet formation
mechanisms that have emerged in the last decades are:
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e The Blandford-Payne (BP) mechanism: Blandford and Payne (1982) introduced
that relativistic jets may be launched from the accretion disc surrounding a SMBH.
A poloidal magnetic field can be anchored in the rotating, conductive accretion disk.
Due to the differential rotation, the magnetic field lines are wound up, effectively
creating a magnetic torque that can accelerate particles along the field lines.

e The Blandford-Znajek (BZ) mechanism: Blandford and Znajek (1977) described
the scenario where the jet is launched from the rotating magnetosphere, also termed
ergosphere, of the SMBH itself. They showed that energy can be efficiently extracted
from the rotation of the SMBH via the Lense-Thirring mechanism or the Penrose-
mechanism (Penrose and Floyd 1971). The BZ mechanism results in a narrower jet
compared to the BP-mechanism.

The formation mechanisms are not mutually exclusive. In fact, recent observations
provide hints that in some sources, both mechanisms may be at play (see e.g. Giovannini
et al. 2018). The formation of jets is also tightly coupled to the physical conditions in the
accretion flow.

Narrow Line

Region
/ Broad Line

Region

Accretion
Disk

a

Obscuring
Torus

Figure 1.4: The elliptical galaxy M87 and  Figure 1.5: Unified scheme of AGN (original
its optical jet as observed by the Hubble Space by Urry and Padovani 1995, taken from Klein
Telescope. The image size is ~ 2300 x 2300pc  and Fletcher 2015).

(Credit: NASA and The Hubble Heritage

Team).

1.2.2 Collimation and acceleration

After the initial formation of the jet, the material propagates down the jet direction. The
jet can be assumed to be a stationary, adiabatic flow propagating within some ambient
medium. Close to the black hole, the jet is likely confined by either an ion-supported
torus, or by gas winds from the accretion disk (Blandford et al. 2019). If the jet consists
of charged particles, a toroidal magnetic field will form due to the axial current that
can also support the jet confinement. As the jet gradually expands adiabatically, the
pressure in it drops and a point is reached where the jet turns supersonic, at the so-called
(magneto-)sonic point. After this point, the Poynting flux is gradually converted to bulk
kinetic energy as the jet propagates and expands further (Blandford and Rees 1978). At
this point, the jet is mostly confined by ambient gas pressure in the host galaxy. Most jets
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show a conical expansion profile, however very-high-resolution observations, e.g. in M87
(Nakamura and Asada 2013) show that the jet may expand with a parabolic shape in the
inner ~ 100 pc, and later transition to conical expansion.

Disk  Corona Poloidal magnetic field Shock
e /

Acceleration, colli
02500 ) mation O 5
0 0 © oO © O O O o O
Jog oo 2 o O
© Broad Line Region Narrow Line Region O () © O
102R, 103 R, 10*R 105R, 106R, 107Rg

Figure 1.6: A jet model illustrating the jet launching and collimation and acceleration regions
with a logarithmic scale in gravitational radii R, (Lobanov 2007).

On larger scales, when the jet slows down, it may show substantial interaction with the
interstellar medium (ISM) or intergalactic medium (IGM). This interaction is what likely
causes the Fanaroff & Riley dichotomy, where radio galaxies with twin jets are divided
into FR-I and FR-II sources (Fanaroff and Riley 1974). FR-II sources show jets that are
still collimated on large scales (as Cygnus A shown in Fig. 1.1) and have high luminosities
in the radio lobes where the jets terminate and dissipate their energy into the IGM. FR-I
sources show greater disturbances in their jets and their brightness decreases with the
distance along the jet (an example is M 87, as depicted in Fig. 1.3).

1.2.3 Jet composition

Jets could in principle contain either protons and electrons, or electrons and positrons
(pair plasma). Protons are more difficult to accelerate to relativistic speeds due to their
higher rest mass compared to electrons, although the required energies might be present
in AGN (e.g. Ghisellini et al. 2014). Relativistic protons would also be necessary for
hadronic processes leading to y-ray production. In most cases, pair-plasma dominated
jets are favoured (e.g., Wardle et al. 1998; Hirotani 2005). However, this is challenged
by the recent neutrino detections from blazars, which requires hadronic processes to take
place (e.g., Kadler et al. 2016; Ros et al. 2020). In any case, it has been proposed that
the jets could, in some cases, consist of an inner jet composed of a highly relativistic pair
plasma, which is surrounded by a mildly relativistic e™-p jet (Sol et al. 1989; Klein and
Fletcher 2015).

1.3 Emission mechanisms

As charged particles are accelerated, they will emit radiation as described in classical
electro-magnetic theory. For details the reader is referred to any book about classical
electrodynamics (e.g. Jackson 1999).
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Figure 1.7: Left: A three-dimensional simulation of a magnetised jet. The flow velocity is
depicted with arrows, while the magnetic field is displayed with metallic tubes (taken from Meier
et al. 2001). Right: An MHD (magneto-hydrodynamic) simulation highlighting the magnetic field
lines. After being initially poloidal, the accretion flow around the black hole drags the field lines,
which produces a magnetic torque that can efficiently accelerate particles (taken from Meier et al.
2001).

This acceleration may be caused by the electron moving at thermal speeds (meaning
they have a Maxwellian velocity distribution described by a temperature T') in an ionized
region, where it is accelerated by the electric field of the surrounding ions. This free-free
radiation or Bremsstrahlung has a distinct spectral shape, yielding I,, oc v? for the optically
thick (7, » 1) and I, ocv=%! for the optically thin (7, « 1) case. I denote with I,, the
intensity or surface brightness of a source, which is equal to the power P radiated into a
solid angle ) per unit surface A and unit frequency v:

P

b= qvaodaa- (1.2)
The optical depth 7, is defined in the equation of radiative transfer,
I, =5S/(T)-(1—e ™), (1.3)

and is the line of sight integrated absorption coefficient k,: 7, = {kds. S, denotes the
source function and is described by emission and absorption according to Kirchhoff’s law
€
S, = ?VV (1.4)
where €, describes the emissivity. In case of local thermodynamic equilibrium, S) takes
the form of a blackbody spectrum B, following Planck’s law:

203 1
By = 02 “he (15)
eksT —1
and in the low-frequency limit hv « kgT
2kpv?
B, =8V 7 (1.6)
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In radio astronomy, the temperature in Eq. 1.6 is often referred to as brightness tempera-
ture, and is used as a proxy for the source brightness. In case the radiation is non-thermal,
the term temperature loses its physical meaning, but is nevertheless commonly used to
describe the brightness of a source. In the following I will focus on non-thermal emission
mechanisms.

1.3.1 Synchrotron emission

Synchrotron emission is produced when relativistic particles are accelerated in a magnetic
field. Particles are considered relativistic when their velocity v approaches the speed of
light ¢: 8 = v/c < 1. They then have Lorentz factors v = (1 — (v?/c?))7%5 » 1.

For an accelerated electron with velocity E with an angle 6 between E and the nor-
malised line of sight vector 7 = R/R, its electric field is given by

-,

Goc.ix(@=Hxp (1.7)
¢ R(1—pBcosh)3
where e is the electron charge, f is the particle acceleration and R = |Ff| (see Klein

and Fletcher 2015). Note that here and in the following Chapters, I stick to cgs units
(Gaussian system), which are commonly used in astrophysics. The radiation flux is given
by the Poynting vector

C —

ExB="|F?xn (1.8)

5:7,
4 4

Then, the power P that is radiated into a solid angle € per frequency and time is

_13 o _ € | x((—B) x B
= 15]- (1= Beost)R" = dre (1—pBcosh)®

dP, ()
dQ

(1.9)

Integrating this power over the whole solid angle of a sphere and taking into account the
distance to the observed particle, the radio flux density 5, would be

P, = 47R*S, . (1.10)

From Eq. 1.9, what is called relativistic boosting or Doppler boosting already becomes
clear: For 8 < 1 and small 8, the radiated power can become exceedingly large.

For a charged particle moving with a pitch angle x,, with respect to the magnetic field
B, it will be subject to the Lorentz force:

mﬁzm-(ﬁxw‘i):—g-(ﬁxg}, (1.11)
c

where m = ymy is the particle mass (mg being the rest mass). Here, wy, is the Larmor
frequency (or gyration frequency) in the centrifugal force because of the circular motion
of the particle in a (uniform) magnetic field. This is illustrated in Fig. 1.9. With ¢ now

being the angle between 77 and B , as 5 L ,67, Eq. 1.9 can be rewritten as

. sin? 6 cos? ¢
dPynen(t) _ €*0® 1~ P(-peoso) (1.12)
dQ dred3 (1 —Bcosh)d - '
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Figure 1.8: Energy spectra of different AGN. The y-axis shows the monochromatic luminosity.
The plot illustrates the “blazar sequence” (see text for details), showing, from top to bottom: a
high-powered flat-spectrum radio quasar (red), a low-energy peaked BL Lac object (BLL) (LBL,
pink), a medium-luminosity intermediate-energy peaked BLL (IBL, green), high-energy peaked
blue BLL (HBL, light blue), and a low-powered extreme HBL/TeV (dark blue) blazar. After
Fossati et al. (1998), taken from Blandford et al. (2019).

The integration over solid angle then yields

2 e , 2 ¢t
Pomenll) = 377 = 33,3

v 3?B? = 207y f2up . (1.13)

Here I defined both the magnetic field energy density up = ]83;; and the Thompson cross-
2

section o = 87re/3 with the electron radius r, = me?

Magnetic

Spiraling
electrons

Figure 1.9: Artistic representation illustrating a charged particle gyrating in a magnetic field
(Credits: Jon Lomberg/Gemini Observatory).

With a proper Fourier analysis one arrives at the frequency dependence of the radiated
power:

v/3e3 v [®
Papen (1) = Bsinyy -~ | K:p(x)de, 1.14
) = S By L[ Kol (114)
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3v%eB B 1
4rme  2/3At
function. At’ is the time width of the pulse of radiation in the observer’s frame, which
relates to the one in the source frame as

where v, = is the critical frequency, and K3 is the modified Bessel

At = Azt (1.15)
Y
Equation 1.15 shows that the synchrotron frequency spectrum is shifted to higher fre-
quencies by a factor of 42, which is why synchrotron radiation can be observed at radio
wavelengths for particles with v ranging from a few 100 to a few 10000.
Now let us consider that the radiation is coming from an ensemble of particles. The
energy spectrum of such an ensemble in an energy range between Fi, an Fy.x is assumed
to have a power-law distribution:

N(E)dE = A- E9dE (1.16)

where NN is the particle number density, I/ the particle energy and A is a normalisation
constant. The power-law distribution is well-established, e.g. by measurements of cosmic
ray energy spectra on Earth, with g = 2.4 (Klein and Fletcher 2015). This may differ in
different physical environments. For example, the spectrum steepens in regions of lacking
constant energy supply.

The total emissivity of an ensemble of particles is then
1 Emax
v =— P(v)- E9dE. 1.17
= ) (1.17)

min

First, I consider the optically thin case, with 7, « 1. Then one can approximate Eq. 1.3
to

I, =S,(T) -7, (1.18)

In this case, with the important assumption that the absorption does not depend on
location, the absorption coefficients cancel, and

Eln‘lx
I, = J eyds = J f - E9dsdE (1.19)

Solving this integral then yields the synchrotron spectrum:
I,cBy “-v* form, «1, (1.20)

with a = (1 — g)/2 being the spectral index and B is the magnetic field component
perpendicular to the particle motion.

1.3.2 Synchrotron self-absorption

In general, one has to consider absorption as well, where for synchrotron radiation,
synchrotron-self-absorption (SSA) might play a role in the emitting region. In this case,
7, » 1, and one can equate I, with the source function S,. This requires a definition of
the Einstein coefficients of absorption and stimulated emission, and after some algebra,
one arrives at

Lo B[YV* .02 for 7,5 1, (1.21)
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The resulting spectrum is displayed in Fig. 1.10. In addition to the above calculations,
any synchrotron spectrum will display a cutoff frequency above which the spectrum falls
of exponentially. This is a natural consequence of the finite particle energy spectrum, and
variations in this cutoff frequency can show particle energy losses.

One can quantify the radiation losses by setting Psynen = —%E and integrating to define

the time where the particles have lost half of their energy:
tipoc BPET!, (1.22)

where F is the initial particle energy. For an electron with v = 2000 in a magnetic field
of 1 G, which are typical for relativistic jets, the electron will lose half of its energy within
three days. therefore substantial particle re-acceleration is needed to sustain the particle
energies up to kiloparsec scales.

It is important to revisit the concept of brightness temperature at this point. From
Eq. 1.6 one defines the brightness temperature T3, as

)\2
Ty =—-1,. 1.23
b 2]{3]3 v ( )

Relativistic particles are not in a thermal equilibrium, so that their velocity distribution is
not Maxwellian and at first glance, a temperature can not be assigned to such an ensemble
of particles. However, one can still define the temperature for a relativistic Maxwellian
distribution as

ymec?

T = 1.24
k 3kB ; ( )

where this kinetic temperature is assigned to particles with an energy E = ymc?. This can
be used because the spectrum of these particles is peaked at the critical frequency, so the
emission and absorption processes at a frequency v are associated with particles of about
the same energy. A relativistic electron gas will reach an equilibrium state only after a
long time because particle densities are low and interactions not frequent. For low enough
frequencies, one expects the brightness temperature T to reach the kinetic temperature
as defined in Eq. 1.24 as self-absorption becomes important.

A turnover

optically thin
emission

self-absorbed
region

radiation
losses

intensity (log)

frequency (log)

Figure 1.10: Synchrotron spectrum resulting from an ensemble of electrons with a power-law
energy distribution (taken from Angioni 2018). The spectral index o will take values around —0.7.

1.3.3 Inverse Compton emission

Given an initial radiation field with energy density u.,q, the photons can get up-scattered
to higher energies by charged particles. This is the inverse of the Compton scattering,
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where a photon scatters off an electron. On average, the photon will increase its energy
by a factor of the order of 72 of the electron. The radiative energy density is given by
integrating the intensity over all solid angles and frequencies,

Uy = © J f 1,dvdQ) . (1.25)
C JyJa

The derivation of the radiated power of a single particle in the inverse-Compton (IC)
process is similar to the one explained in Sect. 1.3.1, and is given by

PIC = %UTcyzﬂzurad, (1.26)
where one can see again the Thomson cross section o1 defined in Eq. 1.13. The initial
radiation field can be produced in different environments. For example, the radiation field
could come from the synchrotron radiation explained in Sect. 1.3.1. The photons in it are
then inverse-Compton scattered by the very particles that give rise to the synchrotron ra-
diation. This process is therefore termed as the synchrotron self-Compton (SCC) process.
The radiation field can also be external, coming from the accretion disk, the dust torus or
the BLR, in which external IC takes place.

From Eq. 1.26 and 1.13 one can see that Pyyna, and Pic have the same dependencies
and
Doynh _ up (1.27)
PIC Urad
Deriving the intensity emitted by an ensemble of particles yields the same frequency de-
pendence as the synchrotron spectrum. The IC emission is visible as the second peak at
higher frequencies in Fig. 1.8, and can be the cause for emission up to y-ray energies. How-
ever, at very high energies, hadronic processes might also play a role, as indicated by recent
neutrino detections (see Kadler et al. 2016; Ansoldi et al. 2018; Britzen et al. 2019; Plavin
et al. 2020, 2021; Ros et al. 2020). I refer the interested reader to the aforementioned
sources, as in this thesis, hadronic processes are not treated.

1.3.4 Relativistic effects

We already saw the time dilation effect in Sect. 1.3.1, but there is a multitude of relativistic
effects like relativistic beaming and boosting. In general, relativistic effects start to be
significant when particles have velocities v > 0.1c.

In the following, when referring to the jet bulk motion, the Lorentz factor is denoted
by a capital I', while for single particles it is denoted by . The bulk jet speed I denote
with a subscript §j, while the particle velocity is denoted as §3.

In special relativity, when a particle is moving close to the speed of light with respect
to an observer, the time dilation and length contraction will lead to an observer seeing a
different radiation pattern than what is seen in the source frame. The radiation pattern is
then strongly beamed into the direction of the particle’s movement, with a critical angle

Ocrit ~ — . (1.28)
crit v

This also leads to a boosting or de-boosting of the flux density for an ensemble of
particles approaching or receding from the observer. I again denote quantities in the
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Figure 1.11: Geometry of apparent superluminal motion (Schinzel 2011).

source frame as primed, and the quantities in the observer’s frame without prime. Then
for the solid angle
_Q

==, (1.29)

[«

with the Doppler factor § = (I'(1 — Bjcos0))~!. To transform the time ¢, one has to
consider the time dilation as At = I'At’. In addition, one has to incorporate the fact that
the emitting source of radiation will have moved in the time interval between emitting the
photon and the observer measuring the photon. Then it is imperative

= % (1.30)
and thus
VvV =0v. (1.31)
Following that,
I’ =81,. (1.32)
The flux density .S, is the intensity integrated over the source solid angle, and thus
S, = 8§, (1.33)

where a accounts for the shape of the spectrum from Eq. 1.20.

Another effect are apparent superluminal velocities of source components moving at
relativistic speeds with small angles with respect to the line of sight to the observer, as is
the case for blazars. If one considers a source of radiation moving between points B and
B’ towards an observer (see Fig. 1.11), then for the time interval between those points
measured by an observer it is apparent that

At =tg —tp, (134)
with
D witcosd
ty = — — 2N and (1.35)
C C
D
tp = — — 4t (1.36)
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where the time interval §t is given in the source frame. Here the distance D from the
observer to the source is assumed to be much larger than the distances covered by the
source moving in the covered time ranges. Then

At = 6t(1 — Bcosh), (1.37)

Consequently, the apparent velocity as projected on the sky is:

votsing  Bsinf

Papp = P1 = cAt  1—fcosf’

(1.38)

The geometry is illustrated in Fig. 1.11 and the magnitudes of the relativistic effects are
shown in Fig. 1.12.
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Figure 1.12: Values of the Lorentz factor I', Doppler factor § and apparent speed Bapp as a
function of the speed S, for different source viewing angles.

1.4 Polarisation

1.4.1 Polarisation states of an electromagnetic wave

For an electromagnetic wave with an electric field vector E propagating in a direction z,
its components in the x-y-plane can be written as

E, = Ey, - cos(kz —wt + 1) (1.39)
E, = E, - cos(kz — wt + 02), (1.40)

where k denotes the wave vector, w = 27v the frequency and §; and Jo are arbitrary phase
shifts. One can already see that E will produce a helical motion in the wave propagation
direction, depending on the phase difference § = d5 — ;. The most general form is an
ellipse with the ellipse equation

2 2
(Ew ) + <Ey> — QL? .cosd = sin?4. (1.41)

E:Eo Eyo EmO Yo
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Different polarisation states arise from the phase difference §. In general, its value describes
elliptical polarisation. For § = n - 7 with n € Z, the ellipse collapses to a single line and
one speaks of linear polarisation. For 6 = m - 5 with m € Z A m # 0, one has circular
polarisation, with the sign determining the handedness. For m > 0, the polarisation
circle rotates in a clockwise sense as seen from an observer towards whom the wave is
propagating. In this case, one speaks of right-hand circular polarisation (RCP). On the
other hand, for m < 0, the polarisation circle rotates in a counter-clockwise sense, and in

that case, one speaks of left-hand circular polarisation (LCP).

.
\ *

Figure 1.13: Polarisation ellipse (from Klein and Fletcher 2015).

The resulting polarisation ellipse is shown in Fig. 1.13. One can transform to another
more convenient coordinate system along the directions of the ellipse’s major and minor
axis, £ and 7. It is then described by the amplitudes E¢ and E, as well as the angle ¢
(the rotation angle of the ellipse) and y (defining the ellipticity):

E¢ = Eg, - cos(kz —wt +6) = B, - cosy + L, sin) (1.42)
E, = E,, -cos(kz —wt +6) = —E, -siny + E, cos. (1.43)

One can redefine this coordinate system using the convenient description with the Poincaré
sphere (see Fig. 1.14) and the four Stokes parameters I, @, U and V, as follows:

I=58=F+E},

Q =S5 -cos2ycos2y,
U=5-cos2xsin2y and
V =5 sin2y,

where S denotes the Poynting flux again (equalling the total intensity I). Every point on
the Poincaré sphere describes a unique polarisation state of the electromagnetic wave. If
the wave is in the (@, U)-plane, it is linearly polarised with a polarisation angle of 21).
The poles are circularly polarized, with the northern hemisphere corresponding to RCP
and the southern one to LCP, and all the other states correspond to elliptical polarisation
with an amount of circular polarisation defined by x.
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In this convenient polarisation base, the Stokes parameters are given in terms of the
quantities defined in Eq. 1.40:

I=E; +E, (1.48)
Q=E. —E. . (1.49)
U=2-E, E, -cosé and (1.50)
V=2-E,FE, -sind. (1.51)
Or rather, in terms of superposition of the RCP and LCP components:

I=E} +E2, (1.52)
Q=2-E,E,, -sind, (1.53)
U=2-EE,, -cosd and (1.54)
V=E -E.. (1.55)

V4

&

I k] x
\}435” J 2%, : \I:N”
N T y
l & [ > 1 )
“\ ‘\ {\Y : | ’, / VL
\ 0° \:\ : ‘Q, /
\ N
o T S TR NN, | / /
\ w )
\\ \ U ) //

Figure 1.14: Poincaré sphere (from Klein and Fletcher 2015).

In the following, I define I as the total intensity, while P = 4/Q?2 + U? is the linearly
polarised intensity, and V' is the circularly polarised intensity. In the course of this work,
I will refer to the fractional linear polarisation as m = P/I.

1.4.2 Polarised synchrotron emission

In the following, I will give a brief explanation of the concepts of polarisation of synchrotron
emission. For a detailed treatment I refer the reader to Longair (2011).

First I consider non-relativistic particles gyrating in a magnetic field, which have a
broad radiation pattern, and an observer will observe linear polarisation if B 1 . As
before, 7 denotes the line-of-sight vector. Circular polarisation will be observed if B || 7,
and elliptical polarisation for angles in between.

Now if one considers that the particles are highly relativistic, then one particle will
form a velocity vector in the form of a velocity cone, the opening angle of which is twice
the pitch angle x,. The angular width of the velocity cone will be 1/v. This is illustrated
in Fig. 1.15. Significant radiation is only observed if the velocity vector has a small angle
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with respect to the line of sight to the observer, so if approximately ¥ || 7. In case it exactly
coincides with the line of sight, an observer will see linear polarisation. The geometry is
illustrated in Fig. 1.16.

This is because in this case, the wave vector k | ¥, and so E | ¥ x B. This can also
be clearly seen from Eq. 1.7. The radiation pulse is only observed for a short time oc 1/42,
so the acceleration vector does not change significantly while one observes it, as the time
is much shorter than the gyration frequency. If k }f ¥, then there will be a component of
E parallel to B. Subsequently, one will observe elliptical polarisation, as E) and E have
different time dependencies within each radiation pulse. The handedness then depends
on whether the line of sight lies inside or outside of the velocity cone. However, for an
ensemble of particles, those will contribute equally with velocity cones on both sides of the
line of sight, effectively cancelling out the elliptical component (which is only true because
the beam is very narrow, # oc 1/v). In the end, the polarisation is linear, with a degree of
polarisation (Longair 2011):

g+l l1-a

m=-—==+—", (1.56)
gtz 3@
for the optically thin case. On the other hand, for the optically thick case
1 1
= = . (1.57)
2g + ? 1—39 — 4o
The dependence on « in Eq. 1.56 is not too strong, with m = 75% for a = —1 and

m = 60% for a = 0. One expects a theoretical maximum in the range of these values,
so in principle, m > 75% is not possible. Here the case of a uniform magnetic field is
assumed. If the field has a random component as well, the degree of polarisation will
decrease accordingly.

For the optically thick case in Eq. 1.57, one expects m = 6% with a = 5/2. In an
optically thick region, synchrotron photons are much more likely to be absorbed. If one
considers the linearly polarised wave as a superposition of a component perpendicular and
parallel to the magnetic field, the parallel component then has a higher chance of being
absorbed. In this case, the perpendicular component will be left, resulting in the fact that
the observed electric field is parallel to the magnetic field.

1.4.3 Faraday rotation

When a linearly polarised electromagnetic wave passes through a magnetised plasma with
some magnetic field component parallel to the propagation direction, B, the wave will
experience a rotation Ay of its linear polarisation angle yg by

3

So
X =Xo0+Ax =x0+ )\QJ neBHds =xo+ RM - )\2, (1.58)
0

et
where I have defined the rotation measure RM, in cgs units. n. is the electron density,
and the integral is performed along the line of sight sg through the plasma. The rotation
is due to the fact that one can view the linearly polarised wave as a superposition of two
circularly polarised waves, RCP and LCP. Both components will experience a different
phase shift due to their handedness, and will thus produce a net linear polarisation angle
change. The RM in Eq. 1.58 can also be given in convenient astronomical units:

S

0 B dr
a1 108 ne H a
RM =8.1-10 fo (Cm_3) (G) (pc) radm™2, (1.59)
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the pitch angle is denoted as « here, Figure 1.16: Geometry of the velocity cone of a relativistic
particle moving in a magnetic field (from Longair 2011).

while I denote it as xp.

where the magnetic field strength is given in Gauss and the distance in parsec.

Polarisation vectors are in fact not proper vectors, as they have a nm degeneracy.

In other words, a polarisation vector can not be distinguished from one that is rotated
by 180°. Subsequently, determining the RM requires measurements at at least three
If the

wavelengths to avoid the degeneracy. The problem is illustrated in Fig. 1.17.
polarisation vectors are shifted by a certain amount of rotations, one can substantially

change the estimated RM.
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Figure 1.17: Measurements of the polarisation vectors can be rotated by an arbitrary amount of
rotations by 180 ° to yield a different RM value (from Klein and Fletcher 2015).
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1.4.4 Depolarisation effects

Due to the nature of Faraday rotation, significant depolarisation might happen in a source,
so that the actual theoretical limit imposed by Eq. 1.56 is almost never reached.
In the following, it us useful to define the Faraday depth & as

o3 oo
P = 2/\2J neB - dF. (1.60)
m 0
The Faraday depth can be understood as a generalisation of the RM as defined in Eq. 1.58.
The complex degree of polarisation is then
P() = p(7) - 21000, (1.61)

As a function of the Stokes parameters, the complex polarisation can also be written as
P =@ +iU. The observed degree of polarisation is then the emissivity-weighted integral
of the degree of polarisation along the path 7

(§p(7) - e(N, 7) - 200+ M) 4740
- §fer ) |

One can distinguish between different scenarios where depolarisation can occur:

Pobs()\)

(1.62)

e Internal depolarisation: Depolarisation might happen within a source, especially
if it is optically thick. The degree of depolarisation will depend greatly on the source
geometry and the degree of uniformity of the magnetic field. So far, the assumption
of a uniform magnetic field has been made throughout Sect. 1.3 and 1.4, which is
generally not the case in nature. There will also be a random component of the
magnetic field. For simplicity, let us still consider observing a slab along which the
magnetic field is uniform. Then it can be shown, following from Eq. 1.62, that the
degree of polarisation is (Burn 1966; Klein and Fletcher 2015)

sin(®\?)

A = T

(1.63)
where myg refers to the theoretical limit defined in Eq. 1.56. One could now assume
that the source geometry is made up out of slabs as described above, each contribut-
ing to the depolarisation according to Eq. 1.63. In reality, complex source geometries
could make the actual degree of depolarisation difficult to assess.

e Beam depolarisation: If the telescope beam encompasses multiple polarised emis-
sion regions with different polarisation angles, they might partly cancel, thus dimin-
ishing the observed polarised intensity.

e Unresolved Faraday screen: In case there is an unresolved Faraday screen in the
foreground of the source extending over R along the line of sight, there are com-
ponents of different Faraday depths contributing differently to the overall Faraday
rotation. In this case, the dependence on A? does not hold anymore. Instead, if
one assumes the unresolved elements of this screen sufficiently small with size d, the
fluctuations can be represented by a Gaussian, and the degree of polarisation will
decrease exponentially as (Klein and Fletcher 2015)

m(}\) = mo - 672K2<ncBH>dR)\4 7 (164)
with K being the constant in Eq. 1.58 and {n.B)) being the variance of the product
of the electron density and magnetic field in an element of the screen.
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e Bandwidth depolarisation: In the presence of Faraday rotation and a finite band-
width in the observations, Av, the polarisation angle might rotate significantly across
the bandwidth. This will lead to a rotation of the polarisation angle

Ax = —2X3 - RMEY , (1.65)
Vo
where vy and Ay denote the central observing frequency and wavelength. Resultant
from that is the potential partial cancellation of polarisation vectors across the band-
width and thus a decrease in the degree of polarisation. It can be shown that, again
for the simple source geometry of a uniform slab, that the degree of polarisation
diminishes as

sin Ay
Ax

m(Av) = mg - . (1.66)

1.5 Opacity effects: Core shift

In many cases for high-resolution radio observations, on scales probed by very-long-baseline
interferometry (VLBI, see Chapter 2), one observes a bright feature at the jet base, which
is referred to as the VLBI core. In the picture of a self-absorbed jet (Blandford and Konigl
1979), the position of the core will change with observing frequency, if the core is thought
of as the surface where the jet turns optically thick (7 = 1). This picture is illustrated in
Fig. 1.18. In most jets, the VLBI core is observed as the brightest feature in the jet, but
this does not have to be the case necessarily. Regions of enhanced plasma density caused
by shocks travelling down the jet can also be the cause for bright features in the jet, so
care has to be taken when identifying the core.

The absolute position of the VLBI core will depend on frequency as (Konigl 1981;
Marcaide and Shapiro 1984; Lobanov 1998):

“1/k,
Tcoreocyobls/ ) (1.67)

where k, = ((3 —2a)m + 2n — 2)/(5 — 2a), with

B=B (%)m and (1.68)
N=N (%)n (1.69)

being the particle density N and the magnetic field B along the jet axis r, which decrease
due to the adiabatic expansion of the jet.

1.5.1 Jet parameters from core shift

In the following, I adopt the approach by Lobanov (1998). The opacity as a function of
the distance along the jet, r, is given by (Rybicki and Lightman 1979):

eBi )3/2“”‘ oo (1.70)

r(3/2—a)ym+n—1,,5/2—a’

7(r) = Ca(a) Ny (

2TMe
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Figure 1.18: Positional shift of the VLBI core with frequency in a self-absorbed jet (Lobanov
1996).

where ¢ is the jet opening angle, and Co(«a) is given in Blumenthal and Gould (1970),
with Cy(—0.5) = 8.4 - 10'%. When setting 7(r) to unity, as is the case for the VLBI core,
one can calculate the distance between the core and the central engine as

1/ky
B F
Tcore = ( 1 ) s (171)

v
where &, = (3 — 2a)/(5 — 2cr) and

F=(1+2)16.2-10%Cy(a)d¥> 2Ny p)/O/270) (1.72)
Now the core-shift measure €2,., is defined as

1/ke 1/k:
0 ATmas D1, . V1/ V2/
(1+2)2 V21/kr _ V11/kr )

Q,, = 4.85-10" (1.73)

with rpa.s being the measured offset between core positions between the frequencies v and
vo with v9 > 1. €, should not vary with frequency unless k, changes along the jet. With
that, one can calculate the magnetic field at 1 pc from the central engine as:

k:/ky
B = (Q”) FVko (1.74)

sin 6

Inserting this into Eq. 1.71, we arrive at

Q?"l/
Tcore = 7]/1/’% S d . (175)
And, with Begre ® Bi -« T'eore, it follows that
Q kr/kb—m
Beore ~ vk [ 2V F—ko 1.76
core ~ ¥ ((1 + z)sinf ( )

In Eq. 1.75, the distance formally refers to the distance between the core and the sonic
point. Since the distance between the sonic point and the central engine can be assumed
much smaller than the distance between the core and the sonic point, one can take Eq. 1.75
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as the distance from the core to the central engine. Hence this method can provide an
effective measure of the field profile along the jet, when one measures the core shift at
three or more frequencies. With the assumption of equipartition between particle and

magnetic field energy, which means o = —0.5 and k; = 1, it follows:
0.25
Q3,(14 2)3
By ~ 0.016 M : (1.77)
6j ¢sin® 0

Here, 2, is expressed in more convenient units of pc GHz. Hirotani (2005) also assume
equipartition, but express the magnetic field derived from the core shift in terms of the
particle energy spectrum with minimum and maximum Lorentz factors, Ymin and Ymax
(see also Fromm et al. 2013):

5—2a
92 2 4 2 Q. kr | 7—2a
B ~ TeC | E - (1.78)
e3 MmecS \ 11 siné
—2
2 3/2—a | 72a
rimec. —2a @ )
K
X [wC’l(a) e? ’Yiogl sin (7, ) (1 + z) ] ’
with
3lma 7 —2a\ A (5—6a\ . [25—6a\.(/9—2a\""
= T T r T 1.
and
2 1 max/ /min 2a 1
K(y,0) = 2 Ot/ Yruin) (1.80)

2 (7max/7min)2a+1 -1’

where I' = SSO r*~Le~dx is the complete Euler-I" function, defined for z € C and R(z) > 0.
In this picture, the magnetic field at 1 pc can be expressed as (Fromm et al. 2013):

0.25
Q3,1+ z)2>

v (1.81)
6jq5s1n 0

B = 0.025(

With the aforementioned assumptions, one can also express the particles density at 1pc
distance (in cm™3):

K
Ny = B0 ) oo (1.82)

T 8mrmee? minTl

In the equipartition case, Eq. 1.82 can be rewritten as (Fromm et al. 2013):

Ny =7-10%,} - Bf for ~max/Ymin = 10° (1.83)
Ny =4.2-10%L - B? for ~max/Ymin = 10°. (1.84)

When jets are observed with low-resolution radio telescopes, many of them exhibit a flat
spectrum (a & 0). This is readily explained in the framework of the self-absorbed jet,
where the overall spectrum is obtained as a superposition of the VLBI cores at different
frequencies, each with a different spectrum with different turnover frequency (Marscher
1996). This is illustrated in Fig. 1.19.

As we will see in Chapter 2, the position of the core is not always readily determined
from VLBI observations. A way to circumvent this is phase referencing, which is explained
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Figure 1.19: The superposition of different components in a self-similar, self-absorbed jet leads
to a flat integrated spectrum (Marscher 1996).

in Sect. 6.1. Determining the core shift at the highest frequencies is possible with source
frequency phase referencing, which I introduce in Chapter 6. This way the magnetic field
can be determined in the core regions at millimetre wavelengths, closer to the central
engine than with conventional cm-VLBI.

1.6 The flat-spectrum radio quasar 3C 345

The quasar 3C 345 (J1642+3948, 1641+399) was first listed in the third Cambridge cat-
alogue of radio sources (Edge et al. 1959), from which the name derives. The source is
a compact, bright flat spectrum radio quasar (FSRQ) that has been observed with VLBI
over several decades. It shows structure in the radio from parsec (pc) (see Fig. 1.20) to
kiloparsec (kpc) (see Fig. 1.21) scales, and also emits in the X rays (Unwin et al. 1997;
Sambruna et al. 2004) and ~-rays (see e.g., Schinzel et al. 2012). It shows compact struc-
ture on pc scales (Zensus et al. 1995; Ros et al. 2000), and is known to exhibit superluminal
motion with speeds of ~ 3-20 ¢ (e.g., Shaffer et al. 1977; Zensus et al. 1995; Schinzel et al.
2012; Lister et al. 2019). Jorstad et al. (2017) find an average of about 10 c.

The jet propagates with a viewing angle of ~ 5° (Pushkarev et al. 2009; Schinzel et al.
2012). The source has been regularly monitored over some decades by several programs,
e.g., by the Metsidhovi Radio Observatory in Finland at 37 GHz!, the Owens Valley Radio
Observatory (OVRO), or the MOJAVE (see Sect. 5.1.2) survey, which observes at 15 GHz
with the VLBA. In these surveys, 3C 345 showed several flaring episodes, illustrated in
Fig. 1.22 for the radio, but also flared in the optical and ~-rays (Schinzel et al. 2012).

The jet is observed to propagate first westwards within the first parsecs, and then
downstream bend to the north-west, as observed at lower frequencies, with the bending
being less prominent at higher frequencies (see Fig. 1.20). The outer jet at pc scales then
continues in the direction of the kpc-scale jet, as seen in Fig. 1.21. The source showed to
be core dominated, with the flux density of the core component having more than 60 % of
the total flux density as measured with VLBI (Hovatta et al. 2009). Relativistic shocks
dominate the jet emission on scales of up to ~ 100 pc (Zensus et al. 1995; Lobanov and

"http://www.metsahovi.fi/opendata/
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Figure 1.21: The FSRQ 3C 345 observed with
Figure 1.20: Stacked VLBI image at 15 GHz  the VLA at 5 GHz (logarithmic contours), over-
from epochs between 1995 and 2019 (Credit:  laid onto a Chandra X-ray image (colour) (Sam-
MOJAVE survey, Pushkarev et al. 2017b) bruna et al. 2004).

Zensus 1999) and are responsible for a major fraction of the X-ray (Unwin et al. 1997)
and y-ray (Schinzel et al. 2012) emission.

3C 345 is known to be strongly variable. This behaviour was first noted at 8 GHz
(Aller and Haddock 1967) with the 26 m Peach Mountain Radio Telescope. In addition,
extensive observations over a five year period at 408 MHz using the Northern Cross in
Bologna, revealed that 3C 345 undergoes significant low-frequency variability (Fanti et
al. 1981), along with a number of other flat-spectrum ultra-compact sources. 3C 345 is
amongst the top 15 % of sources in terms of its 15 GHz modulation index, ms = 0.254,
in the OVRO 15 GHz monitoring program in terms of its overall long-term variability,
along with all of the MASIV strong scintillators (Richards et al. 2014). The parameter ms
describes the flux density variations in terms of their standard deviation with respect to
the mean over a certain time period (see Liu et al. 2018). The OVRO light curve is shown
in Fig. 1.22. The observations presented in Chapter 3 are close to a local maximum in
flux density, although the source is generally in a lower state compared to previous flaring
episodes.

Long-term studies (Schinzel 2011; Klare 2003) have linked the observed radio variabil-
ity to the ejection of new components from the core on VLBI scales. Klare 2003 found
a quasi-periodicity of ejected components on scales of 8-10 years, matching the observed
flaring timescale. The variability in 3C 345 can possibly be explained by a precessing ac-
cretion disc, introduced by a binary black hole system (Lobanov and Roland 2005; Klare
2003). This scenario was also proposed for other AGN, e.g., PKS0420-014 (Britzen et al.
2001), or OJ 287 (Valtonen et al. 2008). In general, precession in AGN can also be pro-
duced by frame-dragging near the central SMBH in the form of the Lense-Thirring effect
(Bardeen and Petterson 1975). Schinzel (2011) showed that there is significant variation
in the magnitude and direction of apparent speeds of different jet components, possibly
explained by intrinsic acceleration as well as changes in the respective viewing angles.
Also the core position was shown to vary with time, which was connected to the overall
jet viewing angle and variations in the core brightness.

In the following, a flat ACDM cosmology with Q,, = 0.3, Q4 = 0.7 is assumed, and
Hy = 70kms~'"Mpc~! (Planck Collaboration et al. 2014), so that 1 milliarcsecond (mas)
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Figure 1.22: 15GHz light curve of 3C345 (see the OVRO archive: https://www.astro.

caltech.edu/ovroblazars/data.php?page=data_return&source=J1642+3948). The observa-
tions presented in Chapter 3 were carried out in March 2016.
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Figure 1.23: Spectral energy distribution (SED) of 3C345. The flat spectrum at radio wave-
lengths is evident (from the NASA extragalactic database, visited on October 8, 2020).

corresponds to 6.6 pc projected distance for a redshift of z = 0.593 (Da = 1.37Gpc)
(Marziani et al. 1996) for 3C 345.
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Chapter 2

Very-long-baseline interferometry

In this chapter I will give an overview over the basic principles of data acquisition and
processing in very-long-baseline interferometry (VLBI), which is the main observational
technique used for this thesis. For a more extensive treatment of the topic, which is beyond
the scope of this work, I refer the reader to e.g., Felli and Spencer (1989) or Thompson
et al. (2017, Chapter 9).

2.1 Fundamentals of radio astronomy

Radio astronomy is the branch of astronomy that studies celestial objects in the radio
frequency regime of the electromagnetic spectrum. As is shown in Fig. 2.1, the radio
regime provides the advantage that the atmosphere is not opaque at this frequencies,
so one can observe celestial bodies using facilities on the ground. The limit at lower
frequencies is set by the ionosphere, where absorption and scattering makes observations
below =~ 10 MHz impossible. In addition, at lower frequencies, radio-frequency interference
(RFI) from artificial, man-made signals disturb radio observations. At higher frequencies,
molecular absorption in the troposphere is limiting the observing window at > 300 GHz.
Between those frequencies, one still has to cope with the atmospheric contribution to the
observed signal. At mm-wavelengths, water vapour and oxygen absorption lines already
contribute significantly (see Fig. 2.2).

m::'::’ ?e'*'i”““‘ Radio waves observable 010 havelengt
Gamma rays, Xrays and ultraviolet absorbed by trom Earth, Lndbu- waves
light blocked by the upper atmosphe| *  atmospheric
{best observed from space).
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=
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0.1 nm 1 nm 10 nm 100 nm 1 pm 10pm 10Dpm 1mm lem 10em im 10m 100 m 1 km

Wavelength

Figure 2.1: Atmospheric transparency as a function of wavelength. Radio waves are largely
unaffected (Credit: https://gisgeography.com/atmospheric-window/).
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Figure 2.2: Atmospheric transparency in the radio frequency regime (from Ulaby et al. 2014).

Fundamentally, a radio telescope will measure the radiated power from a source, where
the energy is given by the magnitude of the Poynting flux |§ | oc |EQ|

This energy is measured per unit time, unit surface, and unit frequency, which defines
the flux density

E

Sv = FdAdw

(2.1)

The term density refers to a spectral density in this case. Signals in radio as-
tronomy are usually small, so for the flux density the unit Jansky is used, where
1Jy = 1072 Wm~2Hz !. The power density P, is then:

P,=5, A, (2.2)

where Aqg is the effective telescope area. Ideally, it would correspond to the geometrical
surface area, but it will be reduced by the aperture efficiency, limited by several factors.
Integrating over the bandwidth Awv, it yields:

P=05-5, A - Av, (2.3)

where the factor 0.5 comes in as one integrates over all polarisation states, assuming the
receiver is a dipole (which is only sensitive to one polarisation). In the Rayleigh-Jeans
limit, the receiver measuring a power P will behave as a black-body with temperature T's:

P=kpg -Tx-Av. (2.4)

This is the Nyquist law, describing the noise power of a resistor with temperature 7.
Taking Eq. 2.3 and 2.4, we get:

_ 2kp
a Aeff

SZ/ ' TA . (25)

In other words, a radio receiver measures an increase in temperature due to the incoming
radiation.
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Generally, Ty will also encompass any contribution of signals that are received by the
telescope. The total system temperature Tyys is given as

Tsys = TR + T (2.6)
Tsys = TR + TS + Tatm + Tg>

where Tg is the receiver temperature. T is composed of the source brightness temperature
Ts, the atmospheric temperature T, and the ground temperature T;. Radio receivers
can be cooled down to some tens of Kelvin with cryogenics to minimise thermal noise. The
contribution of the ground and the atmosphere greatly depends on the general observing
conditions and the observing frequency. To give an example of the contribution of the
source to the signal, at 1Jy it will increase the temperature of a receiver on a 76 m
telescope by about 1 K. So detect such sources, one has to integrate the signal over time.
The signal strength will increase compared to the noise terms, which in turn decrease
according to the radiometer formula:

Tsys

AT = ———
Av -1

7 (2.8)

where 7 is the integration time. When estimating the noise level, Eq. 2.8 is often also given
as the baseline sensitivity AS, depending on the system equivalent flux density (SEFD):

As = SEED (2.9)
Av-T

It is necessary to define the telescope gain G. Any receiver has a directional sensitivity,
with the simplest receiver being a dipole. The telescope gain is defined as the ratio between
the power that is radiated in a certain direction to the power radiated in that direction
by an isotropic radiator. This translates to the ratio of the solid angle covered by a whole
sphere to the solid angle of the antenna beam. Any optical system is diffraction-limited,
giving rise to a specific antenna beam pattern for a radio telescope, visualised in Fig. 2.3.
The angular resolution is given by the FWHM of the main lobe of the beam pattern:

A
0="3, (2.10)

where D is the diameter of the optical system, in our case the telescope diameter. The
telescope gain thus becomes:

A 4nD? 47
G:?: 2 :p'Aeﬁ‘. (2.11)

So the telescope gain effectively modifies the effective telescope area used in Eq. 2.5. For
a more detailed review of radio astronomical receivers, see Klein (2014).

2.2 Basic principles of interferometry

The resolution of a single radio telescope is limited by Eq. 2.10. Due to the large wave-
lengths and the engineering limit on the telescope size, a maximum angular resolutions of
the order of tens of arcseconds (”) can be achieved. This is comparable to the capabilities
of the unaided human eye for visible light. With the earliest observations of quasars,
it became clear that their variability indicates very small angular sizes of these sources,
that could not be resolved with conventional radio telescopes. To increase the resolution
at radio wavelengths, and to make it comparable to the resolution of optical telescopes
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Figure 2.3: Two-dimensional beam pattern of a radio telescope. The principal resolution is
defined by the FWHM 6 of the main lobe in the centre (Credit: http://www.ras.ucalgary.ca/
radiotel/calibration.html, visited Sep 16th, 2020).

(about 0.015” with adaptive optics), radio interferometry was developed. Radio interfer-
ometry started with simple two-element interferometers with solar observations (Ryle and
Vonberg 1946) and was improved in the following years. Another interesting concept that
was developed at this time was the sea interferometer, where the second interferometer
element was provided by the reflection of the signal from the sea’s surface (Bolton and
Slee 1953).

The underlying principle of this technique can be seen using the example of the basic
double slit experiment, performed for the first time by Thomas Young in 1801. This was
one of the first experiments to proof that light is a wave phenomenon. If one considers two
wave fronts which each pass though one of the slits, they will interfere either destructively
or constructively on a surface where the arriving signal is measured. This depends on their
geometric delay, which in turn depends on the geometry of the experiment. For this, it is
assumed that the signal is observed far away from the source of light, i.e. D > d2/\, with
D being the object distance and d the size of the slit. This assumption is generally valid
for observations of astrophysical objects that are farther away that one light year, when
d is the Earth’s diameter (as is the case for VLBI), at A = 1 cm (Felli and Spencer 1989).
With this interferometric technique, Michelson and Pease (1921) were able to obtain the
diameters of some nearby stars from the observed interference, or fringe patterns.

This principle can be used with radio telescopes. The geometry is illustrated in Fig. 2.4.
Two incoming light rays will have a geometrical delay between the two observing tele-
scopes, which depends on the angle of the incoming light. The light rays can be assumed
parallel with the far-field assumption. The time delay is then given by

S

-5

b
Tg = = Ecos@ (2.12)

Q ‘


http://www.ras.ucalgary.ca/radiotel/calibration.html
http://www.ras.ucalgary.ca/radiotel/calibration.html

31 2.2. Basic principles of interferometry

with 6 being the angle between b and § This delay causes a phase difference of ¢ = 277,
between the signals. Thus, when combining the signals of the telescopes, one will observe
an interference pattern. The two light signals are given by

Vi =V - cos(2mvt) (2.13)
Vo =V -cos(2mv(t + 7)), (2.14)

where V5 is delayed by 7,. Multiplying the signals yields

e
ViV = ?[COS(47TI/75) + cos(2mv(t + 75))] (2.15)

We observe a time-integrated signal, where the integration time ¢, » 1/v, so that

2 .
(Vi Vo) = V? cos (27rb)\sm9> (2.16)

In essence, for radio interferometers, the process of multiplying and integrating is the work
of the correlator, which will be explained in more details in Sect. 2.4.

Radio interferometry took off with the development of the aperture synthesis principle
(Ryle and Hewish 1960; Ryle 1962), acknowledged by the first Nobel prize for astronom-
ical research in 1974. It utilises Earth’s rotation in conjunction with a multi-element
interferometer. Normally, a two-element interferometer will observe a one-dimensional
interference pattern. Using Earth’s rotation, the angle of this simple interferometers with
respect to the source will change, so one is able to measure the interference with different
rotations.

Let us define these concepts mathematically. Effectively, an interferometer measures
the cross-correlation of electric fields at different positions in the observer’s plane, called the
(u,v)-plane. u and v denote the two spatial coordinates in this plane, most times expressed
in units of the observing wavelength. The eventual image, i.e., the intensity distribution
I, in the source plane, can be obtained from Fourier transforming those complex cross-
correlation coefficients, that are called visibilities, or also referred to as spatial coherence
function. As in general for complex numbers, each visibility V' has an amplitude A and
a phase ¢. The following relation can be derived from the van-Cittert-Zernicke theorem,
where for the derivation I point the reader to Thompson et al. (2017, Chapter 15) or
Taylor et al. (1999):

V(u,v) = J f I (c, 8)e~2ruatvd) qads . (2.17)

Here v and ¢ denote rectangular coordinates on the sky (e.g., right ascension and declina-
tion) and i = 4/—1 in the exponential. For the visibility measured between two telescopes
with index ¢ and j, the measured visibility Vi?bs is

VEPs(t,v) = Gi(t, V)G (t, V)V + 03, (2.18)

where Vigme is the true source visibility modified by some terms. The G are the complex
gains for each antenna, and o;; denotes a thermal noise term. Note that an important
assumption has been made here: there is no baseline-dependent gain factor, and all gain
factors are antenna-dependent. The goal of VLBI calibration is to determine those complex
gain factors and retrieve the true underlying visibility. The G contain information about
a multitude of factors affecting the data. These will be described in more detail in the
following sections.
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Figure 2.4: Illustration of the geometry of

a two-element interferometer (Credit: IMPRS Figure 2.5: Very Large Array in Socorro, New
Blackboard Lectures 2014, Hans-Rainer Klock- Mexico, USA (Credit: Dave Finley courtesy of
ner. Taken from Boccardi (2015)). NRAO/AUI).

A simple two-dimensional baseline is sensitive to only one Fourier component of a given
source, i.e. it is sensitive to only one spatial scale. In a multi-element interferometer with
measurements at a multitude of baselines (numbering n(n—1)/2, where n is the number of
telescopes), the (u,v)-plane can be filled to a degree that the source brightness distribution
can be reconstructed. Due to the Earth’s rotation, baseline projections also rotate in the
(u,v)-plane, which is crucial for proper image reconstruction. An ideal interferometer
would fill the whole (u, v)-plane, but in reality telescopes are not placed everywhere. This
leads to gaps in the (u,v)-coverage, and thus uncertainties in the image reconstruction.
The implications of those drawbacks will be further explained in Sect. 2.7.

2.3 VLBI

VLBI is the extension of conventional radio interferometry using connected element inter-
ferometers. It uses arrays of telescopes around the world on different continents, providing
baselines up to < 1Dg (i.e., ~12,000km). As for any other interferometer, the angular
resolution @ only depends on the observing wavelength A and the maximum distance be-
tween telescopes, or baselines (D) as 6§ ~ A/D. The major difference to conventional
interferometers is that, for VLBI, the telescopes operate without any communication in
real time among each other, as they are not physically connected. Rather, their signals
are recorded on hard drives with accurate time stamps for later correlation at a central
computing facility.

The first successful VLBI observations have been conducted as early as 1967 by US
and Canadian groups. This was only possible due to the development of precise clocks and
tape recording systems at that time. With that, baselines up to 3000 km were reached,
allowing for an angular resolution of 0.02”. Since then, substantial improvements have
been made in instrumentation and techniques. Today there are several dedicated VLBI
arrays, e.g. the Very Long Baseline Array (VLBA) in the USA, which has been build
between 1986 and 1993 and consists of ten equal 25-m antennas. To improve on angular
resolution, the VLBI technique has been further developed over decades to work in the
mm-wavelength regime, e.g., with the Global Millimeter VLBI array (GMVA) at 86 GHz,
and with the state-of-the-art Event Horizon Telesope (EHT) at 230 GHz (soon expected at
345 GHz), which produced the first image of a black hole shadow (Event Horizon Telescope
Collaboration et al. 2019a). VLBI arrays such as the GMVA or the EHT work with the
contribution of individually run telescopes, which operate together for VLBI in sessions,
but are used for other purposes as well.
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Figure 2.6: Two global VLBI arrays (the VLBA in the USA and the European VLBI network)
depicting many of the different radio telescopes used for VLBI around the world (Credit: T.
Krichbaum, MPI{R).

2.4 Correlation

For VLBI, after the data have been acquired at each telescope, the signals are post-
processed at a special-purpose computer, called correlator. It takes the digitized signals
(i.e., voltages) from the telescopes and multiplies them with each other, which then outputs
the complex correlation coefficients as a function of time and frequency. No substantial
averaging in neither frequency nor time is made at this point because slopes of the phase
as function of time and frequency still exist. This is due to uncertainties in the initial
correlator model that searches the two-dimensional space of delay and rate for the signal,
or fringes. The delay is the derivative of the phase with frequency:

_ do(t,v)

" (2.19)

and is visible as a phase slope when looking at the visibility phases as a function of
frequency. This delay corresponds to the geometrical delay as explained in Sect. 2.2. The
delay rate, or fringe rate, or short just rate, is defined as the derivative of the phase with
time:

_ do(t,v) '

o (2.20)

The delay 7 has values of the order of ns, while the rate r is usually measured in mHz.
Fringes will appear as isolated peaks in this two-dimensional space. For this initial fringe
search at the correlation stage, one needs a bright source as fringe finder, so that fringes
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can be detected in real time to determine the relative station clock-offsets a priori. To
find the fringes, the correlator assumes a correlator model which includes the geometry of
the array and several other parameters.

Errors in the initial correlator model include factors such as errors in the telescope or
source positions, residual atmospheric delays or uncertainties caused by different frequency
standards used at each telescope. The slopes in phase as function of phase and time
prevent coherent averaging of the data, which is important to detect weaker sources and
to make the data easier to handle for later imaging. These slopes can be removed by
post-processing of the data during the fringe fitting stage.

2.5 Amplitude calibration

The amplitudes of the correlator output are the ratios of correlated power to noise power.
Generally, for VLBI observations, these amplitudes can not be converted to flux density
in Jy with observations of calibrators as it is done for single-dish telescopes and connected
interferometers. This is because virtually all sources observed are resolved by VLBI.
Instead, the amplitudes are calibrated using the system temperatures Ty recorded at
each telescope. For weak sources, Tiys is dominated only by source-independent quantities
and can therefore be used for calibration of the measured amplitudes. For strong sources,
the zero-spacing flux density should be known and set during the calibration as Tg may
start so contribute significantly.
For the visibility V;; with amplitude A;;, similarly to Eq. 2.5, it holds:

TSys,iTSySJ

2.21
GG, (2.21)

Sij = Aijb

where S;; now is the correlated flux density in Jy, and G is the telescope gain in K/Jy, as
defined with the factor preceding Ty in Eq. 2.5. The parameter b is a factor that accounts
for additional digitization losses, bandpass effects, etc. So, given the Ty s and gain curves
measured at each telescope, one can calibrate the amplitudes.

2.6 Fringe fitting

In the first stage of fringe fitting, the space of delay and rate is searched more exhaustively
for the fringe peaks. Generally, one searches for fringes within a specified search range in
both delay and rate, which has been more broadly constrained during the correlation stage.
One chooses a time interval over which to search for solutions, and this time interval has
to characterise the phase variations sufficiently. In general, this time interval is limited by
the atmospheric coherence time. The signal-to-noise ratio (SN R) of solutions will increase
with solution interval, but only until the coherence time is reached.

The solutions from this fist coarse fringe search will then be used as priors for a least-
squares fit. For this, an initial model of the source is required. Then one can make use of
Eq. 2.18, substituting the true visibilities with the assumed model. In most cases, a point
source model is assumed, but one can use more sophisticated source models, if available.

The fringe fitting solves for the parameters of N — 1 antennas, as there is no absolute
reference for the phases. One of the antennas is then used as a reference antenna, where
the phases are set to an arbitrary value, usually zero for convenience. Because of this
arbitrary shift in phases, the absolute positional information of the source is lost in the
process. For a more detailed insight into fringe fitting, I refer the reader to Schwab and
Cotton (1983).
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2.7 Imaging

After the data have been calibrated so that residual phase slopes in both time and fre-
quency have been removed, the data can be coherently averaged in frequency. After
reducing the file size significantly, the data are ready for being imaged.

For imaging, two problems have to be taken care of: There are still residual complex
gain errors present in the data, and the image will contain noise added by the convolution
with the dirty beam. The dirty beam refers to the beam of the interferometer, which
is obtained by Fourier transforming the (u,v)-sampling. If this sampling is sparse, the
Fourier transform will cause strong sidelobes in the dirty beam.

To address both of these issues, a hybrid imaging approach is applied. It consists of
sequential steps of deconvolution and self-calibration.

2.7.1 Deconvolution

One of the most successful and widely used deconvolution algorithms is the Clean algo-
rithm (Hogbom 1974; Clark 1980). For calculating the true brightness distribution I(a, 0)
from the visibilities, one needs a non-linear deconvolution algorithm because the number
of samples of the visibility function is incomplete. In the following, I describe the use of
Clean as it is incorporated into the software Difmap (Shepherd 1997), which was mainly
used for this thesis.

Clean first finds the pixel of the dirty map with the highest flux density, where it will
not care whether this maximum is positive or negative. The pixel value of this § component
is multiplied by a Clean gain factor, convolved with the dirty beam, and then subtracted
from the map. This way the component is effectively removed from the dirty map and
stored in the model, leaving a residual map with which the process can be repeated. This
is done until the residual map looks uniform and the residual map noise is approaching
the expected thermal noise. In reality, the thermal noise level is normally not reached due
to uncertainties in the antenna gains. An obvious disadvantage of Clean in comparison to
other deconvolution algorithms is that it is not very sensitive to extended structure, and
due to the nature of extracting 6 components it might introduce artificial substructure in
the image.

In between Clean runs, when some of the flux has been extracted from the map, a
step of self-calibration is applied.

2.7.2 Self-calibration

Even after the calibration steps explained in Sect. 2.5 to 2.6, residual gain errors are still
present in the data. These are compensated for by using self-calibration. In this step the
visibilities are calibrated against a fiducial source model, so that the difference

S = ZZwij(tk)[Vijbs(tk) — gi(tr) g} (te) Virod ()] (2.22)

kg
is minimised. Omne can set the weights w;; during self-calibration to e.g., weigh down
poorly calibrated stations, so that their visibilities affect less the calibration of the other
telescopes.
Self-calibration will calibrate the complex visibilities with constraints on the closure
quantities with the current model of the source. Following Eq. 2.18, the phases between
two antennas will be given by

B = G + ¢ — ¢ + 0 (2.23)



Chapter 2. Very-long-baseline interferometry 36

For any closed loop of three antennas, the antenna-dependent quantities in Eq. 2.23 will
cancel, defining the closure phase ® as
B = g5+ gk + g 220
- gl ol i 229
So the closure quantities are robust against the phase errors of individual antennas. In
any observation with n antennas, there will be (n — 1)(n — 2)/2 closure phases, which
constrains a source model well for sufficiently large n. During cleaning and self-calibration,
the closure quantities work as a constraint, although they are not used for imaging directly
in Difmap. Other imaging algorithms exist that make explicit use of only closure quantities
for imaging!. It is possible to introduce false structure in the data, by cleaning side lobes
in the image and freezing that into the model by self-calibration. Therefore, special care
has to be taken during self-calibration. One way to avoid false structure is to monitor how
well the model fits the closure quantities.
In the case that all residual gain errors can be corrected for, the noise in the resulting
image will approach the theoretical thermal noise limit:

SEFD
oy = .
' /Ny N(N — 1)7Av

(2.26)

The factor n denotes the correlator efficiency (accounting mainly for digitisation losses),
Npol is the number of polarisations observed (see Sect. 2.9) and N is the number of
antennas.

In general, solving for these complex gains using self-calibration requires high SN R, so
for weak sources, another method can be used, which is referred to as phase referencing.
This will be explained in more detail in Sect. 6.1.

2.8 Space VLBI

In the quest for increasing angular resolution, the idea to use a space radio telescope (SRT)
in conjunction with ground-based telescopes first arose as early as in the 1970s. Already
in 1980, the foundations for the planning of the RadioAstron project were made.

The first dedicated space-VLBI program was the VLBI Space Observatory Program
(VSOP), that operated from 1997 until 2003. It used the HALCA satellite that was
equipped with an 8m antenna. The satellite was in an elliptical orbit around Earth with
a period of 6.3 h and a major axis of 28,000 km. It observed at wavelengths of 6 and 18 cm
(Hirabayashi et al. 1998; Hirabayashi et al. 2000).

RadioAstron was the successor of VSOP. It used the Spektr-R spacecraft (see Fig. 2.7),
which was launched from the Baikonur cosmodrome on July 18, 2011, and was equipped
with a 10-m dish. The observing frequencies were centred at 0.32, 1.6, 4.8, and 22 GHz,
and at 0.32, 1.6, and 22 GHz the antenna can observe in full polarisation. It followed a
highly elliptical orbit with a major axis of ~360,000 km corresponding to ~30 Dg. The
SRT was tracked by ground tracking stations such as the Pushchino Radio Astronomy
Observatory (PRAQO), as the orbital parameters of the spacecraft have to be known to a
high enough precision to detect fringes. The tracking station sent a phase-stable reference
signal synchronized by a hydrogen maser to the spacecraft, and received the coherently
converted response signal from it. This way the phase difference and residual Doppler
shift could be measured. The tracking stations were also used to establish the data link
to the SRT for the acquisition of the data on the ground.

!An example is eht-imaging (https://github.com/achael/eht-imaging/)
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Among many compact radio-emitting objects
such as pulsars or molecular maser sources, Ra-
dioAstron aimed at probing the innermost regions
of AGN jets, that are not accessible with ground-
based VLBI. Bruni et al. (2020) describe the differ-
ent imaging programs with RadioAstron. First test
observations began in September 2011. During the
Early Science Program, Lobanov et al. (2015) first
showed the unique polarization capabilities of the
spacecraft by imaging the high-redshift quasar TXS
0642+449.

Figure 2.7: Spektr-R spacecraft with
As of February 2019, the spacecraft stopped re- 10-m antenna (From the RadioAstron

sponding, and after several failed attempts to re- US°* handbook).

establish communication, the observations officially
ended in May 2019.

2.9 Polarisation measurements

For VLBI, mostly receivers are used that are sensitive to circular polarization. When
calibrating and analysing VLBI data, the four different correlations of right hand (R) and
left hand (L) circularly polarized feeds are used. We also conveniently call back on the
four Stokes parameters (see Sect. 1.4) here, which completely define any polarization state
of an electromagnetic wave as a function of the receiver responses:

I=05(RR+LL) (2.27)
Q = 0.5(RL + LR) (2.28)
U =05i(LR— RL) (2.29)
V =05(RR—LL) (2.30)

Here RR and LL denote the autocorrelation of R (RCP) and L (LCP), RL and LR their
cross-correlations, and i = 4/—1. For details I refer to Felli and Spencer (1989).

If one wants to calibrate all polarisation states in an observation, Eq. 2.18 takes the
form of:

Vs = J; - Vie ()7 (2.31)

where H is the Hermitian transpose of the matrix, J is the Jones matrix J defined as:

_(Gr O 1 Dgr\ [e® 0
J_<O GL).<DL 1).(0 ). (2.32)
The gains G summarize all gains for R and L in a diagonal matrix (meaning they com-
mute), the second matrix is for the polarisation leakage terms, and the third one is for
parallactic angle (¢) correction. The latter is only diagonal for circular feeds, which is one

of the reasons that VLBI observations generally make use of those instead of linear feeds.
The true visibility matrix in Eq. 2.31 is the Fourier transform of the brightness matrix S:

Vlt;ue _ JS . e—%(ua‘f‘v(s)dad&’ (2.33)
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where S is, for linear feeds

_(1+Q U+iV
s=(72 Ut o0
or, for circular feeds
(T +V Q+iU
s_(Q_ﬂ] I_V>. (2.35)

The major issue with polarimetric data calibration is the leakage matrix in Eq. 2.32. The
matrix is not diagonal and thus does not commute with the other gain matrices. For that
reason it has to be corrected for at the end of the calibration pipeline. Several methods
exists for determining the leakage (or D-terms), and I will briefly describe the one that
will be used for the calibration described in Chapter 4. A more extensive description can
be found in e.g., Smirnov (2011).

First a source model in Stokes I is needed, that is then subdivided into several sub-
components. Then one makes the important assumption of self-similarity: namely that
the fractional polarisation in each of those sub-components is constant. That means:

N

Q=) ql; and (2.36)
N

U=>wl;, (2.37)

with N being the number of sub-components. Then Eq. 2.31 is minimised with the as-
sumptions just made, with the parameters being the complex leakage terms Dy and Dg
in Eq. 2.32 for each antenna, and the ¢; and u; in Eq. 2.36 and 2.37. So effectively, with
the other gains calibrated, the function to be minimised reduces to:

N N
X> =D wm |RLigm — (Q +iU),,|* + D wm | LRy m — (Q — iU, |, (2.38)

where w,, are the visibility weights. The implicit assumption of Stokes V' = 0 is made
here. In the vast majority of cases, this assumption is valid, as Stokes V is a small
fraction of Stokes I of less than 1%. For example, Thum et al. (2018) find average levels
of 0.5 % at mm-wavelengths in a sample of 37 AGN, arguing that this fractions should not
depend strongly on wavelength. In general, determining Stokes V' depends much more on
calibration errors due to its small magnitude in AGN jets, and the observations presented
here do not provide sufficient quality for such an analysis. Thus I will not go into further
details about circular polarisation in this thesis.

It should be noted that for complex polarised structure, the self-similarity assumption
might break down, and introduce more uncertainties in the D-terms. This might happen
when sources are resolved with VLBI, so care must be taken in the determination of the
appropriate sub-models in Stokes I.



Chapter 3

Observations, calibration and data
reduction

Parts of this Chapter have been published in Potzl et al. (2018) and Pétzl et al. (2021).

This chapter provides an overview of the observations, data acquisition, and the nec-
essary steps in calibrating the data. After these data reduction steps, the data are ready
for imaging, which will be described in Chapter 4.

3.1 Observations of 3C 345

The quasar 3C 345 was observed with RadioAstron on March 30th and 31st, 2016, where
the SRT complemented an array of eighteen ground antennas. The participating antennas
are listed in Table 3.1 with some of their basic properties. Six more stations should have
been observing, but had technical problems (Badary (BD), Mauna Kea (MK), Onsala
(ON25), Sheshan (SH), Urumqi (UR) and Westerbork (WB1)).

The data were recorded in dual-polarisation mode (Right-hand circular (RCP) and
Left-hand circular (LCP) polarisation), with four intermediate frequency bands (IFs) of
16 MHz bandwidth each, yielding 64 MHz total bandwidth for the ground stations, and
two IFs for the SRT, yielding 32 MHz bandwidth. The data were correlated with the
space-VLBI dedicated version of the DiFX software correlator, developed and run at the
MPIfR in Bonn (Bruni et al. 2016).

3.2 Calibration

After correlation, the data were further processed and calibrated in AIPS! (Greisen 2003),
which is comprised of different tasks for the individual calibration and imaging purposes.
The overall calibration procedure can be examined in Fig. 3.1, and a more detailed de-
scription of the most important steps will be presented in this section.

3.2.1 Amplitude calibration

The Tiys measurements have been collected from the different telescopes together with
their gain curve values, and were then used to produce a file that could be read by the
task ANTAB. This created TY and GC tables, which can subsequently be used by the task
APCAL. This task calibrates the amplitude according to the values in the TY and GC tables.

! Astronomical Image Processing Software of the National Radio Astronomy Observatory, USA; http:
//wuw.AIPS.nrao.edu/index.shtml

39


http://www.AIPS.nrao.edu/index.shtml
http://www.AIPS.nrao.edu/index.shtml

Chapter 3. Observations, calibration and data reduction 40

Imaging of Stokes |
A

Difmap:
FITLD correlated data -

<

1
1
]
TY / GC table? I
]
No i L Z
Yes ANTAB
» 0

Use ground
array image
as input for
FRING:
improve
space-
baseline
detections?

ACCOR + CLCAL

APCAL + CLCAL

i St

IMAGR (U)

COMB + KNTR/FITTP

Figure 3.1: Calibration scheme for RadioAstron (and other VLBI) data in AIPS and Difmap. For
ground-array only data, the intermediate step of first imaging the ground array and then doing a
second fringe-fit for the space baselines is naturally omitted.
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Table 3.1: List of antennas participating in the RadioAstron observations.

(1) (2) (3) (4) () (6)

Antenna Abbreviation Location Array SEFD Diameter
[mJy] [mn]
Brewster BR USA VLBA 282 25
Effelsberg EF Germany EVN 19 100
Fort Davis FD USA VLBA  314%* 25
Green Bank GB USA e 10 100
Hartebeesthoek HH South Africa EVN 430 26
Hancock HN USA VLBA 324 25
Jodrell Bank Mark II Telescope JB UK EVN 320* 38
Kitt Peak KP USA VLBA 271 25
Los Alamos LA USA VLBA  314* 25
Medicina MC Italy EVN 700 32
North Liberty NL USA VLBA 324 25
Ovens Valley oV USA VLBA 354 25
Pie Town PT USA VLBA 281 25
Spekt-R SRT R2 USA . 2840 10
Robledo RO Spain EVN 35% 70
Saint Croix SC USA VLBA 304 25
Svetloe SV Russia EVN 360 32
Torun TR Poland EVN 300 32
Zelenchukskaya 7C Russia EVN 300 32

NoOTE: Columns indicate (1) Antenna name, (2) name abbreviation, (3) Antenna Location,
(4) Array Name, (5) System Equivalent Flux Density (from Lobanov et al. (2015) and
Vega-Garcia et al. (2020), and *the EVN calculator) and (6) Antenna Diameter.

For most antennas, Tiys measurements were made at sufficiently short time intervals
to give a good a-priori calibration of the amplitudes. Nevertheless, I encountered several
problems in the amplitude calibration. For many VLBA stations, there was considerable
scatter in Ty for IF 1. For Jodrell Bank, Ty ranging from a few 100 to a few 1000 K
were found with large scatter, which is unrealistic, and points to some problems in the
Tiys measurements at the telescope. For Green Bank (GB), about 10 times higher values
for LCP were seen compared to RCP. The origin of this issue was clarified with the
GB telescope later. On January 26, 2016, a change in the receiver backend was made,
apparently requiring the installation of longer cables on January 29. After that, they
noted Tgys of several 100 K in LL correlation. They found that to be due to the cables
introducing a 90° phase shift, leading to almost zero values of LL. This problem lasted
until May 5, 2016, so it was existent at the time of our observations. It was tried to
compensate that by using the Ty, values for RCP also for LCP.

The data from Robledo (RO) also showed some interesting behaviour, as the ampli-
tudes for RR and LR showed virtually zero amplitude for IF 2 and 3, while for LL and
RL the same was true for IF'1 and 4. In addition, no Tiys values were available, so default
values of 35 K were used. This is also what may have led to the amplitude problems. Sub-
sequently, these IFs were flagged in the respective polarisation product, and the station
would show to not be usable overall in the subsequent analysis.

For Svetloe (SV) and Zelenchukskaya (ZC) the cadence of Ty s measurements was too
low, so median values were used. The a-priori amplitude calibration of these two stations
was particularly insufficient, as the imaging stage showed later. At all stations, some clear
outliers in Ty could already be flagged with the task SNEDT or smoothed out with TYSMO
at this stage.
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After thex inspection of Ty, the data were corrected for digitisation losses by the
ATIPS task ACCOR. These amplitude corrections were within a few %, as expected. Then
the source zero-spacing flux is set with the task SETJY to 6.67 Jy as measured at the
Effelsberg telescope on the day of the RadioAstron observations (see Table 4.1). This
compensates for the contribution of the source to Tiys as outlined in Chapter 2.5.

Subsequently, APCAL was run, where one has the option to correct for atmospheric
opacity. This correction was found to be minor, and I could proceed to the fringe fitting
stage.

3.2.2 Fringe fitting

The delay-rate space was searched for fringes first for the ground-array only with the
task FRING. At 1.6 GHz, this usually is pretty straightforward for VLBI, and standard
parameters were used. As has been done for RadioAstron data previously (e.g., Gémez et
al. 2016; Giovannini et al. 2018), T used the ground-array data to create a preliminary image
of the source. This image was then used as further input for FRING. In addition, the fully
gain-calibrated visibility data from the ground array were used. Then the parameter DOFIT
was set, to search for fringe solutions only for the SRT baselines. One could expect a better
SNR and thus an increasing number of good fringe solutions for the SRT, as has been
reported previously. However, no significant improvements were observed in my results.
For both cases, a limit for accepted solutions of SNR = 6 was set. Finally, it was decided to
use the results from the initial global fringe fit, which provides good solutions for baselines
up to nine earth diameters (9 Dg) with a solution interval of 7min. The reference antenna
used was Effelsberg (EF), as it is one of the most sensitive telescopes in the array and was
present during the whole observing time. Only for two of the 7 min intervals there were no
fringe detections, showing SNR ~ 3. Different solution intervals, reference antennas and
delay/rate windows were tried, but this result could not be improved. Figures 3.3 and 3.4
show the amplitudes and phases as a function of frequency before and after fringe fitting
for selected ground-space baselines.
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Figure 3.2: Fringe rate as a function of time during the observations for the SRT. Note the
stronger time-dependence of the rate during the later scans, which corresponds to the perigee of
the SRT. A solution interval of 7min allowed the detection of fringes for the longest baselines,
while at the same time not observing significant decorrelation at the short baselines due to the
non-modelled acceleration terms of the SRT.
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Since the space antenna is accelerating quickly during the perigee, there might be a
time-dependent phase rate. For long solution intervals, one might notice decorrelation of
the signal as the phase changes become too rapid due to the non-modelled acceleration
term. Figure 3.2 shows the rate changes during perigee at the last scans of the observations.
Due to the described effect, different and increasing solution intervals were tested, and
increasingly more fringes were detected for the earlier scans with larger intervals. With
the finally chosen solution interval of 7min, no significant decorrelation was observed
during the later scans close to the SRT perigee.
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Figure 3.3: Frequency dependence of the amplitudes and phases (bottom and top panel of
each individual plot, respectively) before fringe fitting for a few selected ground-space baselines.
Compare with Fig. 3.4.
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Figure 3.4: Frequency dependence of the amplitudes and phases (bottom and top panel of each
individual plot, respectively) after fringe fitting for a few selected ground-space baselines, for the
parallel hands. The phases are centred around zero, signifying a clear signal.
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3.2.3 Bandpass calibration

Subsequently, the receiver bandpass response was calibrated with the BPASS task. In
general, the bandpass response of the receiver is not flat over the covered frequency range,
but falls off rapidly at the edges of each IF (cf. Fig. 3.5). Without correction, this will
contaminate the recovered amplitudes after averaging the data in frequency.

The calibrator sources as as well as 3C 345 itself were examined as calibrators for
the bandpass. The best results were obtained when using 3C 286. First, the bandpass
amplitudes were solved for, and then the more minor bandpass phase errors. All VLBA
antennas were successfully calibrated this way, reaching a satisfactory removal of the
bandpass response. For the other telescopes, no good solutions could be obtained, so the
outer 5 of 32 channels on each side of the IF were flagged to reduce bandpass effects. The
results can be examined in Fig. 3.6.
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Figure 3.5: Amplitudes and phases as function of frequency before bandpass calibration. Compare
with Fig. 3.6.
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Figure 3.6: Amplitudes and phases as function of frequency after bandpass calibration. For
VLBA stations, the bandpass response could be modelled satisfactorily, while for other stations,
the channels at the edges of each IF were removed to mitigate the bandpass effects.
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3.2.4 Data averaging

With the effects of phase offset, delay and rate removed from the data, and bandpass
effects mitigated, one can average the data in frequency first. The data were exported
while averaging all the frequency channels in each IF, but keeping the IF's distinct. This
preserves some more information in the (u,v)-plane, and, as was already seen earlier
during calibration, there might be IFs with data that is better behaved than others. In
this case it is useful to be able to treat those IF's separately when it comes to flagging and
self-calibration.

The data were then imaged in Difmap, which is explained in more detail in Sect. 4.
After flagging, the time averaging is done there, which again greatly reduces the size of the
data. Care has to be taken to not resolve out structure with too large averaging intervals,
but ideally one improves the map SN R with larger intervals.

3.2.5 Polarisation calibration

The calibration so far concerned the calibration of the parrallel hands, RR and LL. For
imaging linear polarisation, the cross hands (RL and LR) have to be calibrated as well.

The first step is to compensate for remaining phase offsets between RCP and LCP with
the AIPS task RLDLY. The resulting phases as a function of frequency will in principle be
flat after the application of this offset. The remaining absolute phase offset is corrected at
a later stage. This offset comes about because all phases are given relative to a reference
antenna, whose phase difference between RCP and LCP is unknown. This phase term can
be corrected with a rotation of the electric vector position angles in the final polarisation
map made from Stokes ) and U, which will be discussed in Chapter 4. The corrections
obtained with RLDLY have been applied, and for some SRT baselines, they can be examined
in Fig. 3.7 and 3.8.

A property of radio receivers is the leakage of some signal from RCP to LCP and
vice versa, which pollutes the signal in the cross hands (RL and LR). This is referred to
as instrumental polarisation, or as D-terms, as I will refer to them in the following (see
Sect. 2.9 for details). They are complex gains applied to the cross hands and thus have
an amplitude and a phase.

Their correction is not straightforward, as some assumptions are made beforehand.
The most important assumption is the self-similarity assumption: Assuming that the
polarized intensity follows the total intensity distribution. With that prior, the AIPS task
LPCAL can determine the D-terms for each telescope by using an image of the source in
total intensity as input. Prior to that, the image is divided into sub-models with the
task CCEDT. These sub-models help the task to deal with complex source structure, as the
self-similarity assumption likely holds true for the submodels better than for the source
brightness distribution as a whole. CCEDT can automatically select a specified number of
submodels from the image. I tested different submodel representations of the image, but
ultimately, the best D-term correction was achieved with the automatic model splitting.

For an accurate determination of a telescope’s D-terms, one needs sufficient parallactic
angle coverage on the source with the telescope. The parallactic angle is the angle between
the receiver feed and the source, that will change as the Earth rotates. In principle, the
D-terms are a purely instrumental effect and should not depend on the source that is used
for their determination. However, given the sparse parallactic angle coverage of several
telescopes on the calibrator sources, I deemed them not well-suited for D-term calibration.
In addition, for the SRT, 3C 345 was the only source that was observed.

Figure 3.9 shows the D-terms in the complex plane for each telescope, and Table 3.2
lists their values. From experience over decades in VLBI, D-term amplitudes are expected
to lie within 10 %, although values up to 20 % are not a rarity and can still be acceptable.
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Values for all telescopes lie within that range, except for GB and SV, which show D-term
amplitudes of the order of unity, which is unreasonable. For GB it is suspected that the
origin of this lies in the uncertain amplitude calibration explained in Sect. 2.5, and in the
small parallactic angle coverage (see Table 3.2 for the parallactic angle coverage of each
telescope). The latter will decrease the accuracy of the D-term calibration considerably.
Henceforth these two antennas were flagged in RL and LR. This was also done for RO, as
the flagging of RCP and LCP in different IFs in each case (see Sect. 2.5) lead to RL and
LR correlations being flagged effectively. These telescopes were henceforth flagged and
are not shown in Fig. 3.9. The final iteration of LPCAL was done with the aforementioned
telescopes flagged, as the bad data could also affect the D-term determination of the other
antennas. Hence 16 antennas in total were used for imaging in polarized intensity.
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Figure 3.7: Phases of the baselines to the SRT in the cross-hand polarisations RL and LR before
correction of the residual delay by RLDLY.
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Figure 3.8: Phases of the baselines to the SRT in the cross-hand polarisations RL and LR after
correction of the residual delay by RLDLY.



47 3.2. Calibration
BR EF FD HH
0.10 0.10 0.10 0.10
0.05 y 0.05 0.05 0.05 X
T . it <4
- X
0.00 2 0.00 Eoby 0.00 : 0.00 x
m?k X
—0.05 i —0.05 —0.05 i —0.05 i
~0.10 ; —0.10 ; ~0.10 ; ~0.10 ;
—0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1
HN KP LA MC
0.10 : 0.10 0.10 : 0.1
0.05 - | 0.05 - 0.05 | 0.0 N
Ix X . %
0.00 :‘L:q-" 0.00 . 0.00 XQ;EX x S
X I x x| _0.1- X
—0.05 ! —0.05 ! —0.05 ) ) '
! ! ! i %
—0.10 } —0.10 } —0.10 } } .
—0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1
NL ov PT R2
0.10 0.10 : 0.10 0.10
0.05 - 0.05 - | 0.05 3 0.05
1 X
X H §
0.00 e O 0.00—---% _PT} 0.00 i~
—0.05- i —0.05- i —0.05- i —0.05 i
~0.10 ¢ ~0.10 ¢ —0.10 ¢ ~0.10 ¢ y
—0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1
SC TR 7ZC
0.10 0.10 0.1
0.05- 0.05
X
X X
0.00 0.00 0.0
*JTZ X A%
X i X | x
—0.05- x —0.05 Yy x : _>1_x
] ] X ]
! x !
—0.10 f —0.10 f —0.17 f
—0.1 0.0 0.1 —0.1 0.0 0.1 —0.1 0.0 0.1

Figure 3.9: Visualisation of the instrumental polarisation (D-terms) for each of the 16 telescopes
used for imaging in polarisation. Several issues with the data from Green Bank, Jodrell Bank and
Svetloe led to the exclusion of these telescopes from the polarisation analysis (see text for details).
The z-axes show the real part and the y-axes the imaginary part of the D-term amplitudes. The
Red data points denote RCP and blue points LCP. Different data points in each subplot indicate
results for different IFs. The data points with errorbars are the respective means of all IFs and
their standard deviations.



Chapter 3. Observations, calibration and data reduction

48

Table 3.2: Parallactic angle coverage and D-terms for each telescope.

Antenna  Parallactic angle cov. RCP LCP
m X m X
[°] O I I B

BR 36.6 29 -166.3 3.5 —10.8
5.2 1314 2.3 —81.8
4.5 1125 1.3 174.2
4.6 102.8 4.0 123.1

EF 112.3 1.7 157.5 2.2 64.2
2.2 —-1146 3.3 —43.0
3.7  =76.7 42 —=59.0
4.5 =701 2.7 —694

FD 120.6 2.8 50.2 2.0 —178.9
2.8 169.0 1.9 56.7
3.4 1054 0.7 —84.6
3.5 —1435 2.2 55.4

GB 24.4

HH 0.0* 7.5 -0.5 51 -—179.8
9.5 38.1 3.2 146.1
7.1 57.9 3.6 83.5
4.6 16.4 1.0 —12.5

HN 145.5 2.9 76.3 3.1 =743
0.5 —84.0 14 177.1
2.1 —-109.8 1.8 75.8
5.6 —162.6 2.9 20.0

JB

KP 86.2 3.4 120.1 1.5 —43.7
3.3 106.3 0.8 —51.1
2.1 67.6 0.7 132.8
3.5 —-135.6 3.0 52.8

LA 99.4 3.5 108.8 2.8 —1324
2.8 77.2 1.8 144.0
14 77.6 1.8 68.2
2.5 —159.4 2.5 14.4

NoTE: The D-term amplitude is denoted by m and the phase by x. The four rows for
each antenna designate the results for each of the four IFs (or two IFs for the SRT).
* Hartebeesthoek has an equatorial mount and thus formally has zero parallactic angle
coverage. The SRT also has formal zero parallactic angle coverage as it observes in space

and is not subject to Earth’s rotation.



49

3.2. Calibration

Table 3.3: Table 3.2 continued.

Antenna Parallactic angle cov. RCP LCP
m % m
°] %] [°] (%] []
MC 137.1 3.8 —785 145 —4.5
10.5 —154.4 169 —32.3
94 —-163.5 19.8 —63.9
3.8 156.7 18.9 —60.9
NL 151.3 3.8 342 3.7 —152.3
1.6 34 24 132.0
1.0 —-34.0 1.8 62.0
34 —171.5 2.9 3.3
ov 43.2 1.8 —-14.2 0.9 —-135.8
1.4 -776 1.0 —144.6
2.2 —1484 0.2 19.8
5.3 173.7 0.2 132.3
PT 94.6 3.8 80.1 3.0 —12.5
2.1 42.3 3.4 —57.9
1.5 —152.1 1.8 —131.0
5.6 174.8 3.1 107.9
SRT 0.0* 3.0 164.7 6.6 27.9
3.5 149.8 9.6 —-3.8
RO
SC 174.2 1.3 128.9 3.8 —88.7
2.1 —-59.2 29 —-123.2
5.5 -71.7 3.0 109.7
6.1 —1385 3.1 —14.5
SV 80.0
TR 103.1 6.1 -—-112.2 7.7 —131.5
6.3 —-50.7 7.2 —115.3
7.1 -30.1 7.5 —139.2
100 -396 9.3 —117.6
ZC 140.8 4.9 —-68.4 1.0 54.6
7.4 -51.3 24 —37.2
9.0 —41.3 2.7 —67.3
11.9 -55.1 44 —38.1
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Chapter 4

RadioAstron images of 3C 345 at
1.6 GHz

In this Chapter I will illustrate the imaging process of the RadioAstron data presented
in Chapter 3. The obtained images, in both total (Sect. 4.2) and polarised intensity
(Sect. 4.3), are shown and the image parameters are determined and presented here. A
complete analysis of the RadioAstron images, in conjunction with multiwavelength data,
will be presented in Chapter 5.

Parts of this Chapter have been published in Potzl et al. (2018) and Pétzl et al. (2021).

4.1 Imaging

After the calibration described in Chapter 3, the data were ready for imaging. These
data facilitate total intensity and linear polarisation images at the unprecedented angular
resolution that is offered by RadioAstron. With this, the source structure and magnetic
fields can be probed at the smallest scales.

For imaging, the software packages AIPS and Difmap (Shepherd 1997) were used.
Difmap is a package developed at Caltech and widely used in VLBI for hybrid imaging,
mainly due to its easy handling of data editing and the powerful visualisation options.
Hybrid imaging consists of iterations of deconvolution and self-calibration runs. For de-
convolution, a Clean algorithm is used. Difmap allows for very convenient interplay of
clean and self-calibration procedures. For details, see Sect. 2.7.1 and 2.7.2.

First, the data were averaged in time in 90 s intervals. Prior to that, different averaging
time intervals were tested, and this was chosen as compromise. Higher averaging times will
yield higher SN R in the image, but if chosen too large, source structure could be averaged
out. This holds especially true for fast changes in phase, that could be introduced by the
fast-moving SRT when the acceleration is large close to the perigee.

The imaging process will depend greatly on how the visibilities are weighted when
Fourier transforming them to get the actual image. In general, one differentiates between
natural and uniform weighting.

For uniform weighting, the visibilities are averaged in bins of a given pixel size (grid-
ding) prior to Fourier transforming, while weighting visibilities in each bin according to
their associated errors by a specified degree. Uniform weighting thus puts more weight on
regions in the (u,v)-plane where visibilities are less densely sampled, compared to when
no gridding is applied. In contrast, for natural weighting, no gridding prior to the Fourier
transform is done, in which case less densely sampled regions in the (u,v)-plane are con-
sequentially weighted less. Choosing natural weighting increases sensitivity to larger scale

o1
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structure and reduces image noise, but also increases the restoring beam size compared to
uniform weighting.

A uniform weighting scheme was chosen, without weighting of the visibility errors.
This is done in Difmap with uvweight 2,0. For uniform weighting, the first parameter
defines the visibility averaging bin size, weighted by the errors to a power according to
the second parameter. So in this case, bins of two pixels were adopted without weighting
the errors of the visibilities. In general, for RadioAstron observations, choosing natural
weighting effectively puts so little weight to the SRT baselines that the beam size is almost
as small as when flagging the SRT baselines.

In VLBI, uvweight 2,—1 is commonly used, which weights the visibility errors to the
power of -1. A weight of —2 would correspond to Gaussian errors. For RadioAstron
observations, uvweight 2,0 is preferred; because of the limited sensitivity of the SRT, the
errors are larger. Choosing not to weight the errors increases the weight of baselines to the
SRT, and thus improves the resolution of the final image. Additionally, the errors were
remarkably small (and thus likely not well determined) on many baselines and probably
do not reflect well the underlying uncertainties in the visibilities.

For imaging, the map size and pixel size were set upon following criteria. The map
size should be at least 80 mas in declination and right ascension, as previous observations
showed jet emission up to those scales at the observing wavelength. For the initial imaging,
a canonical pixel size of 1/6 of the restoring beam width was chosen, resulting in a pixel
size of 0.04 mas.

During imaging, it became clear that
R2-NL-2zC]| some ground stations had notably bad
initial amplitude calibration, primarily
100+ SV and ZC. Amplitudes of baselines in-
volving SV showed systematically lower

150

o 50

c‘{m" o amplitudes by a factor of a few than

g comparable other baselines. ZC showed

g =307 increasing amplitudes up to tens of jan-

© _100- skys for later scans, which could be due
_150- to miscalibration due to observing at

very low elevation. The amount of at-
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through before arriving at the telescope

Figure 4.1: Closure phases of the triangle North 1 0comes exceedingly larger at low ele-
Liberty (NL), Zelenchukskaya (ZC) and the SRT

(R2). The source clean model is shown in red. The
perigee of the SRT occurred during the last scans.
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vation, which makes the calibration of
the telescope gains more difficult (see
e.g., Eq. 6.6). To correct these issues,
first the SRT was flagged in the data
and then 3C 345 was imaged with the ground array only. The Difmap feature modelfit
(see Sect. 4.2.1) was used, fitting a few Gaussian components to the data that reflect the
source structure seen with the ground-array. This was followed by phase and amplitude
self-calibration down to a few minutes solution interval to correct the ground station gains.
For many of those stations, IF 1 showed much more scatter than the other IFs for reasons
that could not be determined. A possible explanation is RFI, as this is most problem-
atic at the lowest frequencies. This scatter has been removed with the above mentioned
self-calibration procedure.

Going further, the SRT baselines were unflagged and the source subsequently im-
aged with careful clean and phase self-calibration. Different clean gains and phase self-
calibration solution intervals were checked to ensure that no false structure is introduced
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in the image. In addition, different sets of clean windows, that limit the cleaning to the
area in the image covered by them, were tested.

Imaging showed that there is emission eastwards of the brightness peak, that could not
be calibrated out and is therefore likely real structure. For the final cleaning, amplitude
and phase self-calibration down to the averaging time was applied for all ground stations,
as well as phase self-calibration down to a three minutes solution interval and an overall
gain factor for the SRT. The amplitude corrections applied to the SRT this way were +3 %
for IF 3 and —8 % for IF 4. The visibilities corrected for gains from self-calibration as well
as the source clean model are presented in Fig. 4.2 and Fig. 4.3. The obtained accuracy of
the a-priori amplitude correction is in accordance with previous RadioAstron observations
(see e.g. Kravchenko et al. 2020). In addition, Fig. 4.1 provides an example of the closure
phases for one telescope triangle, where one can see that the model is visually a good fit
to the data.

After correcting the D-terms of all stations with the Stokes I image obtained this way
(see Sect. 3.2.5), a final clean run was conducted with the AIPS task IMAGR for the self-
calibrated Stokes I, @) and U data, where the same parameters and clean windows were
applied for each of them. Also a uniform weighting scheme comparable to Difmap was
chosen, without making use of the robust parameter, that can in principle fine-tune the
visibility weighting between full natural and full uniform weighting. The resulting images
are presented in Fig. 4.5 and following, and will be discussed in Sect. 4.2.
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Figure 4.2: Visibility amplitudes (top) and phases (bottom) as a function of (u,v)-distance
Vu? + v2. The blue data points correspond to the ground-array data, while the black data points
correspond to the SRT baselines. The source clean model is shown in red. One can see the beating
of spatial frequencies of the innermost jet features at baselines > 300 M.
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Figure 4.3: Visibility amplitudes (top) and phases (bottom) as a function of (u,wv)-distance
\ﬂuQ + v?) for the ground-array data only. The source clean model is shown in red.
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Figure 4.4: (u,v)-coverage of the 1.6 GHz observations with RadioAstron. The color scale shows
the minimum brightness temperature 73, i calculated from the visibilities according to Lobanov
(2015) (see Sect. 5.2 for details).

4.2 Total intensity images

In the final images, the achieved resolution is ~300 pas (minor axis FWHM, i.e. full width
at half maximum, beam size), corresponding to a projected length of 2pc or between
~2600 and ~100007g for a black hole mass ranging between Mpy ~ 2 x 10° Mg and
Mgy ~ 8 x 10 Mg (Gu et al. 2001; Shen et al. 2011). With an assumed jet viewing angle
of § = 5° (Schinzel et al. 2012), the deprojected length is 23 pc or between ~3 - 10* and
~10° rg.
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The images reveal several components in the inner 10mas of the jet, which could
not be resolved with data from the ground array only. It is apparent that the eastern
most feature, at the jet base, is not the brightest component, which is a characteristic
already seen in 3C 345 with VSOP, the predecessor of RadioAstron (Klare et al. 2000,
2001, 2005). This feature likely corresponds to a partly synchrotron self-absorbed core,
which is subsequently designated as the “core”. In addition, a visibly curved jet structure
is observed in the few innermost mas of the jet, where the jet direction changes rapidly.
The weak feature east of the core visible at the edge of Fig. 4.5 is considered to be rather
an imaging artefact than an indication of a counter-jet, as it is only a few times the noise
level. This is discussed in more detail in Sect. 5.9.

To quantify the observed jet direction, the structure along the jet is fitted with Gaus-
sian profiles. The resulting jet ridge line is then plotted as the peak positions of the
Gaussian profiles in Fig. 4.6. The curved jet structure is pronounced in this image. Two
of the slices with Gaussian fit profiles are shown in Fig. 4.7.
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Figure 4.5: Total intensity image of 3C 345 at 1.6 GHz with the ground array data (orange scale)
and all data including the space baselines (blue contours). The different beam sizes are displayed
in the bottom right corner. A resolution of 1.25 x 0.32mas at a P.A. of 10.50° is reached with
RadioAstron. Contour levels are in percents of peak emission of 0.39 Jy/beam: —2.83, 2.83, 4.0,
5.65, 8.0, 11.31, 16.0, 22.63, 32, 45.25, 64.0, 90.51. For the ground array image, the resolution is
3.0 x 2.1 mas, and the colour-scale shows the total intensity in log-scale between 0.5 and 100 % of
the peak of 1.68 Jy.
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Figure 4.6: Total intensity image of 3C 345 at 1.6 GHz with RadioAstron, with jet ridge line
overlaid. One-dimensional Gaussian profiles were fitted to the slices in North-South direction of
the jet emission and defined the jet ridge line as their maxima along the jet. This illustrates the
curved structure of the jet within the innermost few mas.

2% < Sice atx=1.00mas

< Slice at x=2.00 mas 0.25 ‘,' % ---- Gaussian fit
%

=== Gaussian fit

0.025

0.020
0.20
0.015 7

* X
J L0.15 ¥
0.010 X ¥ = & \

3 X = b
5 ”X\s = ;
0.005 5 X Z g 0.10 ¥
X < 7
i

Iy

0.000 B < s - S, S — v
z X % X 0.05
£ % £ %

4 4
—0.005 %X X / N
3 0.00]  Granemaat=-"" . R .. —-
1 3 3

e
—0.010 223 T

-3 -2 -1 0 1 2 3 | 5 3 2 1 0 i

Jet transverse distance [mas] Jet transverse distance [mas]

Figure 4.7: Total intensity data (blue points) and Gaussian fit (red dashed line) along slices in
North-South direction at 1 mas (left) and 2mas RA (right). The jet ridge line has been calculated
with the positions of the maxima of the Gaussian fits and is displayed in Fig. 4.6.

4.2.1 Model fitting

The modelfit feature implemented in Difmap was used to model the visibilities directly
with circular Gaussian components. The feature uses the Levenberg-Marquardt non-
linear least squares minimisation technique (Levenberg 1944; Marquardt 1963). The free
parameters of the Gaussian model fits are component total flux density Siot, the Gaussian
FWHM 6Ogwnm, and the component position in polar coordinates with r and ¢, with
respect to the map phase centre. The axis ratio of the fitted elliptical Gaussians was fixed
as to maintain the circular Gaussian condition. The errors of the modelfit parameters
are calculated based on Schinzel (2011), where the formulas presented there are slightly
re-written.
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In addition to the fitted parameters, the peak flux density and the respective root
mean square (RMS) error is measured, Speak and orums, in the hybrid maps. Then

SNR = Zpeak , (4.1)
ORMS
Opeak = ORMSV 1+SNR, (4.2)
S ea.
SN Rpear = 2% (4.3)
Op
Stot \ >
Otot = Opeak 1+ (S : tk> s (44)
pea.
max (6, Oyin) ) 4 SNR
= 7’ th 0 im = — 1 2 * b2 N 1 ) 4'
70 TSNRpew. 7r\/7T n(2)-6%-1In (SNR— 1> (45)
\/b2 + max(#, Oy )?
r = d 4.
o SN Rpems an (4.6)
) 180°
o4 = arctan (U—> (180 . (4.7)
r T

The parameter 0y;,;, denotes the smallest component size to be resolved by an interferometer
with beam size b = 4/bmaj - bmin With a given image SNR (Lobanov 2005). The max
argument stands for the maximum of the two quantities in Eq. 4.5 and 4.6. Note that for
Eq. 4.6, I follow a more conservative approach compared to Schinzel (2011), where there
o, = 0.50¢ is assumed according to Fomalont (1999).

Speak has been measured as follows: The component in question was removed from
the clean map, and then the residual map was inspected where the peak flux density was
taken at the component position. For oryg, the RMS in the residual map (where nothing
has been removed from the clean map) was obtained within 10x10 square pixels around
the component position. The modelfit parameters are listed in Table 5.2.

For the RadioAstron data, all component sizes are above the limiting size calculated
from Eq. 4.5 for map-averaged quantities. In the map, one finds SNR ~ 150 with an
image noise of ~3mJy, so O, = 100 pas. Note that Table 5.2 also lists the modelfit
components from archival MOJAVE! data at 15 GHz that are used for comparison. The
data will be described in more detail in Chapter 5.

For any model with a certain number of parameters used to describe a data set, one can
choose an arbitrarily large number of parameters, as long as nparams < Ndata- 1he number
of degrees of freedom of the fit are then npor = 7Tdata — Nparams- To find the minimum
number of components that are needed to describe the data, while not overfitting the data,
I use the criterion described in Schinzel et al. (2012):

0.68 = [['(n/2)] * v(n/2, z0.65/2) , (4.8)

where v is the lower incomplete Euler-Gamma function, and I' the complete Euler-Gamma
function, y(a, z) = {; 2 te™*dz and I'(2) = Sgo z*~Le~®dz. Solving this cumulative distri-
bution function of the x? distribution yields z¢ g, and the equation was solved numerically
for this analysis. Following Schinzel et al. (2012), I also employed a threshold of 0.68, cor-
responding to a 1o improvement of model 2 over model 1 when

=N

Xi o 0682 (4.9)
X 20.68,1

NN

!Monitoring of Jets in active galactic nuclei at very high energies
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is fulfilled for model 1 with X% and nper,1, and model 2 with X% and npor,2. Several models
with different numbers of circular Gaussian components were tested, and each time Eq. 4.9
was used to find the best model representation.

4.3 Linear polarisation images

For imaging Stokes  and U, the task IMAGR in AIPS was used. The parameters were
set in a way that a similar visibility weighting scheme as in Difmap was reached. The
maps were cleaned for the same number of iterations as for Stokes I without any further
self-calibration, as this was sufficiently done on the Stokes I data in Difmap.

As described in Sect. 1.4, the linear polarisation intensity P and the EVPAs (electric
vector position angles, corresponding to x in Sect. 1.4) are computed. An absolute phase
offset after calibration still remains, that is, there is no absolute calibration for the EVPAs
in the polarisation map. To correct this, one can use single-dish observations close in time
to the VLBI observations. The Effelsberg telescope observed 3C 345 at the same epoch as
the RadioAstron observations in polarisation. The results can be seen in Table 4.1.

Fist, the original VLBI map is convolved with a large beam, i.e. large enough to resolve
out all the substructure in the map. One can then compare the overall EVPA direction to
the single-dish data, and correct the EVPA offset accordingly. Since 3C 345 is markedly
core dominated, with a core-to-extended flux ratio > 9 based off VLA observations at
5 GHz (Sambruna et al. 2004), I believe that the Effelsberg data reflect the EVPAs that
are also probed by the VLBI observations.

Table 4.1: Results from Effelsberg single-dish measurements (U. Bach, private communication).

(1) 2 ) (4) (5) (6) (7)
Epoch A v I P m X
[cm] [GHz] [Jy] [Jy] (%] ]
Mar 30, 2016 18 1.66 6.77+0.14 0.40+0.01 5924+0.23 73.6+1.2
June 2, 2016 2.2 13.0 5.72+0.07 . . e
June 3, 2016 2.8 10.5 599+0.08 0.218 £0.003 3.65+0.07 43.4+1.4

NoTE: Columns denote (1) observing epoch, (2) observing wavelength, (3) observing
frequency, (4) total intensity flux, (5) polarized intensity flux, (6) fractional polarisation

and (7) EVPA.

Multiple polarised components are observed, the brightest being roughly coincident
with the total intensity peak (see Fig. 4.8). There is an offset visible between the two
peaks, which was already observed with high-resolution VLBI observations in other AGN
(e.g., Lobanov et al. 2015; Gémez et al. 2016). This could be due to the geometry of the
jet or the magnetic field with variations in the pitch angle (Lyutikov et al. 2005). There
is more polarised structure visible ~5 mas downstream of the jet. One can see an almost
unpolarised core (m = 1.56 + 0.67 %), where synchrotron self-absorption likely also leads
to significant depolarisation. An optically thick core region has been observed already
between 8.1 GHz and 15.4 GHz by MOJAVE (Hovatta et al. 2014). I will go into more
detail about the opacity in the jet in Sect. 5.5. Significant depolarisation can also happen
if the magnetic field is disordered (Jorstad et al. 2007).

At the total intensity peak the fractional polarisation reaches m = 5.29+0.51 %, where
at the location of component L6 it reaches m = 6.69 +1.40 %. A degree of polarisation up
to 60 % ~bmas is observed downstream of the jet, as depicted in Fig. 4.9. This value is
very close to the theoretical limit of ~70%. Kravchenko et al. (2020) also observed up to
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Figure 4.8: RadioAstron image of the total intensity and linearly polarised emission of 3C 345 at
1.6 GHz, observed on March 30, 2016. The map of the polarised intensity P is shown in colour-
scale, overlaid with contours displaying the total intensity emission. The beam size is displayed
on the bottom right with a resolution of 1.25 x 0.32mas at a P.A. of 10.50°. The lines show
the EVPAs the length of which is proportional to P. Contour levels are (% of peak emission of
0.39 Jy/beam): —2.0, 2.0, 2.83, 4.0, 5.65, 8.0, 11.31, 16.0, 22.63, 32.0, 45.25, 64.0, 90.51. The
crossed circles display the positions and sizes of the circular Gaussian components that were fitted
to the data, and the parameters are listed with the respective component names in Table 5.2.

50 % degree of linear polarisation in the jet of 0716+714. However, since the flux density
in the region of high m is low, the uncertainties are quite large, of the order of 20 %.

In general, both quasars and BL Lac objects showed the tendency of increasing frac-
tional polarisation along the jet in an extensive MOJAVE survey of 484 sources (Pushkarev
et al. 2017a). This may be due to magnetohydrodynamic turbulence becoming less im-
portant downstream of the jet as it expands, so the magnetic field becomes more ordered
(Bottcher 2016). Compared to BL Lacs, quasars displayed overall less fractional polarisa-
tion and less stable EVPAs in the study. However, to assess the stability of the EVPAs
in 3C 345, a dedicated multi-epoch study would be required, which is beyond the scope
of this thesis. If this general trend holds true for 3C 345, deviations of the alignment of
the EVPAs with the jet direction are not surprising. The trend seen in the MOJAVE
survey of increasing fractional polarisation is also confirmed for the 3C 345 data, as can be
examined in Fig. 4.9. The likely reason for that is that the jet emission layer is thinner at
the edges, leading to less depolarisation due to the superposition of regions with different
Faraday depths.
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Figure 4.9: Same as Fig. 4.8, but displaying the fractional polarisation m in logarithmic colour
scale. Values of m ~ 5% are observed along the jet, with notably high m ~ 60% at ~5mas
downstream of the jet.

Since many different iterations of D-term estimation have been considered in Sect. 3.2.5,
the effect of uncertain instrumental polarisation on this fractional polarisation is likely
small, but it can not be ruled out entirely that the high fractional polarisation is due to
such uncertainties. To assess that, a Monte-Carlo imaging would be needed with a high
number of different sets of D-terms and resulting polarisation images.

Overall the EVPAs seem to be quite well aligned with the local jet direction in the
1.6 GHz image, which was also observed for this source at 43 GHz by MacDonald et al.
(2017). However, in the core, the EVPAs are oriented closer to the perpendicular orien-
tation relative to the jet. This might be consistent with a possible rotation of the EVPAs
by /2 due to opacity effects (e.g., Gomez et al. 1994; Gabuzda and Gémez 2001), in the
case of an optically thick core. This would indicate a B-field closer to the perpendicular
relative to the jet direction also in the core. This will be discussed in more detail in
Sect. 5.5 and 5.6. The motion of a shock on a helical path along the jet can explain the
observed bright polarised features with the EVPAs aligned with the jet direction, where
the magnetic field is quenched perpendicular to the jet direction (Wardle et al. 1994). Ear-
lier multi-frequency, multi-epoch studies of 3C 345 have favoured this scenario (Ros et al.
2000). Lobanov and Zensus (1999) argued that shocks likely do not play a significant role
in the dynamics and emission outside of the core region in 3C 345. In this case, the EVPAs
~b5mas downstream of the core could also be explained by a large-scale helical magnetic
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field with a dominant toroidal component. There is an indication for a slight gradient in
EVPA direction from the inner to the outer jet region, which is however not sufficient to
confirm the presence of a helical magnetic field. This will be further tested with higher
resolution RadioAstron observations at 22 GHz made in May 2016, close to my epoch at
1.6 GHz, that will be analysed for a future publication.

The discussion of the polarisation so far did not include possible Faraday rotation
in the source. Faraday rotation might significantly rotate the EVPAs especially for the
1.6 GHz map, as their angular rotation Ay oc A2, thus the Faraday rotation is stronger at
lower frequencies. This is analysed and discussed in detail in Sect. 5.6.
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Chapter 5

Analysis of the physical properties
of the parsec-scale jet in 3C 345

In this Chapter I will address the physical properties of the parsec-scale jet in 3C 345
based on an analysis of the RadioAstron data presented in Chapter 3 and 4 in conjunction
with a multifrequency VLBI dataset. I will mainly calculate and examine the brightness
temperature, core shift, spectral index, and rotation measure in the source.

Parts of Sect. 5.2 and 5.3 have been published in Potzl et al. (2021).

5.1 Complementary data

I obtained complementary data at other frequencies for the RadioAstron observations at
1.6 GHz, which are described in the following. An overview of the data sets is presented
in Table 5.1.

5.1.1 VLBA data

During the observations with RadioAstron, the VLBA also observed 3C 345 at other fre-
quencies during the times where the SRT was not observing. Data are available at 4.8 GHz
(C-band), 8.4 GHz (X-band), and 15.3 GHz (U-band). All VLBA stations except Mauna
Kea (MK) on Hawaii were observing. The lack of MK is unfortunate as it contributes to
the longest baselines, which is why the resulting maps from these observations have a more
limited resolution compared to observations with the full array. Close to the RadioAs-
tron epoch, there are MOJAVE observations available at U-band, which are described in
Sect. 5.1.2. I use these data instead of the smaller dataset obtained at my epoch.

The calibration of the data was done in a similar fashion as described in Chapter 3. The
observed visibilities were parametrised with circular Gaussian components in the image
plane, in the same manner as described in Sect. 4.2.1. The parameters of those Gaussian
components are presented in Table 5.3.

5.1.2 MOJAVE data

The MOJAVE database was searched for observations close to the RadioAstron epoch.
The MOJAVE survey monitors a large sample of AGN with the VLBA at 15.3 GHz (Lister
et al. 2018). It is monitoring 3C 345 since 1995. Observations were performed close to my
epoch on March 5th, 2016, less than a month apart from the RadioAstron observations,
providing a good comparison. This is justified by the observed variability in the radio
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light curves, and by the median velocity of jet components of ~0.3masyr~'. The 15 GHz
data are available at the MOJAVE webpage!.

As the MOJAVE survey presents images on their webpage with natural weighting, I
took the calibrated MOJAVE data and imaged them again with uniform weighting and
without any additional self-calibration. A uniform weighting scheme has been chosen here
to increase the resolution and thus to get a closer comparison to the RadioAstron data.

Circular Gaussian model fits to the MOJAVE data set were conducted. A total of nine
components were identified, while applying the same criterion as for the RadioAstron data
to find the minimum number of components needed to describe the data. The resulting
model parameters are different from those listed in the MOJAVE database, as there,
they identify seven components with slightly different parameters from what I obtained.
However, five of my fitted components are readily identified with the ones in the MOJAVE
database, noticing that the components in the core-region are not easily cross-identified.
The cross-identification can be seen in Table 5.2, where the MOJAVE components are
designated by numbers, while my component designation follows a different scheme. In
the MOJAVE survey, only components are identified that can be robustly tracked over at
least five epochs (Lister et al. 2009). This may be a reason for the observed discrepancy
in the results of the modelfit, as it was not tried to identify the Gaussian components
obtained from model fitting across multiple epochs. In addition, in the MOJAVE survey,
often times an elliptical Gaussian function is used to describe the core. In this case, the
core identified in my component fitting could be merged with the component Ul. In the
following, the model fitting from my own analysis will be used, except for Sect. 5.8, where
the aim is to track the evolution of components identified both in the MOJAVE database
and the RadioAstron map.

5.1.3 BU blazar program data

In the framework of the Boston University blazar program? (Jorstad and Marscher 2016),
3C 345 is monitored among other sources at 43.1 GHz. The cadence of the observations is
of the order of a month, and 3C 345 was observed very close to my epoch on March 18,
2016. As for the MOJAVE observations, a comparison seems reasonable, as the observing
epochs are even closer to each other here. Circular Gaussians are fitted to the visibility
data, and the resulting parameters are presented in Table 5.3.

Table 5.1: Data sets used for the analysis.

v [GHz] Band Epoch Array Nant
1.6 L March 30, 2016 EVN + VLBA + SRT 19
4.8 C March 30, 2016 VLBA 9
8.4 X March 30, 2016 VLBA 9
15.3 U March 5, 2016 VLBA 10
431 Q  March 18, 2016 VLBA 10

The resulting images, showing both total intensity and linear polarisation, for 4.8 GHz,
8.4 GHz, 15 GHz and 43 GHz are shown in Fig. 5.1, 5.2, 5.3 and 5.4.

"https://www.physics.purdue.edu/MOJAVE/sourcepages/1641+399. shtml
*https://www.bu.edu/blazars/VLBAproject.html
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Figure 5.1: VLBA image of the total intensity and linearly polarised emission of 3C 345 at
4.8 GHz, observed on March 30, 2016. The map of the polarised intensity P is shown in colour-
scale, overlaid with contours displaying the total intensity emission. The beam size is displayed
on the left with a resolution of 1.57 x 3.88mas at a P.A. of 19.95°. The lines show the EVPAs
the length of which is proportional to P. Contour levels are (% of peak emission of 2.10 Jy/beam):
—0.016, 0.016, 0.031, 0.063, 0.125, 0.25, 0.5, 1.0, 2, 2.83, 4, 5.65, 8, 11.31, 16, 22.63, 32, 45.25,
64, 90.51. The crossed circles display the positions and sizes of the circular Gaussian components

that were fitted to the data, and the parameters are listed with the respective component names
in Table 5.3.
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Figure 5.2: VLBA image of the total intensity and linearly polarised emission of 3C345 at
8.4 GHz, observed on March 30, 2016. The map of the polarised intensity P is shown in colour-
scale, overlaid with contours displaying the total intensity emission. The beam size is displayed on
the bottom left with a resolution of 0.93 x 2.18 mas at a P.A. of 20.96 °. The lines show the EVPAs
the length of which is proportional to P. Contour levels are (% of peak emission of 2.54 Jy/beam):
—0.063, 0.063, 0.125, 0.25, 0.5, 1.0, 2, 2.83, 4, 5.65, 8, 11.31, 16, 22.63, 32, 45.25, 64, 90.51. The
crossed circles display the positions and sizes of the circular Gaussian components that were fitted
to the data, and the parameters are listed with the respective component names in Table 5.3.

5.2 Brightness temperature

As described in Sect. 1.3, the brightness temperature of a source provides information
about the involved emission mechanisms. measurements of the brightness temperature
and the physical interpretation will be discussed for several regions in the jet in 3C 345.

The ability of an interferometer to measure the brightness temperature is in prin-
ciple independent from the observing wavelength, and depends only on the projected
interferometer baseline, measured as distance in metres (Kovalev et al. 2005). Accord-
ingly, RadioAstron uniquely probes the highest brightness temperatures (e.g., Gémez et
al. 2016; Kovalev et al. 2016; Kutkin et al. 2018; Pilipenko et al. 2018; Kovalev et al. 2020;
Kravchenko et al. 2020).

The brightness temperature is calculated in two ways. First, the minimum brightness
temperature Tj, min as well as the maximum brightness temperature Ti, i,ax are estimated
from the visibility data and the visibility errors according to Lobanov (2015). In addition to
that, the brightness temperature is calculated from the fitted flux densities and FWHM of
the modelfit components explained in Sect. 4.2.1. The values of the estimated brightness
temperature from both methods are presented in Fig. 5.6, as well as in the (u, v)-coverage
plot in Fig. 4.4 for the first method. The same methodology has been applied for the
MOJAVE data presented in Sect. 5.1.2. I go into more detail about the comparison of the
data sets in Sect. 5.2.2.
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Figure 5.3: VLBA MOJAVE image of the total intensity and linearly polarised emission of 3C 345
at 15.3 GHz, observed on March 5, 2016. The map of the polarised intensity P is shown in colour-
scale, overlaid with contours displaying the total intensity emission. The beam size is displayed on
the bottom left with a resolution of 0.63 x 0.46 mas at a P.A. of —10.29 °. The lines show the EVPAs
the length of which is proportional to P. Contour levels are (% of peak emission of 3.44 Jy/beam):
—0.031, 0.031, 0.063, 0.125, 0.25, 0.5, 1.0, 2, 2.83, 4, 5.65, 8, 11.31, 16, 22.63, 32, 45.25, 64, 90.51.
The crossed circles display the positions and sizes of the circular Gaussian components that were
fitted to the data, and the parameters are listed with the respective component names in Table 5.2.

For estimating the brightness temperature from the visibilities, one assumes a circular
Gaussian distribution:

_202,2
H) 7 (5.1)

V= Voexp( Aln2

with 0 being the size of the emitting region, ¢ is the radial (u, v)-distance (¢ = vu? + v?) in
units of the wavelength A, V; is the visibility at the given distance ¢ and Vj the visibility at
q = 0 (i.e., zero spacing, corresponding to the total flux density). Subsequently, it follows
that

B 2In2 A

0= , 5.2
T Ba/In(V/Vy) (5:2)
with B = ¢ - A. Then the brightness temperature
T  B?V,
= —————. 5.3
> 2k In(Vo/V,) (5:3)

For Vo = eVy, Eq. 5.3 has a minimum. Thus one can estimate the minimum brightness
temperature as:

e
Tb,min = ﬂBZan (54)

where one only needs to assume a Gaussian brightness distribution. The maximum, or
limiting brightness temperature can be obtained from Eq. 5.3 when adopting Vo = V; + 04
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Figure 5.4: VLBA image of the total intensity and linearly polarised emission of 3C 345 at
43.1 GHz, observed on March 18, 2016 (BU blazar program). The map of the polarised intensity
P is shown in colour-scale, overlaid with contours displaying the total intensity emission. The
beam size is displayed on the bottom left with a resolution of 0.29 x 0.17 mas at a P.A. of —12.97°.
The lines show the EVPAs the length of which is proportional to P. Contour levels are (% of
peak emission of 1.68 Jy/beam): —0.063, 0.063, 0.125, 0.25, 0.5, 1.0, 2, 2.83, 4, 5.65, 8, 11.31,
16, 22.63, 32, 45.25, 64, 90.51. The crossed circles display the positions and sizes of the circular
Gaussian components that were fitted to the data, and the parameters are listed with the respective
component names in Table 5.3.
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Figure 5.5: Same as Fig. 5.3, but displaying the fractional polarisation m in logarithmic colour
scale.
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as a lower limit. This effectively corresponds to the condition that the feature probed by
the visibility V; is marginally resolved. So this provides a reasonable limit for the longer
baselines, especially for my RadioAstron data.

Generally, the estimates of the brightness temperature from the visibilities are most
accurate for baselines > 200 M\, where Tj, yyin and 7§ max provide a reliable constraint
on Tj, (Lobanov 2015). As shown in Fig. 5.6, the data were binned into 10 MA bins,
and for the bin at the largest (u,v)-distances, an average T}, min = 6.46 x 102K and
Ty max = 1.90 x 10 K has been calculated, which are the values that I will use in the
following analysis.

From the Gaussian component fits, T3, is calculated as (see Eq. 1.6):

S,,c?

T, = 2
b o kgr2Q’

(5.5)
where S, denotes the flux density, ¢ the speed of light, kg the Boltzmann constant, v the
observing frequency, and €2 is the component solid angle. The highest T}, that is calculated
for component L3 (see Table 5.2), lies between T}, min and Ti, max at 8.96 x 102 K, close
to the maximum value. So the values obtained for T}, min and T, max seem to provide a
reasonable bracketing for the highest component brightness temperature.

It is generally thought that, for incoherent synchrotron sources such as AGN, if Tj,
increases to values larger than about 10'? K, the amount of energy released due to the
Inverse Compton (IC) process becomes too large to be sustainable. This “IC catastrophe”
reduces T}, again to values of about 10'2 K on timescales of a day (Kellermann and Pauliny-
Toth 1969). This is because of the strong dependence of the ratio of IC to synchrotron
luminosities on the brightness temperature:

T\’
v (o)

Lic 7, \’
oc
Lgynen 102K
This threshold is referred to as the IC limit. Readhead (1994) argued that the equipar-
tition brightness temperature Tj, o might be a better constraint for the upper value of
the brightness temperature, which is generally more of the order of 10" K. It assumes an

equipartition of the energy of particles and magnetic fields. For 3C 345, a value very close
to 1011 K is estimated according to Readhead (1994):

(5.6)

1/17 142a)/17
St (2T

_ —1/2 (20-13)/17
T = 1.6- 1012 - A= TF ()2 [1 (1+2) ] . [1 + Z]

142 D
(5.7)

with Hy = h - 100kms~! Mpc™!, with h = 0.7 for the assumed cosmology. Also, S(’)p is
the peak flux density and I/(I)p is the turnover frequency in the observer’s frame (denoted
as primed quantities). F'(«) is defined as (Scott and Readhead 1977)

F(a) =1.6-C()

0.5—a 0.5—a71/17
v —
low high ] fg(a) , (58)

(2 = 1) fi(e)
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where C'(«) is given in Shaffer et al. (1977), and C'(—0.2) = 2.25 is adopted. Also (Scheuer

and Williams 1968)
~f(3a+1\ » [(3a+5
T T
a/2+2/3 ( 6 ) ( 6 )

)= A2+ 122 + 11/12) " <6a T 5) - (Ga T 13) and - (59)
12 12
/24 11)2
fola) = a2 12/3° (5.10)

where I' is the complete Euler-I'-function, which is used to replace the original factorial

notation in Scheuer and Williams (1968) according to (xz —1)! = I'(z). The spectral index
o is calculated as

log(SVhigh) - 10g(SV10W)
o = )
log(high) — 1og(Viow)

(5.11)

and for Effelsberg measurements at v, = 10.5 GHz and vy, = 13.0 GHz listed in Ta-
ble 4.1, it yields @ = —0.22 £ 0.20. This is in accordance with the value from Liu et al.
(2018), who obtained o = —0.2 with Effelsberg data from July 2014. It should be noted
here that Tj, o4 depends only weakly on a.. As a proxy for the peak flux density, the single-
dish flux density at 1.6 GHz is used. Equation 5.7 gives an upper limit on Tj, o in case one
is not using the actual peak flux density of the spectrum. With these values, T, oq = 10107
is calculated.

The effect of the source redshift z and Doppler boosting (see Eq. 1.29 and 1.31) is
considered according to:

Tb,int
(1+42)’

Th.obs = 0 (5.12)

where Tj, o,s denotes the brightness temperature in the observer’s frame and Tj, ;¢ in the
source frame. The jet Doppler factor is denoted by ¢ and 6 is the jet viewing angle. In the
following, a Doppler factor § = 9.1 + 1.9 is assumed as reported in Liodakis et al. (2017),
calculated from variability arguments for the source. They also constrain the Doppler
factor with assumptions on the IC emission (Ghisellini et al. 1993), yielding similar results.
VLBI monitoring within the VLBA-BU-BLAZAR Program at 43 GHz also shows Doppler
factors of the order of 10 (Jorstad et al. 2017). From these corrections one would expect
the theoretical value not to exceed T3, = 5.7 x 102 K in the source frame.

The visibility amplitudes imply the presence of emitting regions with observed bright-
ness temperature in excess of the IC limit. This suggests either locally efficient injection
or re-acceleration of particles in the jet to counter the inverse Compton cooling, or that
the geometry of the jet creates significant changes in the Doppler factor, resulting in the
sufficiently large Doppler boosting. Efficient particle re-acceleration could, for example,
be achieved with turbulent plasma flowing down the jet and crossing a standing shock
(Marscher 2014). Alternatively, magnetic reconnection events can efficiently accelerate
particles (e.g. Sironi et al. 2015).

Doppler boosting due to changes in the viewing angle along the jet has been investi-
gated by Qian et al. (1996) for 3C 345, who find that the position and flux variability of
a component could be explained with helical motion. A similar well-pronounced case of a
helical jet pattern is known in the source 11564295 (Hong et al. 2004; Zhao et al. 2011).
Variations in the jet orientation for the innermost 1 mas of the jet in 3C 345 within about
60° over 15 years also support such a scenario (Lister et al. 2013), and the helical mo-
tion could possibly be explained by precession of the accretion disc (Lobanov and Roland
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Figure 5.6: Minimum brightness temperature 7j min and maximum brightness temperature
Th max as a function of (u,v)-distance. The values were estimated from the visibilities follow-
ing Lobanov (2015). The solid (dashed) lines show the average T}, min (Tb,max) i bins of 10 M for
RadioAstron (black) and MOJAVE (red), while the points show the individual data values with the
same colour scheme. The dashed horizontal lines show T}, calculated from Gaussian component fits
(see Table 5.2). Th min and Th max provide a reasonable bracketing for the brightness temperature
at least for the RadioAstron data.

2005). Qian et al. (1996) find variability in the Doppler factor between 7 and 11, caused
by the difference in viewing angle. This would be insufficient to explain the high T}, yin
in my RadioAstron observations, where one would need § > 11. Schinzel et al. (2012)
have investigated the Doppler factor for different components in 3C 345 observed between
2008 and 2010 at 43 GHz. They find Doppler factors as high as 23 for one component.
Jorstad et al. (2017) also find maximum Doppler factors of about 17. Such high Doppler
boosting could readily explain the high observed brightness temperatures, however I can
not identify single components in the RadioAstron map with the components presented
in these works.

Still, the inferred brightness temperatures from this work easily exceed the estimated
T}, eq by an order of magnitude, suggesting that the jet in 3C 345 is, at least in part, not
in equipartition. This indicates a flaring event, that is also supported by the radio light
curve and the bright polarisation component that is observed at 1.5 mas (see Sect. 4.3).

5.2.1 Refractive substructure

More extreme values for the brightness temperature have been found in other sources
observed by RadioAstron, e.g., in 3C 273 (Kovalev et al. 2016) and BL Lac (Gémez et al.
2016). Kovalev et al. (2016) suggest refractive substructure as a possible source of the high
observed Tj,, which has been investigated by Johnson et al. (2016). Following this, the
possible effect of scattering on the estimated brightness temperature is also investigated
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here. This effect is more prominent at longer wavelengths and starts contributing to the
observed signal at A = 18cm at any baseline larger than ~70,000 km (~400MJ), if the
flux density at zero spacing is > 1Jy and T}, is in the range of the values that are also
obtained here (cf. Fig. 1 and 3 in Johnson et al. 2016).

To calculate T, min, Eq. 3 in Johnson et al. (2016) is used, which accounts for both
refractive substructure and angular broadening. The former will lead to an overestimate,
the latter to an underestimate of Tj, yin:

B 5/6 F D \ /6 Oc ~5/6
Thomin = 1.2 x 102K B ). ( Y A tt 7
; 105 km 20 mJy 1kpe 18 cm 300 pas

(5.13)

where B denotes the baseline length and Fp the measured flux density at this baseline.
Adopting the NE2001 model (Cordes and Lazio 2002) for the Galactic distribution of free
electrons, an angular broadening of O, = 0.28 mas is estimated for the galactic coordi-
nates of 3C345 (I = 63°.45, b = 40°.95). At an assumed distance to the scattering screen
of D = 1kpc, Th, min = 1.5 10" K is determined, which is even higher than the previous
estimate without considering scattering. So I conclude that refractive substructure likely
does not play a role for my RadioAstron observations. This is not surprising as 3C 345
lies at high galactic latitude, so there is likely not enough scattering material along the
line of sight to cause significant refractive substructure.
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5.2.2 Comparison with brightness temperatures from MOJAVE data

The brightness temperatures obtained from the 1.6 GHz space-VLBI data is compared with
estimates obtained with the same methods using MOJAVE 15 GHz observations. To make
a reasonable comparison of the two data sets, a filter is applied on the visibilities of the
MOJAVE data, so that only data that occupy the same location (within 10 %) in the (u, v)-
plane as the 1.6 GHz data are used for the MOJAVE brightness temperature estimate. I
present T, min as a function of the (u,v)-radius in Fig. 5.6. As for the RadioAstron data,
both the brightness temperatures obtained from the visibilities as well as those obtained
from the Gaussian component fits are plotted (see again Fig. 5.6).

The range between Tj, ymin and Ti, max is larger for the MOJAVE data compared to the
RadioAstron data. This could be due to the underestimated visibility errors in the former,
50 T}, max might not be well defined, leading to a poor determination of T}, yax. This may
also indicate that the components in the inner jet are mostly unresolved. Nevertheless,
the maximum brightness temperature from Gaussian component fits to the MOJAVE
data still lies between the limits provided by T, min and T}, max. I will concentrate on the
comparison between the different Tj, min.

One can see significantly higher values for Tj, i in the 1.6 GHz RadioAstron data
compared to the 15 GHz MOJAVE data. That is expected, as T}, oc A2, and any differences
in the ratio Ty min,RA/Tb minMmog that differs from (18 cm/2cm)? as a function of UV dis-
tance seen in Fig. 5.6 can be interpreted as a non-zero spectral index. Indeed a trend of
decreasing ratios for increasing (u, v)-distances is observed, which can be interpreted as a
progressive change of the jet opacity from optically thin to thick with increasing baseline
lengths in the innermost jet region. This is the case because the longest baselines primarily
probe the bright, innermost part of the jet.

5.3 Variability timescale

Liu et al. (2018) have investigated the variability properties of a large samples of AGN
observed with RadioAstron in terms of their modulation index at 5 GHz. The modulation
index is defined as m = 0¢/Sp, where o and Sy are the standard deviation and mean of
a Gaussian distribution of flux density measurements.

3C 345 did not show any signs of intra-day variability (IDV), with m being consistent
with zero, although the source is known to exhibit long-term (months to years) variability,
as shown in observations at the Green Bank Interferometer at 2 GHz and 8 GHz (Rickett
et al. 2006) and the VLA MASIV program (Lovell et al. 2008). Also at higher frequencies
of up to 43 GHz, 3C 345 shows variability (e.g. Angelakis et al. 2019). The lack of IDV
is not surprising considering the high Galactic latitude of 3C 345, as IDV is likely caused
by scintillation due to the Galactic interstellar medium (Rickett et al. 2006). From the
smallest component size in the RadioAstron data (for component L3), one can estimate
the shortest variability timescale according to Jorstad et al. (2017):

25.30 Dy,

Here 7 is the variability timescale in years, 6 is the component FWHM in mas (as given in
Table 5.2), Dy, is the luminosity distance and ¢ is the Doppler factor. Considering Doppler
factors between 10 and 25 (see Sect. 5.2), the shortest variability timescale is estimated
to be between 1 to 4 months, where only the lower estimate is broadly consistent with

7 = 14.1d, as found by (Rickett et al. 2006). This indicates that the component size is
still slightly underestimated and not quite resolved.
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The variability in 3C 345 has also been studied by Lahteenméki et al. (1999) with data
from the Metsdhovi quasar monitoring program. They determine the variability timescale
from flux density gradients, and calculate the variability brightness temperature. They
report values of 10 K, close to the equipartition value, which is significantly lower than
the brightness temperatures obtained from the RadioAstron observations.

5.4 Core shift

For estimating the core shift between different frequencies, I use the GUI-based Python
program developed by Laura Vega-Garcia at the MPIfR, described in her PhD thesis (Vega
Garcia 2019). It employs the 2D cross-correlation algorithm as described in Lewis (1994).
The procedure as used for astronomical images is explained in more detail in e.g., Croke
and Gabuzda (2008) and Fromm (2012). The cross-correlation coefficient cc is given as:

ZiZj(Illl(i7j) _H)(Iw(i + Aiaj + A]) _E)

D U 00) 1) 2 3y Ui+ Ai + A)) — T2

where [, are the image intensities at the frequencies v; and v, at pixel coordinates i and
4, and I denotes the mean of an image. The algorithm searches for a maximum of cc for
different shifts Ai and Aj. For the 2D cross-correlation, the optically thick core region
should not be used as its position will change with frequency. The program of Vega Garcia
(2019) allows for a rectangular selection of a presumably optically thin region as an input
for the correlation in both images.

For the 2D cross-correlation method one needs to convolve the maps that are to be
aligned with the same beam, corresponding to the larger beam size. The maps need to
have the same pixel size as well. Fromm et al. (2013) used a common pixel size of 1/20
of the beam size at the higher frequency (i.e., the smallest beam), so that no structural
information is lost. For each pairwise alignment of two maps, I decided to use the pixel
size from the map with the smallest pixel size, in most cases from the higher frequency
map (except for the RadioAstron map). The formally best achievable accuracy of the 2D
cross-correlation method is equal to the pixel size used (Vega Garcia 2019). However, one
can assess the quality of the obtained shift by inspecting the 2D distribution of correlation
coeflicients as a function of shifts in declination and right ascension, as displayed in Fig. A.1
to A.5 in the appendix A.

Another way to obtain the core shift is by using the features described by Gaussian
model fits further downstream of the jet core that are optically thin, meaning their position
does not change with frequency. If one can cross-identify one or more of such components
in both data sets, one can align the multifrequency images with the positions of these
components and obtain the core shift as the difference between the distance of the cores
to the respective optically thin components.

Different alignments were tested with the components presented in Tab. 5.2 and 5.3. It
proved difficult to cross-identify one specific component for all frequencies. For the lower
frequencies at 1.6 and 4.8 GHz, the best alignment is obtained with components L6 and C3.
At these low frequencies, the extended emission ~4 mas and further downstream of the jet
is more reliably detected. At higher frequencies, aligning the maps with these components
is challenging, yielding mostly unreasonable shifts between the maps. This may be due
to the clean algorithm that is less sensitive to extended emission, and uncertainties in
the cleaning in the process of hybrid imaging may have introduced uncertainties in the
positions of the optically thin features.

So for higher frequencies, it was tried to align the maps with components that are
situated more in the inner jet region. A cross-identification of components L5, C2, X3,

, (5.15)
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M6, and Q6 was attempted. With these components, one can reach an alignment similar to
the result from the 2D cross-correlation. However, it became clear that the low-resolution
observations at 4.8 and 8.4 GHz were not sufficient to resolve the components in the 1.6
and 15.3 GHz maps in the regions around components L4, L5, U5, and U6. Another issue
is that, in general, components that are identified with modelfit may not correspond to
real features in the image, but may be just mathematical constructs needed to reproduce
a complex brightness distribution (Lister et al. 2009). Thus, to avoid these uncertainties
with component identification, I decided to use the alignment obtained from the 2D cross-
correlation.

In general, the maps are shifted so that their phase centre coincides with the total
intensity peak. Therefore, the obtained shifts had to be re-referenced to the respective
core position, which does not coincide with the total intensity peak in the maps, especially
for the 1.6 GHz RadioAstron map. The core position was determined as the position of
the Gaussian component most upstream in the jet.

To avoid uncertainties introduced by the different beam sizes, only the shifts between
adjacent frequency maps in my dataset are calculated, and the core shifts were obtained
from cumulative shifts (same procedure as in e.g., Fromm et al. 2013). The so obtained
core shifts are displayed in Table 5.4.

Table 5.4: Core shifts with respect to the core position in the 15.3 GHz map.

(1) (2) (3) (4) (5) (6) (7) (8)
v binaj bmin 0, Az Ay Ar A
[GHz] [mas] [mas] [°] [mas] [mas] [mas] [°]

1.6 1.249 0.316 1050 —0.62%£0.13 —-0.30£0.08 0.688+0.245 —-116.2%+7.9
4.8 3.877 1568 19.95 —0.224+0.10 —-0.33%£0.10 0.393 £0.206 —145.8£15.0
8.4 0.934 2183 2096 —0.17£0.03 -0.01+0.03 0.17£0.06 —-94.14+£938
153 0.633 0.456 —10.29 . o e e

43.1 0287 0.171 —-1297 0.13£0.01 0.03 £0.01 —0.13+£0.03 —-104.1+£6.2

NoOTE: Columns display the (1) observing frequency, (2) beam major axis, (3) beam minor
axis, (4) beam position angle, (5) core shift in right ascension, (6) core shift in declination,
(7) radial core shift (8) direction of the core shift.

One expects a frequency dependence of the core shift according to Eq. 1.67. The
obtained core shifts are plotted vs. frequency and a fit to the data a function of the form

Ar=A-v Vb 4y (5.16)

is conducted. As the function has three parameters, A, k. and 7y, a minimum of four
frequencies is needed to measure the core shift, as this will results in a minimum of three
data points. A best-fit value of k, = 1.83 £ 0.53 with x2,; = 1.142 is obtained. Another
fit is conducted with k; fixed to 1, which results in X?ed = 6.969. Both fits are shown in
Fig. 5.7. With these data, the fit clearly indicates a deviation from the equipartition case,
where k, = 1.

Schinzel (2011) studied the core shift in 3C 345 over 20 years between 1995 and 2005.
They use data from the same frequencies, with the addition of 22 GHz measurements.
They also reference the core shifts to 15 GHz, providing a suitable comparison. They find
an average k, = 2.9 across their epochs, and conclude that their poorly fitting data point
at 1.6 GHz is likely strongly affected by blending with other features in the innermost jet
region, which leads to an underestimation of the core shift. A fit excluding this data point
yielded a k, consistent with unity.
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In principle, one expects blending effects to be less relevant for the high-resolution
observations at 1.6 GHz with RadioAstron. However, other effects might play a role, so
the same fit is run again without the data point at 1.6 GHz. The resulting fit yields
ky = 1.04 £ 0.10 with X?ed = 0.056, slightly better than the fit where k; is fixed to unity,
with X?ed = 0.063. Within the errors, the fit is consistent with the k. = 1 case. This
corresponds to a 20-fold improvement in X?ed? and the fit visually provides a better match
for the data points. Based on the second fit, one would expect the value of the shift at
1.6 GHz to lie at 1.03mas, an increase of ~0.3mas, corresponding to about one beam
size at 1.6 GHz. If k, was indeed significantly above unity for the region of the 1.6 GHz
core, it would imply that the distance of the core to the central engine is smaller than
expected. This is difficult to explain in the framework of a self-absorbed jet. For the inner
region of jets probed by observations at higher frequencies, a higher value of k; could be
expected due to free-free absorption in gaseous clouds surrounding the jet in the BLR.
The BLR can extend up to 20pc (Cassidy and Raine 1993), but is rather expected to
extend up to about 1pc or even lower from the central engine (Klein and Fletcher 2015).
At the distance of the core region at 1.6 GHz, any absorption by gas of the BLR should
be negligible. Also, such absorption would then be expected to have an even greater effect
at higher frequencies, which is not observed.

From this I conclude that the core shift value measured with respect to the 1.6 GHz is
indeed underestimated, although blending effects should play a minor role. The number
of ground-SRT visibilities at the longest (u,v)-distances could be insufficient to reliably
constrain the position of the core, as the compact core likely dominates the signal for
the long (u,v)-distances. This systematic effect is not reflected in the purely statistical
uncertainties given in Table 5.2. However, the most likely reason for the underestimated
core shift is that, with the visibilities on space-ground baselines, one detects a weaker and
compact feature upstream of the true core location compared to measurements by ground-
ground baselines. This behaviour has been previously observed with VSOP (Gabuzda and
Gémez 2001). In the following analysis, I will use the estimated k, = 1.04 derived from
the second fit without 1.6 GHz.

This result, which is in accordance with equipartition, may seem contradictory to the
fact that in Sect. 5.2, it was found that the jet is likely not in equipartition. However,
the highest brightness temperatures are in fact not observed in the core, but close to the
jet component L2. To use Eq. 1.77 and 1.81, only equipartition in the core needs to be
satisfied.

The frequency-independent core-shift measure €2, and the core distance rcope are de-
rived using Eq. 1.73 and 1.75, respectively. The obtained values can be inspected in
Table 5.5. Pushkarev et al. (2012) found ©,, = 23.85pc GHz and rcore = 29.94 pc from
core shift measurements to a reference frequency of 15 GHz, with measurements from fre-
quencies between 8.1 and 12.1 GHz. Overall my values for 7.y and €2, are consistent
with the values presented there. The position angles of the core shift derived there are
around —90°. My values at 8.4 GHz are consistent with this, although the values at other
frequencies, especially at the lower frequencies, deviate quite significantly from that. This
trend is illustrated in Fig. 5.9, where the core shift in right ascension and declination for
the different frequencies with respect to 15.3 GHz is plotted. Schinzel (2011) also noted
a similar behaviour. In their study of the core shift in 3C 345 they obtain an average
Q,, = (23.80 £ 0.94) pc GHz, very close to my values. The position angle of the core shift
at the lower frequencies, between 1.6 and 5.0 GHz, deviated by a similar amount from the
one at higher frequencies. The transition point of the core shift direction lies between 4.8
and 8.4 GHz in my observations, so at slightly higher frequencies. This hints at changes
of the jet direction in the innermost region, where components are thought to travel on
helical paths (cf. Sect. 4.3).
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Figure 5.7: Core shift in 3C 345 based on shifts from four frequencies (1.6 GHz, 4.8 GHz, 8.4 GHz,
and 43.1 GHz) relative to 15 GHz. The red line shows the best fit with k, = 1.83 4 0.53, while
the red shaded area shows the 1o deviation. The blue dashed line shows the best fit when fixing
k, = 1.
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Figure 5.8: Core shift in 3C 345 based on shifts from three frequencies (4.8 GHz, 8.4 GHz, and
43.1 GHz) relative to 15 GHz. Because the shift to the lowest frequency at 1.6 GHz seems more
poorly constrained (see Fig. 5.7), another fit without this frequency is performed. The red line
shows the best fit with k&, = 1.04 + 0.10, while the red shaded area shows the 1o deviation. The
blue dashed line shows the best fit when fixing k, = 1. Leaving out the 1.6 GHz data point yields
a fit that is consistent with k. = 1 within the errors.
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It has been suggested that changes in the geometry of the jet can lead to a change in
the observed (2, with frequency, i.e. along the jet (Schinzel 2011). This can explain the
somewhat lower §2,, observed at lower frequencies in my observations and the apparent
change in position angle of the core shift at the same time. However, a change in €2,, can

also be caused by deviations of the magnetic field or particle density along the jet, where
the jet might not be in equipartition, as suggested for the region around the L2 component
in the 1.6 GHz map.
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Figure 5.9: Core shifts in right ascension (z-axis) and declination (y-axis) with respect to
15.3 GHz (the 15.3 GHz data point lies at the origin). The respective values can be read off in

Table 5.4. The change in direction of the core shift between higher (43.1, 15.3 and 8.4 GHz) to
lower (4.8 and 1.6 GHz) is clearly visible.

Table 5.5: Quantities derived from the core shifts presented in Table 5.4.

(1) (2) (3) (4) (5) (6) (7)
v Qry T'core By Beore T Bt Beore §
[GHz]  [pc GHz] [pc] [G] [G] [G] [G]
1.6 81+29 592+21.1 26+0.7 0.04+0.02 0.58+0.15 0.010+ 0.004
4.8 176 £9.2 445+23.3 46+1.8 0.10£0.07 1.04+041 0.02£0.02
8.4 203 +7.0 29.8410.2 52+1.3 0.17+0.07 1.154+0.30 0.04 +0.02
15.3
43.1 18.9+4.1

5.7+£12 49£08 0.85£023 1.094+0.18 0.19 £0.05

NoTE: Columns display the (1) frequency, (2) core shift measure, (3) distance of the core
to the central engine, (4)+(6) magnetic field at 1 pc from the central engine and (5)+(7)

the magnetic field in the core.  Values calculated according to Eq. 1.77 (Lobanov 1998),
I values calculated according to Eq. 1.81 (Hirotani 2005).

Since the result of the core shift analysis is consistent with k&, = 1, one can make use
of Eq. 1.77 and 1.81 to calculate the magnetic field at 1pc from the central engine, Bj,
as well as the magnetic field in the respective core, Bcoe- Both equations are derived
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from slightly different approaches by (Lobanov 1998) and (Hirotani 2005), respectively,
and yield somewhat different values.

For the calculation the jet Doppler factor ¢ is fixed to 9.1 (Liodakis et al. 2017) and
the jet viewing angle 6§ = 5° (Schinzel et al. 2012). The jet opening angle is calculated
using the jet widths within the first 1 mas in the 1.6 GHz RadioAstron map from the jet
ridge line fit (see Sect. 4.2). This yields an apparent opening angle of ¢g ~ 4.9°. The
deprojected jet opening angle ¢ = ¢q -sinf =~ 0.4°. The determined values can be found
in Table 5.5. My values obtained with Eq. 1.81 are consistent with previous results from
Pushkarev et al. (2012), who report Beore = 0.04G and By = 1.2G. Thus I decide to
continue with these values.

5.5 Spectral index

With the alignment between the maps at different frequencies obtained from Sect. 1.5,
enables the construction of spectral index maps between all adjacent frequencies. This
functionality is also provided in the Python program by Vega Garcia (2019). Again,
the spectral index « is defined as S}, oc v%, and « is calculated according to Eq. 5.11. The
reliability of the spectral index maps was tested while determining the best map alignment
(Sect. 5.4). Since the jet is not transversely resolved, one does not expect large transverse
gradients in «, which are also not observed in the final maps. An exception is the spectral
index distribution between 4.8 and 8.4 GHz (Fig. 5.16), where the core region shows an
gradient from north to south. At the same time, a gradient is visible at ~8 mas in the
opposite direction. Overall, the asymmetry is likely partly caused by the insufficient data
quality at these frequencies. It could however also reflect the changes of the jet direction
in the innermost jet region, as discussed in Sect. 5.4.

All the resulting maps are displayed in Fig. 5.10 to 5.22, where also the spectral
index profile along two selected slices along the jet for each map is plotted. One slice is
horizontal, and the other is chosen to reflect the overall jet direction. In addition to the
adjacent frequencies, the spectral index between the 1.6 and 15.3 GHz map is calculated,
as they have a comparable resolution.

Typically, an optically thick core is seen in all maps, with the spectral index declining
along the jet direction. This behaviour is expected for a self-absorbed jet. Interestingly, an
increase in the spectral index at ~1.5 - 2mas is observed in Fig. 5.10. It almost coincides
with the total intensity peak, and coincides well with the peak in polarised intensity, which
is slightly offset from the peak in total intensity. This can more clearly be seen in Fig. 5.11,
where both spectral index as well as total and polarized intensity are plotted along the
jet. A similar feature is seen at ~3mas. This supports the idea that the feature around
L2 corresponds to a shock front, possibly propagating down the jet.

Hovatta et al. (2014) calculated spectral index maps between 8.1 GHz and 15.4 GHz
for many sources in the MOJAVE sample, including 3C 345. They found an optically thick
core with a & 2.5 and « declining along the jet ridge line. In earlier observations between
1995 and 1996, Ros et al. (2000) studied the spectral index between 5, 8, 15 and 22 GHz.
They find the core region to be optically thick as well, with a more visible gradient where
the spectral index first increases at the jet apex before reaching its maximum. This may
be due to the difference in beam size, where they chose to resolve all their maps with a
circular beam of 1.2mas radius. The maps at 5 GHz were over-resolved in the direction
parallel to the jet with that beam, which could lead to uncertainties in the spectral index
in this direction. The difference in the observed spectral index profile could also reflect
an increase in opacity due to enhanced particle density as shocks start to travel down
the jet from the core region. However, this should be reflected in an increase in the core
flux density at the RadioAstron epoch compared to the observations in Ros et al. (2000),
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which is not observed (see Fig. 5.34, where the core flux density from the MOJAVE survey
is plotted from 1995 to 2020). On the other hand, it is visible in those data that a new
feature (C26) is ejected from the core around the RadioAstron epoch, with a rise in core
flux density in late 2015 of about 1Jy compared to the neighbouring epochs in the data.
So likely the aftermath of a newly ejected component is observed in my RadioAstron data,
manifesting itself in increased particle density and opacity in the core region.
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Figure 5.10: Spectral index map between the 1.6 GHz RadioAstron and the 15.3 GHz MOJAVE
observations, after correcting for the core shift. An optically thick core is visible to the east,
and the jet turns gradually optically thin along the jet flow. An increase in the spectral index is
observed at positions with enhanced total and polarised intensity, indicating a shock front. Two
slices along the jet are displayed, one horizontal one (dotted line) and one along the jet direction
(dashed line). The spectral index profile along those slices is displayed in Fig. 5.11 and 5.12.

5.6 Rotation Measure

With the linear polarisation maps presented in Sect. 5.1 and the RadioAstron polarisation
map, the rotation measure in 3C 345 can be studied. As argued in Sect. 1.4, a minimum
of three frequencies is needed for a reliable fitting of the RM. A compromise is chosen
between angular resolution and the number of frequencies by using the 1.6 GHz, 4.8 GHz,
8.4 GHz and 15.3 GHz data and convolving all maps with the beam of the 8.4 GHz map.
In this way the map at 4.8 GHz is overresolved by a factor of ~1.75, which is reasonable
given the SN R in that map. By choosing this beam size, I want to make the best use of
the high-resolution RadioAstron data, while not over-resolving the maps below the SN R-
based limit (see Eq. 4.5, cf. Marti-Vidal et al. 2012). At the same time, the frequency
coverage in the fit has to be sufficient to constrain the possible nm ambiguities in the
observed EVPAs. I decided to exclude the 43 GHz map for this analysis, as the difference
in frequency would become exceedingly large between the lowest and highest frequency (a
factor of ~27), giving rise to more uncertainties.

Subsequently, the four maps are convolved with the 8.4 GHz beam as presented in
Table 5.4. The smallest pixel size of 0.02mas is chosen from the 15 GHz MOJAVE map
for all frequencies. It has been argued that this yields the best results when comparing
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Figure 5.11: Spectral index profile along slice 1 in Fig. 5.10. The spectral index « is displayed
as the black solid line, the total intensity I as the blue dotted line and the polarised intensity
P, upscaled by a factor of 10 for better visibility, as the dashed red line. Regions of enhanced
polarised emission at ~2 and ~3 mas are co-located with a rise in a.
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Figure 5.12: Spectral index profile along slice 2 in Fig. 5.10. See Fig. 5.11 for description.
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Figure 5.13: Spectral index map between the 1.6 GHz RadioAstron and the 4.8 GHz VLBA
observations, after correcting for the core shift. Two slices along the jet are displayed, one horizontal
one (dotted line) and one along the jet direction (dashed line). The spectral index profile along
those slices is displayed in Fig. 5.14 and 5.15. The wiggly structures at the lower contour levels are
artefacts in the 1.6 GHz map introduced by oversampling of the visibilities with residual calibration
errors when convolved with the much larger beam at 4.8 GHz.
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Figure 5.14: Spectral index profile along slice ~ Figure 5.15: Spectral index profile along slice
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Figure 5.16: Spectral index map between the 4.8 GHz VLBA and the 8.4 GHz VLBA observa-
tions, after correcting for the core shift. Two slices along the jet are displayed, one horizontal one
(dotted line) and one along the jet direction (dashed line). The spectral index profile along those
slices is displayed in Fig. 5.17 and 5.18.

maps with different beam and pixel sizes (Fromm et al. 2013). The shifts obtained from
the 2D cross-correlation discussed in Sect. 5.4 are applied to the images.

The errors in the Q and U maps, og and oy are calculated following Hovatta et
al. (2012). Firstly, the RMS errors in the maps are estimated by computing the off-
source RMS in the () and U maps over squares of a few hundred pixels. Then the error
contribution of the D-term estimation is determined as

0.002
12 4 (0.3 Tpei)?, 5.17
\/Nant : NIF . Nscan \/ ( peak) ( )

where Nt is the number of antennas, Nip the number of IFs and Ngcan the number of
scans with independent parallactic angle. I is the total intensity and Icax the respective
peak flux density in the map. Hovatta et al. (2012) calculate the factor 0.002 from the
scatter in their D-terms. Their observations were done with the VLBA, a homogeneous
VLBI array. Since in my data the antennas have very different properties, this scatter can
not be estimated in a meaningful way. Thus the same factor in the error determination is
used, pointing to the fact that the scatter might be underestimated. The resulting op are
then:

0 Dterm —

op = \/U%{MS + 0pterm + (1.5 - O'RMs)Q, (5.18)
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Figure 5.17: Spectral index profile along slice ~ Figure 5.18: Spectral index profile along slice
1 in Fig. 5.16. 2 in Fig. 5.16.

which also includes an uncertainty due to the clean deconvolution. Now the EVPA errors
are calculated as

180° Q- oy \* [180° U-00 \°
UX:\/< — -0.5.Q2+U2) +< — -O.&m +02, (5.19)

where o,, is an additional uncertainty in the absolute EVPA calibration in degrees, which
is mostly due to the uncertainties of the EVPA measurements in the single-dish observa-
tions as presented in Table 4.1. The error for each pixel in the maps is calculated. Following
that, a linear y? fit to Eq. 1.58 is performed for each pixel with pixel coordinates i,j that
fulfils the following condition: for each map, SN Rg > 3, where SNRF = P/op is defined.
In addition, a map with less conservative conditions is produced, i.e. only with pixels with
SNRZ];’” > 1. The x? is calculated as

) yqbs _ ymod
— i U 5.20
X ; - (5.20)
with °P% being the observed data points with associated errors o; and y™°d being the

model values. Subsequently, the errors in the fit parameters are determined from the
covariance matrices. The whole procedure described above involving the application of
map alignment, RM fitting and plotting the results is performed by a Python script I
wrote for that purpose. The script was tested on archival data from Hovatta et al. (2012),
yielding broadly consistent results. For constructing the rotation measure, only pixels
with total intensity above the lowest contour level displayed in the images in Fig. 4.8, 5.1,
5.2, and 5.3 have been used. This corresponds to SNR cutoffs of ~5.6, ~5, ~3.7 and ~2.6
for the L-band, C-band, X-band, and U-band maps, respectively.

The resulting fits for three selected pixels in the RM map are displayed in Fig. 5.29,
5.30 and 5.31. The complete RM maps are shown in Fig. 5.25 for a SNR cutoff in P of
three and in Fig. 5.27 for a SNR cutoff in P of one. Fig. 5.26 and Fig. 5.28 show the
respective RM 1-0 error maps.

EVPASs are prone to a nm degeneracy (see Sect. 1.4.3), requiring a careful investigation
of the obtained linear fits. So the individual fits are inspected and evaluated if they could
be improved with nm rotations of the observed EVPAs. To quantify this, rotations of 7 of
the EVPAs at 1.6 GHz are allowed, as that seems to influence the fit the most. Then the
program looks for improvements of the achieved y? with the allowed rotations that fulfil
X3/x3 > 1.25. x? are the reduced x? values for fit 1 without and fit 2 with additional EVPA



87 5.6. Rotation Measure

2.5

2.0

-1.5

-1.0

0.5

—-0.0

-—0.5

Relative DEC [mas]

—1.0

—1.5

—2.0

2 0 —I2 —I4 —6 —8 —10 —12
Relative RA [mas]

Figure 5.19: Spectral index map between the 8.4 GHz VLBA and the 15.3 GHz MOJAVE obser-
vations, after correcting for the core shift. Two slices along the jet are displayed, one horizontal
one (dotted line) and one along the jet direction (dashed line). The spectral index profile along
those slices is displayed in Fig. 5.20 and 5.21.

rotations. That threshold has been chosen by making use of Eq. 4.8, as one is effectively
adding a parameter to the fit. In most cases, no rotations were necessary. As an example,
the red data point in Fig. 5.29 or 5.31 indicates the the EVPA has been rotated. It shall
be noted that the allowance of rotations by larger multitudes of m would lead to much
higher values of RM, which is not expected given previous VLBI observations.

In Fig. 5.27, mostly RM values of the order of tens of radm™2 are observed. At
1.6 GHz, this is already enough to rotate the observed EVPAs in the 1.6 GHz polarisation
map in Fig. 4.8 significantly, by several tens of degrees. Regions of higher RM of the
order of 100 are identified in the vicinity of L3 and in the core. Interestingly, there is
a gradient along the jet, with higher RM in the core region, where the sign is actually
flipped. This indicates a change in magnetic field direction along the jet, which means
there exists a poloidal magnetic field component. This could indeed imply the presence
of a helical magnetic field, as a purely toroidal one could not produce these changes.
However, as noted in Sect. 4.3, one might miss a rotation of the EVPAs by 90 degrees due
to relativistic aberration in the core, if 7 > 1. In that case, one could expect the observed
RM to be lower, and possibly positive (see Fig. 5.30). It has to be noted that the RM
in core region is more uncertain due to the inclusion of lower SN R pixels, so care has to
be taken when interpreting the RM in this region. This is mostly reflected in the larger
errors on the RM in this region. For that, see Fig. 5.26 and the RM at the positions of
the Gaussian components displayed in Table 5.2. Future observations with higher SINR
could shed more light on this.

The obtained RM values are compared with earlier observations. Hovatta et al. (2012)
have studied the RM in many AGN jets, with observations at four frequencies between
8 and 15 GHz. The results showed two distinct regions in 3C 345, one with RM =
156.44+72.0radm~2 in the core region and another one with RM = —50.3+72.0 rad m™—?
at ~1.5 mas downstream of the jet. Given the measurement errors, the RM in the second
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Figure 5.20: Spectral index profile along slice ~ Figure 5.21: Spectral index profile along slice
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Figure 5.22: Spectral index map between the 15.3 GHz MOJAVE and the 43.1 GHz VLBA
observations from the BU blazar program, after correcting for the core shift. Two slices along the
jet are displayed, one horizontal one (dotted line) and one along the jet direction (dashed line).
The spectral index profile along those slices is displayed in Fig. 5.23 and 5.24.

region is consistent with zero, while for the core-region one could expect a significant ro-
tation of the EVPASs in the core. For a better comparison, the RM fit was also performed
without the 1.6 GHz map, yielding a similar frequency coverage as in Hovatta et al. (2012).
In the case of internal Faraday rotation, where regions with different Faraday depths con-
tribute to the observed RM, there might not be an exact dependence on A2 of the EVPA
rotation. Over the large frequency range that is covered in my observations, one could
expect some changes of the A?> dependence. However, the obtained RM are very similar
in that case as well.

Motter and Gabuzda (2017) also studied the RM at four frequencies around 1.6 GHz
in six AGN, one of which was 3C 345 in March of 2010. They found RM in the range
between —30 and +30rad m~—2, and report a statistically significant (2.50) RM gradient
transverse to the jet direction. This supports the presence of a toroidal magnetic field
that may be part of a helical one. However, the difference in beam size compared to the
RadioAstron observations is about a factor 20 in the east-west and a factor ten in north-
south direction. In addition, my observations only focus on the innermost ~10mas of
the jet, while Motter and Gabuzda (2017) find the RM gradient farther downstream. In
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Figure 5.23: Spectral index profile along slice =~ Figure 5.24: Spectral index profile along slice
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comparison, there seems to be no evidence for a transverse gradient of the RM in Fig. 5.25.
This is expected to some degree, as all the datasets do not resolve the jet transversely.
Especially at 1.6 GHz, the beam shape is highly elliptical due to the limited (u, v)-coverage
with RadioAstron. Overall, the values are consistent with the other measurements at low
frequencies. The higher frequency RM measurements generally show higher RM values.
Beam depolarisation in my observations is not a likely reason for this, as the limiting
resolution in both my data and the one in Hovatta et al. (2012) comes from the map at
~8 GHz.

RadioAstron data have previously been used to calculate the RM at high angular res-
olution. For BL Lac, Gémez et al. (2016) find a RM between —3000 and 3000 rad m 2
between 15 GHz, 22 GHz with RadioAstron and 43 GHz, with a clear transverse RM gra-
dient. Kravchenko et al. (2020) also find a high RM up to —10000radm ™2 between
22 GHz with RadioAstron and 43 GHz, in the blazar 0716+714. So far, there are no other
studies published which investigate the RM in an AGN at both high resolution and low
frequencies, which is unique for space-VLBI observations like RadioAstron.

In addition, one can estimate the amount of bandwidth polarisation that should be
expected at 1.6 GHz according to Eq. 1.65. With that, it can be seen that the observed
RM will not yield any significant bandwidth depolarisation over the total bandwidth of
64 MHz in the 1.6 GHz data. For example, a reduction of the degree of polarisation by
~25 % could be expected for RM as high as 1000, which is unlikely given my data. So the
depolarisation that is observed especially in the core at 1.6 GHz, is likely internal depo-
larisation, or depolarisation by an unresolved foreground Faraday screen (see Sect. 1.4.4).
The possibility of beam depolarisation can not be ruled out entirely, but it is rather un-
likely to be significant as the jet components identified in the 1.6 GHz map start to be
resolved by RadioAstron. This can be see from the accurate bracketing of the Gaussian
model fit T3, by the estimates of Tj, yin and Tj, max from visibilities alone. This is because
for T, max to give a good estimate of Tj,, the emitting region has to be at least slightly
resolved (cf. Sect. 5.2). Also the variability timescale from the Gaussian component sizes
was consistent with previous observations (see Sect. 5.3).

The RM corrected polarised intensity map at 1.6 GHz is shown in Fig. 5.32. Only
EVPAs that have been rotated are shown in the image to avoid confusion. EVPA corrected
maps at the other frequencies are not shown for brevity, as no significant change of the
EVPAs is expected due to the A? dependence.

There is significant rotation of the EVPAs visible at 1.6 GHz. While it was stated in
Sect. 4.3 that the EVPAs are predominantly parallel to the jet direction, it is apparent
that Faraday rotation somewhat changes that conclusion. To illustrate this, the difference
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Figure 5.25: RM map constructed with linear fits to the EVPAs at 1.6, 4.8, 8.4, and 15.3 GHz.
A cutoff in polarisation of SNRF = P/op > 1 has been applied. The contours display the total
intensity at 1.6 GHz, with the contour levels being in percents of the peak emission of 0.39 Jy/beam:
2.83, 4, 5.65, 8, 11.31, 16, 22.63, 32, 45.25, 64, 90.51. Three different regions are identified, the fit
for which is shown in Fig. 5.29, 5.30 and 5.31 for region a), b) and c), respectively.

ory [rad/m?]
10 20 30 40 50 60 70

Relative DEC [mas]

Relative RA [mas]

Figure 5.26: Map of the RM 1-o0 errors for Fig. 5.25.
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Figure 5.27: RM map constructed with linear fits to the EVPAs at 1.6, 4.8, 8.4, and 15.3 GHz.
A cutoff in polarisation of SNRY = P/op > 3 has been applied. The contours display the total
intensity at 1.6 GHz, with the contour levels being in percents of the peak emission of 0.39 Jy/beam:
2.83, 4, 5.65, 8, 11.31, 16, 22.63, 32, 45.25, 64, 90.51. The fit for region b) is displayed in Fig. 5.30.
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Figure 5.28: Map of the RM 1-o errors for Fig. 5.27.
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Figure 5.29: RM fit for the central pixel at  Figure 5.30: RM fit at the pixel at (—1.6| —
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Figure 5.31: RM fit at the pixel at (—2.5] — 1.0) mas in the map in Fig. 5.25 (region c)).

between the jet position angle and EVPA is plotted in Fig. 5.33. To avoid uncertainties
in the calculation of the local jet direction by using single pixels, a moving average has
been computed for each pixel. That means for each value of the P.A., the surrounding 20
pixels have been averaged. The same procedure was followed for the EVPAs. Figure 5.33
clearly demonstrates that without the RM correction, the EVPAs followed quite closely,
within ~40°, the local jet direction. With the RM correction, the EVPAs are less aligned
with the jet direction, and in the region between L2 and L3, at ~1mas, they even tend
to be more perpendicular. A similar behaviour of the EVPAs was also noted in Ros et al.
(2000). Shocks can possibly compress magnetic fields and make the EVPAs perpendicular
to the shock front (e.g. Laing 1980). In many AGN, the EVPASs tend to be either parallel
or perpendicular to the jet flow (e.g. Lyutikov et al. 2005), where in quasars, the alignment
is less stable and less preferred to be aligned with the jet direction (see also Pushkarev
et al. 2017a).

The EVPAs seem to be a bit closer aligned to the jet direction with the considered
Faraday rotation in the core. It has been suggested that in optically thick jet regions
such as the core at 1.6 GHz, the EVPAs are oriented parallel to the magnetic field due
to relativistic abberration effects (e.g., Gomez et al. 1994; Gabuzda and Gdémez 2001).
However, (Wardle 2018) argues that higher optical depths of between 6 and 7 are needed for
this apparent 7/2 flip in the EVPAs. Such high opacities are not observed (see Sect. 5.5).
It can not be conclusively said how the magnetic field in the core region is oriented from
the observed EVPAs.
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Figure 5.32: RadioAstron image of the total and linearly polarised intensity of 3C 345 at 1.6 GHz,
with overlaid RM corrected EVPAs. Only the EVPAs that have been rotated are shown for clarity.
The map of the polarised intensity P is shown in colour-scale, overlaid with contours displaying
the total intensity emission. The beam size is displayed on the bottom right with a resolution of
1.25x 0.32mas at a P.A. of 10.50 °. Contour levels are (% of peak emission of 0.39 Jy/beam): —2.0,
2.0, 2.83, 4.0, 5.65, 8.0, 11.31, 16.0, 22.63, 32.0, 45.25, 64.0, 90.51. Compare to Fig. 4.8.

The observed rotation of the EVPAs could in principle be due to internal or external
Faraday rotation. An internal rotation is unlikely if the jet consists of a pair plasma, as
suggested by Hirotani (2005). This is because electrons and positrons gyrate in opposite
directions, effectively cancelling out any Faraday rotation. In this scenario the Faraday
rotation thus is likely produced by electrons in an external Faraday screen, as e.g. sug-
gested in Kravchenko et al. (2020). The discrimination between those two scenarios is
discussed in more detail in Sect. 5.7.

5.7 Estimating the electron density

Both the core shift and the Faraday rotation depend on the electron density and the
magnetic field. To compare both effects and derive the electron density, one has to make
some simplifying assumptions. I will discuss the implications of these assumptions later
in this section.

1. The Faraday rotation is produced internally in the jet. Although external Faraday
rotation may be favoured for my observations (see previous section), this assumption
needs to me made here.
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Figure 5.33: Difference between jet position angle and EVPAs along the jet ridge line (see
Fig. 4.6) for the 1.6 GHz RadioAstron map. The plot shows two lines, the blue one with, and the
red one without RM correction. Both jet PA and EVPAs have been calculated as a moving average
(see text for details). It is apparent that there is a change from the EVPAs being parallel to being
perpendicular to the local jet direction when accounting for Faraday rotation in the source.

2. The magnetic field probed by the core shift and the Faraday rotation are approx-
imately the same. With the core shift, one measures the jet axial magnetic field,
while Faraday rotation probes the magnetic field component along the line of sight.

3. The Faraday rotation comes from a region where the magnetic field and the electron
density are uniform, so the integration along the line of sight is trivial.

4. The region in which the Faraday rotation takes place fulfils the condition of equipar-
tition of particle and magnetic energy density. The results from Sect. 5.4 support
this scenario for the core region.

With these assumptions in mind, one can use Eq. 1.58 and 1.76 to obtain either the
magnetic field or the electron density in the core region. One can solve Eq. 1.58 for the
magnetic field and equal that to the magnetic field derived from the core shift, for the
case of equipartition (assumption 4) (Eq. 1.77):

2rm2ct RM
= . 21
Ncore 3 Beore - | (5 )
2rm2c*  RM Tcore 3
= . . . 5.22
" e3 By-l ( pc ) (5:22)
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One can put Eq. 5.21 and 5.22 in a more tangible form according to Eq. 1.59:

n . ( RM Beore\ ' /1!
o —=1.2-10° === N — 5.23
cm~ (rad m—2 ) ( G ) (pc) (5:23)

ni _6 RM Bl -1 l ! Tcore s
=121 — |- = -l — Sl . .24
cm~ 0 (rad m_2> ( G ) pc pc (5:24)

At this point, assumption 2) has been used implicitly, by assuming a uniform emitting
region of size [. The size is calculated as the FWHM of the jet width from the jet ridge
line fit in the 1.6 GHz RadioAstron map, corrected for the viewing angle. For the rotation
measure, the RM is averaged over the core region, which yields an RM ~ —27rad m™2.

For Eq. 5.21 and 5.22, n1 ~ 0.3cm > and negre & 9 - 107°cm ™3 is obtained for
Beore = 0.010 G, taken from Table 5.5.

For comparison, one can also derive the particle density from Eq. 1.82, which yields
n1 = 23cm ™ and neore = 7+ 1073 cm ™3 for an assumed Ypin = 10 and Ymax/Ymin = 103
(Hirotani 2005). Note that Eq. 1.82 does not strongly depend on the ratio Ymax/Ymin-

w

w

The obtained values differ by about two orders of magnitude. Given the assumptions,
in order to reconcile the values, either the RM or ~nin has to be substantially higher.
However, if the assumption of internal Faraday rotation is correct, one would in fact
expect Ymin to be even lower than what was assumed here. Faraday rotation is caused by
relatively low-energy electrons. Thus for internal Faraday rotation, either the spectrum of
relativistic electrons has to extend to low energies, or the relativistic plasma is mixed with
a population of thermal electrons (Hovatta et al. 2012). Since the RM would have to be
about two order of magnitude larger, which is not expected from the analysis in Sect. 5.6,
I conclude that the assumptions made above are indeed too simplified, and the Faraday
rotation likely does not occur in the inner jet.

5.8 Component evolution

To better evaluate if travelling shocks can be responsible for the bright polarised emission
observed with RadioAstron, MOJAVE data (Lister et al. 2019) are compiled, where the
database was searched for the component model fits. The information of all components
that are identified in the RadioAstron epoch (see Table 5.2) are extracted from that data
set. For each component, the brightness temperature is calculated according to Eq. 5.5.
A similar analysis has been done by Lisakov et al. (2017) for 3C273, who saw a rise in
brightness temperature during a ~y-ray flare.

In the MOJAVE epoch on March 5, a new component became visible (labelled as
component 26 according to Lister et al. (2019)). At the same time, a local maximum in
the OVRO flux density is visible, which is likely caused primarily by the rise in flux density
in the core. The core flux increase might well be related to the ejection of component 26
at the same time, as other studies have also shown (e.g., Klare 2003; Schinzel 2011).
There is no apparent increase in the flux densities or brightness temperatures of the other
components at that time, although component 25 shows an increase in 7}, some months
after the RadioAstron epoch.

The spatial coincidence of the components with the polarised emission in the 1.6 GHz
RadioAstron map is investigated. From the map alignment described in Sect. 5.4, it is
found that the highly polarised component L2 likely corresponds to component U5 at
15.3 GHz. This component is identified as component 23 in the MOJAVE survey. Indeed,
the brightness temperature of this component drops by about an order of magnitude
shortly after my epoch. This indicates that the feature corresponds to a shock travelling
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down the jet, which weakens at the jet expands further downstream where a drop of T, is
evident in this component.
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Figure 5.34: Evolution of the brightness temperature in the components identified at the MO-
JAVE epoch. Solid lines denote the brightness temperature and the dashed line the flux density
for the core component. For comparison, the OVRO light curve at 15 GHz is shown as brown data
points. The flux density has been upscaled for clarity.

5.9 Possible counter-jet emission

The large scale jet of 3C 345 shows a strong jet to the northwest as seen in Fig. 1.21, and
Kollgaard et al. (1989) report a feature to the northeast at 5 GHz that could be interpreted
as a weaker counter-jet. It is up to date unclear how the possible counter-jet would be
connected to the parsec-scale jet. They found that this counter-jet lies within 10° of an
ejected VLBI component, which could hint at the counter-jet being less affected by bending
as the approaching jet. Vega Garcia (2019) found hints for a counter-jet in a map from
5 GHz RadioAstron observations. More likely, is corresponds to the easternmost feature
that is identified as the self-absorbed core in this work. From similar high-resolution
observations, at 5 GHz with VSOP (Klare et al. 2001), at 43 GHz (Jorstad et al. 2017)3,
and at 86 GHz (Nair et al. 2019)%, no evidence for a counter-jet has emerged so far. In
addition to the Doppler deboosting, free-free absorption from an absorbing torus around
the SMBH might obscure the counter-jet (as in NGC 1052, see e.g., Kadler et al. 2004;
Baczko et al. 2019), even if the angular resolution was sufficient at higher frequencies.

A weak feature to the east of the core is noticeable, which I attribute most likely to
an imaging artefact. With a viewing angle of ~5°, one would expect that the Doppler
beaming renders the counter-jet almost, if not completely, invisible. With I' = 10 and

3https://www.bu.edu/blazars/VLBA_GLAST/3c345.html
“https://www3.mpifr-bonn.mpg.de/div/3mmsurvey/
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0 =5°, djet & 11, while dcounter—jet & 0.05. This would make the counter-jet appear more
than 200 times fainter than the approaching jet.

In principle, one can calculate the jet speed [ or the viewing angle 8 from the jet-to-
counter-jet flux ratio R, if one of the variables is known, from (see Eq. 1.33)

Siet Jjet 3-a 1+ Beosf\> ™
= - = == S —— . .2
R counter—jet (5 ) (1 _ B CcoS 9) (5 5)

SV counter—jet

If the feature belongs to a possible counter-jet, one measures Se™"™ 3 = 16.7mJy, and

Sit = 299.8 mJy. Both values are taken as the peak intensities in the image in the region
of interest. With that, R ~ 18. For realistic values of § between 0.995 and 0.9995 (I"
between 10 and 30), the viewing angle would lie between 55° and 65 °. This is in conflict
with the vast majority of viewing angles reported in the literature, and I conclude that
it is unrealistic to identify the feature with a counter-jet. It is more likely an imaging
artefact (i.e., sidelobe).
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Chapter 6

Core-shift studies with
long-baseline source-frequency
phase referencing

To estimate the magnetic field strength along the relativistic plasma outflows in AGN,
one can utilize the measure of the positional shift of the VLBI core with frequency (see
Sect. 1.5 and 5.4). However, measuring the core shift is difficult, as the absolute position
of the source is lost in conventional VLBI self-calibration. In these cases, the core shift is
typically determined by referencing the core position to optically thin jet features whose
positions should not change with frequency (the self-referencing method; cf., Lobanov
1998; Kovalev et al. 2008; Sokolovsky et al. 2011). Using this self-referencing method, the
shifts can be detected reliably only in about 10 % of compact radio sources (Kovalev et al.
2008). In the remaining fraction, the core shift can only be measured by phase-referencing
(PR) their positions to nearby calibrator sources (relative astrometry). The basics of this
method and its extension to mm wavelengths will be explained in Sect. 6.1 and 6.2.

6.1 Phase referencing

For the PR technique, one uses a calibrator near on the sky to the source of interest. This
way, each telescope observes similar atmospheric fluctuations for both sources. One can
then transfer the phase gains from the calibrator to the target source, and remove the
phase fluctuations introduced by the atmosphere (see e.g. Beasley and Conway 1995).

If one observes the target source at time ¢ in between observations of a bright calibrator
at t1 and t3, the phases at each time will be:

¢Cal(t1) = ¢C(t1) + ¢icnst(t1) + d);os(tl) + qb;nt (tl) + ¢;tmo(t1) + qsicono(tl) )
¢tar(t2) = ¢t (tQ) + Qﬁnst(tQ) + d);)os(tZ) + (b;nt (tQ) + ¢;tmo(t2) + d)itono(tQ) and (62)
¢Cal(t3) = ¢C(t3) + gbfnst(t?)) + ¢1C;)os(t3) + (bg,nt (t3) + ¢gtmo(t3) + (bicono(t?)) ) (63)

where ¢inst refers to the phase induced by the instrumentation (like clock errors or electrical
path delay effects), ¢pos refers to the source position error, ¢ane to the error in antenna
position, and ¢atmo and @iono to the atmospheric and ionospheric errors, respectively. One
can now interpolate the phase solutions (delay and rate) of the bright calibrator obtained
by fringe fitting at times ¢; and t3 to t2, and apply those absolute phase offsets, delays,
and rates to the calibrator data. One can then average the target source data in time and
frequency.

99
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This will still leave the phase uncertainties described in Eq. 6.2, which are normally
resolved with phase self-calibration during imaging. This time, one can image and self-
calibrate the phases of the calibrator ¢¢, at times t; and t3, and interpolate them to ts.
Then, one can take the difference of the target source and calibrator phases:

Prar(t2) = deal(tz) = de(tz) — Pe(t2) + (Dinse — Pnst (t2)) + (Fpos(t2) — Dhos(t2))  (6.4)
+( tz;mt (t2) - ¢gnt (tQ)) + ( gtmo(tQ) - ¢;tmo(t2)) + (¢}:ono(t2) - gbicono(tZ)) :

It is now reasonable to assume that the phase errors due to the instrumentation, antenna
position and, given the sources have a small separation on the sky, the phase errors due
to the atmosphere and ionosphere are very similar for both sources. In this case, their
differences will be negligible in Eq. 6.4, leaving

¢tar - (Zscal ~ (bt + ( fpos - gos) (65)

in the case of ¢. = 0, i.e. if the calibrator is compact. The to dependence was dropped in
this equation. If the calibrator has significant substructure, one can image the calibrator
and account for the structural phase from the non-point-like structure. Concluding, one
is left with information about the target source structure and its relative position to the
calibrator source.

The PR technique has been successfully applied for several decades in cm-VLBI (e.g.,
Marcaide and Shapiro 1983; Alef 1988). With this, positional accuracies of hundreds of pas
could be achieved (Guirado et al. 1995; Ros et al. 1998). In recent years, the development
of VLBI at mm wavelengths has seen a surge (see Boccardi et al. 2017). The resolution
with mm-VLBI is even approaching scales of a few 4 as of now (Issaoun et al. 2019; Event
Horizon Telescope Collaboration et al. 2019a). Since the resolution of an interferometer is
proportional to the wavelength, one aims for smaller observing wavelengths to decrease the
beam size and thus increasing resolution. Observing at mm wavelengths would naturally
also improve the precision of PR observations, but there are limitations.

In cm-VLBI PR, the main contribution of atmospheric fluctuations comes from the
ionosphere, which introduces the dispersive errors that one wishes to compensate. At
mm wavelengths, a primarily non-dispersive phase error is introduced in the troposphere,
that also has to be corrected for. These tropospheric phase fluctuations are faster at mm
wavelengths, requiring faster telescope source switching. Additional factors are the intrin-
sically weaker source flux densities at higher wavelengths, reduced telescope sensitivity,
and higher opacity of the atmosphere (see also Fig. 2.2).

6.2 Source-frequency phase referencing (SFPR)

The need to overcome the aforementioned limitations for mm-VLBI PR lead to the de-
velopment of source-frequency phase referencing (SFPR) (Rioja and Dodson 2009; Rioja
et al. 2014, 2015)). This technique combines the established phase-referencing with cal-
ibrator sources with phase transfer of lower frequency to higher frequency observations
(see also Middelberg et al. 2005).

At mm-wavelengths, the dominant contribution to ¢atm in Eq. 6.2 comes from the
troposphere. Finding a suitable calibrator at these wavelengths is difficult. Marti-Vidal
et al. (2010) investigated the effect of limited coherence in PR observations at 8.4 GHz and
15 GHz, and found that the limiting dynamic range in the recovered images is inversely
proportional to the sine of the calibrator-to-target separation. Even for separations of
< 5°, the loss in coherence can already mitigate the recovered flux densities by 20 %
in comparison to self-calibrated images. At higher frequencies, this puts even stronger
limitations on PR observations.
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The aim is to correct the rapid phase fluctuations that limit the coherence with mea-
surements of the same source at lower frequencies. This is done by transferring those
phase solutions to the higher frequency observations, since the tropospheric phase errors
are non-dispersive.

Consider the contributions to the phase of one of the sources displayed in Eq. 6.2. The
contribution ¢atm,, which corresponds to the tropospheric fluctuations at high frequencies,
is, for the frequency vhign (Rioja and Dodson 2009)

iy = 2mvnign (211 — 22f2) /c, (6.6)

where z corresponds to the excess zenith path length and f to the mapping function of the
source direction. The subscripts 1 and 2 denote the two different antennas. If one scales
the phase solutions at 14y by the frequency ratio R = vphigh/Viow, the difference between
the phase contributions by the troposphere vanishes:

' — R iy = 0. (6.7)
Considering an arbitrary phase term of 27n that can be added in Eq. 6.2, with n €
Z, choosing R as an integer frequency ratio will naturally compensate for those terms.
Overall, this step, termed frequency phase transfer (FPT), effectively accounts for all non-
dispersive errors at the target frequency vpign. In concordance with a second step of PR,
the procedure is termed SFPR.

Rioja et al. (2014) tested SFPR with nearly contemporaneous VLBA and KVN (Ko-
rean VLBI network, Kim et al. 2004; Lee et al. 2014) observations at 22 GHz and 43 GHz.
The KVN was equipped with multi-channel receivers (see, e.g. Han et al. 2013) that ob-
served at two frequencies simultaneously, while the VLBA used more conventional fast
frequency switching. It has to be assumed that the duty cycle of this frequency switching
is shorter than the coherence time imposed by the fast tropospheric fluctuations. How-
ever, observing at multiple frequencies simultaneously is expected to perform even better
in tracking the phase fluctuations. And indeed, in their work they showed that the multi-
channel receivers offer superior compensation for the atmospheric errors.

Additionally, Rioja et al. (2015) tested the SFPR technique for the KVN at all four
observing bands at 22, 43, 87, and 130 GHz. Compensating for the atmospheric errors
that normally limit the coherence time showed that the data can be integrated over much
longer timescales up to several hours. This makes detections of much weaker sources
possible.

Observations at multiple frequencies also offer an additional benefit: without the need
of self-calibration, these observations offer high-precision relative position measurements
between several frequencies, allowing us to measure the core shift directly. Given that
observations always need a calibrator, these shifts in the core-position are always relative
shifts between the sources. For the calibrator, a putative core shift also has to be accounted
for.

However, with the maximum baselines of the KVN spanning about ~500km, a factor
~20 smaller than intercontinental VLBI, blending effects of different jet features likely pose
a limit to the astrometric accuracy of the measurements. Rioja et al. (2014) found this
effect to dominate the difference in agreement between the KVN and VLBA observations
and conclude that these have to be corrected for.

The Yebes 40-m telescope in Spain now is also equipped with a new set of multi-channel
receivers. As of the writing of this thesis, simultaneous observations at 22 and 43 GHz are
possible, with the addition of 86 GHz in the future. This provides a unique opportunity
to test SFPR with simultaneous multi-frequency observations for very long baselines and
could compensate for the blending effect introduced by the limited KVN resolution.
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6.3 Observations
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Figure 6.1: Example observation schedule for my proposed observations. The sources are organ-
ised in four groups of two sources consisting of a calibrator and the science target (both can be
calibrators and science targets at the same time). The scans were distributed across the whole
observing time to get the best possible (u,v)-coverage.

In 2018 I proposed, together with a small team of collaborators, observations with the
KVN and the Yebes 40-m telescope. I selected a sample of AGN from the VERA Fringe
survey! at 22 GHz and the QCAL-1 KVN 43 GHz calibrator survey?. The sample was
constrained to contain sources with declination of > 40° to make sure to obtain sufficient
(u,v)-coverage with the widely separated, limited number of telescopes. This also assured
that enough common sky coverage (= 5h) could be obtained for all telescopes, as they are
situated in East Asia and Europe.

To make sure all the sources could be detected, the source flux densities from the VERA
survey at 22 GHz and the KVN calibrator survey at 43 GHz were used to extrapolate them
to the long baselines between the KVN and Yebes. From the VERA survey, there are flux
densities for baselines B < 7T0MX, 7T0MA < B < 100MA, and B > 100 MA. For the
KVN survey, there are flux densities for baselines B < 21 M\, 21 MA < B < 42MJ, and
B > 42 M. With this information, only sufficiently compact sources can be selected. To
ensure this, I calculated the ratio of flux densities at the longest to the shortest baselines
in the available datasets, and selected sources with a ratio > 0.8.

Since the targets are selected to be compact, a power-law falloff is assumed from low to
high (u,v)-distances, so one can extrapolate the flux densities logarithmically. In case the
sources had flux densities at longer baselines that exceeded the short-baseline flux density,
a mean of flux densities was calculated as an estimate.

The baseline sensitivities (1) are 4.7mJy for the intra-KVN baselines, and 1.9mJy
for the KVN-Yebes baselines at 22 GHz. At 43 GHz, they are 7.0 mJy and 3.5 mJy, respec-
tively. This makes a detection threshold for the longest baselines of 13 mJy at 22 GHz and
25 mJy at 43 GHz. My target sources are all above this limit, where some are quite bright

"http://astrogeo.org/fss/fss_det.txt
2http://astrogeo.org/qcall/datafilel.txt
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(several Jy), and others are estimated to be just barely detectable, like J0217+7349 (see
Table 6.1). Thus I will be able to truly test the limits of the SFPR technique at these
long baselines.

With the estimated flux densities, the source sample was further filtered to contain
only sources that have a positional accuracy on the sky 0, defined as

7T0¢ Smean

180° Ssource ’

apos = ebeam (68)
that is of the order of a few 10007g. Here 04 is the estimated phase accuracy and Siean
the mean flux density from the sample of Rioja et al. (2015). To asses the angular size in
,Tq, one needs an estimate of the black hole mass My, and the source viewing angle 6; to
be able to calculate the de-projected distance in which one is interested. For six (marked in
boldface) out of 28 sources listed in Table 6.1 estimates for both quantities could be found
in the literature. For the other sources conservative assumptions of My, ~ 5 x 108 Mg and
0; ~ 10° were made. For the typical magnetic field strength of 0.3 G at 22 GHz obtained
from the core shifts (Lobanov 1998), I estimate that the nuclear opacity in my sample will
enable us to probe linear scales of 2900 R at 22 GHz and reaching down to 500 Rg at
129 GHz.

For the observations, the sources were paired in a way that two sources will always
have an angular distance of < 10° (see Table 6.2). For the sources for which there was no
other suitable target source usable as a calibrator, I searched for calibrators in the VLBA
Calibrator? and ASTROGEO? databases as well as in the GMVA survey of ultracompact
extragalactic radio sources at 86 GHz (Nair et al. 2019)°.

For J1849+4-6705, I found J18214-6818, which has 0.33 Jy single dish flux and 0.315 Jy
at 62 MM\ at 86 GHz (05/2011, Nair et al. 2019), 2.9° apart. For BL Lac (J2202+4216),
I found J21144-4634, which has 0.07 Jy single dish flux and 0.471 Jy at 55 M\ at 86 GHz
(10/2010, Nair et al. 2019), which are 9.6 ° apart (see Table 6.2). These calibrators were
deemed bright enough and close enough to the targets. Overall I aimed for pairs with a
brighter and a weaker source, to test whether the transfer of the phase calibration from
the stronger source will make the weaker one detectable.

The proposal was accepted on Jan 9, 2019 by the KVN and on Jan 25, 2019 by Yebes.
In the planning stage, I had to make sure to have the correct frequency setup at all stations,
so fringe test observations were necessary. In total it took several iterations for successful
fringe test observations, and the actual proposed observations are still in the scheduling
status. This was due to a multitude of factors, including organisational problems as well
as technical problems with the frequency and overall receiver setup. I will outline in the
following the challenges that I faced in scheduling and observing.

I initially proposed single-polarisation (RCP or LCP) observations at 22 GHz and
43 GHz, recording at a data rate of 1 Gb/s per frequency band, split into 16 sub-bands
(or intermediate frequencies, IFs) with a bandwidth of 16 MHz per sub-band, using 2-bit
sampling in single polarisation. This makes a total bandwidth of 512 MHz per band. In
addition, I wanted to observe at the KVN at 86 and 129 GHz with the same setup, which
would be KVN only.

At the beginning, the problem arose that for the new Yebes multi-channel receivers
there was not yet a polariser installed. A \/4 plate was installed for that purpose in April
2019 to be able to observe LCP or RCP, which are the common observables in VLBI and
also for the KVN.

3http://www.vlba.nrao.edu/astro/calib/
‘http://astrogeo.org/gaps/gaps_names.tab
“https://www3.mpifr-bonn.mpg.de/div/3mmsurvey/
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Table 6.1: Source sample for the proposed observations with the KVN and Yebes.

Name z Vpred Opos My, ref 0 ref
(1) 2 ) (5) (6) (M ® ()
[Jy] [mas] [10°Rg] [10°Mg)] [°]
J001947327* 1.781 1.275 0.029 4.20 85 [1] 73 [2]
J0102+4-5824* 0.644 3.080 0.011 1.56 4.0 [3]
JO110+680* 0.290 0.170 0.223 20.40
J0113+4948* 0.389 0.620 0.061 3.87 10.1  [4] 87 [5]
J0128+6306* 0.018 0.089 0.127 0.98
J0136+4751* 0.859 0.157 0.033 1.14 204 [4] 114 [5]
J0217+7349* 2.367 0.048 0.026 3.11 3.0 [1] 23.8 [5]
J0228+6721* 0.523 0.016 0.067 8.77 6.6 [3]
J0303+4716* 0.475 0.460 0.079 9.87
J0349+4609* 1.853 0.031 0.123 21.86
J0359+6005* 0.455 0.235 0.158 19.28
J0415+4452* 0.485 0.905 0.040 5.10
J0503+6600* 1.695 0.150 0.253 45.39
JO517+4537* 0.839 0.020 0.067 10.72
J0610+47248* 3.530 0.115 0.316 49.05
J0714+7408* 0.371 0.220 0.165 17.78
JO731+6718* 0.170 0.140 0.237 14.43
J18494-6705* 0.657 1.255 0.029 0.41 415 [6] 123 [5]
J2007+4029* 1.736 1.512 0.023 4.02 4.02 [3]
J2022+7611* 0.594 0.305 0.115 16.11
J2038+5119* 1.686 0.046 0.021 3.69
J2202+4216* (BL Lac) 0.069 2.525 0.015 0.18 14.5 [7] 7.50 [2]
JO154+47437 1.026 0.050 0.126 21.40
J0230+40327 1.019 0.085 0.090 15.34 17.3  [4]
J0253+5102° 1.732  0.059 0.277 49.68 129 7]
J0313+41207 0.134 0.595 0.035 1.73
J0655+41007 0.022 0.091 0.145 1.33 6.9 [5]
JO733+50227 0.720 0.096 0.117 17.80 8.1 [4]

NoTE: Column denote (1) source name (J2000); (2) source redshift; (3) Vipreqa — predicted
flux density extrapolated to the KVN-Yebes baselines from the flux densities from the
VERA Fringe survey at 22 GHz (denoted with *) and the QCAL-1 KVN 43 GHz calibrator
survey (denoted with T); (4)+(5) Op0s — estimated positional accuracies from the same
surveys (see text for details); (6) Mpy, — black hole mass estimate available from literature;
(8) 05 — jet viewing angle estimates available from literature. The target sources for the
observations are shown in boldface. References: [1] Zhou and Cao (2009), [2] Pushkarev
et al. (2009), [3] Hovatta et al. (2009), [4] Cao and Jiang (2002), [5] Britzen et al. (2007),
[6] Gu et al. (2001), [7] Ghisellini et al. (2014).
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Figure 6.2: Exemplar (u,v)-coverage for J0217+7349. The maximum (u,v)-distance shown is
1400 M. The restriction for sources with declination > 40° improves the (u, v)-coverage on all
telescopes owing to more common visibility, especially for the long baselines to the Yebes telescope.

Table 6.2: Observation schedule with four source pairs. The angular separation is always less
than 10°.

Group Source Calibrator  Osep [°]
A J18494+-6705 J18214+6818 2.9
B J021747349 J0019+4-7327 8.2
C J2202+4216 (BL Lac) J2114+4634 9.6
D J0136+4751 J0113+4948 4.3

For the fringe test, generally a strong SiO Maser line was observed. The first fringe
test was done on May 8, 2019, and the first observations were scheduled three days later.
The fringe test did not yield fringes to Yebes for unknown reasons, and so the observations
were postponed. Fringes were found among the KVN stations.

During the planning of the observations I decided to use all four telescopes at the two
lowest frequencies and to observe in dual-polarisation mode to increase the sensitivity at
these bands. This was only made possible after it was confirmed that Yebes could observe
with a data rate of 4 Gb/s.

On May 22 a second fringe test was scheduled, but was not successful because of a bad
recorder configuration. It was repeated on May 24, after a prior failure of KVN station
Tanma (KT) was fixed. Due to a data format mismatch, the fringe test did not yield
fringes again. KVN recorded in a mode with two channels with 512 MHz each, while
Yebes seemingly recorded with 32 channels of 32 MHz each. It was suspected that the
sample ordering was incorrect, and after some corrections to the data, fringes were found.
The data were made available on August 26, as well as the data from the KVN for which
fringes were detected for the observations on May 26.

Since still there were no successful observations, I proposed re-observations on October
31, 2019. Another fringe test was scheduled for Nov 20, this time for both the 1 Gb/s as
well as the 4 Gb/s mode, to see if both have issues or only one of them. Both failed, and
while problems with the channel ordering in the final schedule file were proposed as reason
for failure of the 1 Gb/s observations, it was still unclear what lead to the issues with the
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4Gb/s mode. The initially scheduled re-observations on Nov 27 were cancelled because of
the unsuccessful fringe test and rain at two KVN stations.

In the next months it was tried to determine why no fringes were found in the fringe
tests; for instance, it was tested if Yebes in single-dish mode detected the SiO maser lines,
and despite that being successful, the reason for the unsuccessful fringe test remained
unknown.

A new fringe test was conducted on May 11, 2020. With no success initially, fringes
were found after correcting some reversed-sideband effect, that shifted the maser line for
Yebes. The successful fringe test observations are shown in Fig. 6.3. Following this,
new observations were scheduled for June 19, 2020. Fig. 6.1 shows an example of the
planned observation schedule for eight selected sources, that was originally to be observed
on this date. The source pairings are also displayed in Table 6.2. These observations
were cancelled due to malfunction of the receiver at Yebes, reported on June 17. Fur-
ther rescheduling was delayed due to the KVN being in summer maintenance mode until
September 2020. As of the writing of this thesis, no successful observations for all four
stations can be reported, and results are expected to be reported in a forthcoming publi-
cation.

22GHz (2Gbps) 43GHz(2Gbps)

Figure 6.3: Successful fringe test on May 11, 2020 at 4 Gb/s between all 4 stations (from T. Jung,
priv. comm.)

SFPR observations consist of alternate observations of the source and the calibra-
tor with a slow duty cycle of a few minutes. Frequency switching is not necessary as
one observes at all frequencies simultaneously. I decided on a ~4min cycle time (i.e.,
calibrator-target-calibrator). The exact time will depend on the telescope slewing time.
This may be different between the Yebes 40-m telescope and the KVN telescope for two
reasons. First, the 40-m telescope is much larger than the KVN antennas, increasing its
slewing time in general. Secondly, due to the large distance between the telescopes in
Europe and East Asia, they observe the source at different elevations at the same time.
Due to this, their slewing times might differ when observing the source.

In principle, slower switching time is more time-efficient but more risky, as detections
are less likely within a smaller integration time. Faster switching time is, in contrast, less
risky, but also less efficient. I considered the option including different switching cycles
in the observations to reduce the overall risk, but in the end decided that it is not very
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promising in the given observing time of 11h. In both Rioja et al. (2014, 2015), a ~3 min
cycle time was chosen. I opted for a slightly larger cycle time to make detections more
likely, as the expected correlated flux density is lower for the longer baselines.

6.4 Outlook

Judging from the baseline sensitivity, of the four source pairs, I expect to detect all sources
even without SFPR, with conventional VLBI self-calibration. Then the performance of
SFPR can be compared with hybrid maps. There are sources with predicted flux densities
between a few tens of mJy (close to the detection limit) up to several Jy, which will enable
us to explore the limitations of SFPR.

When SFPR has been applied to the data, one can infer relative core shifts between the
respective calibrator and target source with high precision. Rioja et al. (2015) calculated
that the registration errors of their images are if the order of a few tens of pas, depending
on the source and the frequency pair used. They estimate that the increase in maximum
baseline of 8000 km would result in a 20-fold decrease of the astrometric error, which I
should be able to achieve with my proposal. This accuracy will allow us to infer the core
shifts to very high precision, of a few microarcseconds.

With the SFPR method one measures relative core shifts between the source pairs.
Breaking the degeneracy requires the analysis of a source with multiple calibrator sources
situated in different direction from the source on the sky. In a future study I plan to do such
an analysis. For this study, a literature search could put some constraints on expected
core shifts for some of the observed sources. In addition, for the brighter sources, one
can try to align the self-calibrated maps at the two frequencies with some optically thin
structure (see Sect. 5.4), and infer the core shift from there.

Being able to calculate the magnetic field and its radial dependence, as described
in Sect. 1.5, at 103 — 10* rg, which is my goal with the observations, will enable me to
constrain the jet launching in AGN jets. A radial dependence in the jet of B(r)ccr~! and
a maximum field strength Bpa.x &~ 10*G are expected for an accretion disk dominated
magnetic field (Field and Rogers 1993), while the field should fall off more rapidly for the
other scenarios and may reach a much stronger maximum value in the case of a magnetic
rotator (Kardashev 1995), see also Lobanov (1998).
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Chapter 7

Concluding remarks and outlook

With this thesis, I aimed to improve the understanding of the AGN jet launching, collima-
tion and propagation, as well as their physical properties on parsec-scales, with detailed
studies of flat spectrum radio quasar 3C 345.

In this work, I presented the data reduction and analysis of space-VLBI data obtained
with RadioAstron for 3C 345. With the constructed full-polarisation space-VLBI images
at 1.6 GHz it was possible to probe the magnetic field structure of the source, revealing
an almost completely depolarised core region and electric vector position angles aligned
with the jet direction. The brightest feature in the jet at 1.5 mas is also highly polarised.
In conjunction with the obtained spectral index maps, obtained from a multi-frequency
VLBI dataset, a shock scenario is favoured for this region, as the spectrum steepens at
this position. Overall, the core is optically thick between the observed wavelengths of 1.6,
4.8, 8.4, 15.3, and 43.1 GHz. The features farther downstream of the peak brightness in
the 1.6 GHz RadioAstron map could be identified with shocks, but it is also possible that
they probe a toroidal magnetic field independently of shocks, that could in principle be
part of a helical magnetic field. The achieved resolution transverse to the jet direction is
insufficient to probe potential transverse changes in the EVPA direction, although there
are hints at that. This could be further investigated with space-VLBI at higher frequencies
and mm-VLBI data.

In conjunction with VLBA data at 4.8, 8.4, and 15 GHz, I constructed the distribution
of the rotation measure in the source, at unprecedented resolution for the probed wave-
lengths. This reveals a modest and mostly homogeneous RM in the source, in concordance
with previous VLBI observations at lower resolution or higher frequencies. Depending on
the chosen pixel SN R threshold, there are hints at a higher RM region close to the total
intensity peak at 1.6 GHz, and even a flip in the sign of the RM along the jet. The latter
would require a poloidal magnetic field component in the source. The RM-corrected image
at 1.6 GHz changes the orientation of the EVPAs around the peak brightness position from
parallel to almost perpendicular to the local jet direction. This behaviour is in accordance
with previous VLBI observations at higher frequencies and supports the idea that a shock
propagating down the jet dominates the emission in the region. An order-of-magnitude
comparison of the electron density derived from core-shift measurements and RM analy-
sis hints at an external Faraday screen being responsible for the observed rotation of the
EVPAs. A detailed future analysis of the depolarisation properties will shed light onto
the nature of the Faraday rotation. In addition, a comprehensive study of the synchrotron
spectrum across all wavelengths in the jet will give further constraints on the magnetic
field properties in the framework of synchrotron self-absorption.

These results can be solidified with more data, for which I will analyse RadioAstron
data at 22 GHz in conjunction with GMVA data at 86 GHz. These data will provide ad-
ditional constrains for the core shift analysis in this work. Polarisation data could also
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potentially reveal RM gradients perpendicular to the jet direction, which would support
the existence of a helical magnetic field. The brightness temperature as a function of the
(u,v)-distance can also be studied, complementing my analysis in Chapter 5.

In the second part of the thesis, I presented the concept of applying source frequency
phase referencing (SFPR) observations, which make is possible to accurately probe the
core shifts in AGN. They do not rely on image alignment at different frequencies, after
the absolute position of the source is lost during self-calibration. The advent of multi-
channel receivers, which observe at several wavelengths simultaneously, enable the phase
referencing technique to higher frequencies. This allows us to obtain reliable estimates of
the core shift at high frequencies, which in turn makes it possible to probe the magnetic
field profile along the jet close to the central engine. An observing program was designed
for a small sample of compact AGN. They were selected in a way as to probe regions of
several 1000 gravitational radii with the achieved positional accuracy. These observations,
planned for the end of 2020, will extend the SFPR technique to longer baselines compared
to previous studies, minimising blending effects and thus improving the accuracy. This
project will be an important pathfinder in this emerging field, where other telescopes begin
to implement multi-channel receivers.



Appendix A

Map alignment

Here the distributions of the 2D cross-correlation coefficients for the alignment between
the maps presented in Chapter 5 are shown.
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Figure A.1: Distribution of the 2D-cross-correlation coefficient from the alignment of the 1.6 GHz

RadioAstron and the 15.3 GHz MOJAVE observations (cf. Fig. 5.10). One pixel corresponds to
0.02 mas.
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RadioAstron and the 4.8 GHz VLBA observations (cf. Fig. 5.13). One pixel corresponds to
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Figure A.3: Distribution of the 2D-cross-correlation coefficient from the alignment of the 4.8 GHz
and the 8.4 GHz VLBA observations (cf. Fig. 5.16). One pixel corresponds to 0.1 mas.
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