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ABSTRACT

Blazars are the most luminous sub-class of active galactic nuclei (AGN). Powered by an
accreting supermassive black hole (SMBH), these systems are characterized by an axisym-
metric pair of powerful relativistic jets that emanate from their central region and are
closely aligned to the line of sight of the observer. Thanks to this geometrical coincidence,
blazars constitute a unique case of astrophysical objects in which we can study the ex-
treme physical conditions associated with the jet launching region and the strong magnetic
fields in the vicinity of the central engine. To date, even though numerous observational
and theoretical studies have been established for an improved understanding of the under-
lying jet physics, a number of questions are pending to be answered. The origin of the
high-energy emission and the seed photon field, the true nature of the observed jet base,
and the jet phenomenology are investigated in this thesis. For this purpose, we employ
a state-of-the-art observational technique called very-long baseline interferometry (VLBI).
Simultaneous radio observations at 86 GHz using the largest radio antennas in the world, as
well as complementary observations of ground array elements with the space radio telescope
RadioAstron, give us the unique opportunity to focus on three case studies: the blazars
TXS 20134370, OJ 287 and 3C 454.3.

In the blazar TXS 20134370, quasi-simultaneous VLBI observations at 15, 43 and 86 GHz,
along with space-VLBI data at 22 GHz, allowed us to investigate the jet base with an
angular resolution of > 0.4pc. In combination with broad-band variability observations
and vy-ray data, the high-resolution VLBI imaging revealed the ejection of new jet fea-
tures, accompanied by flaring activity in radio/mm- bands and 7 rays. The analysis of
the transverse jet width profile constrained the mm-VLBI core to be located within <2 pc
downstream of the jet apex, and also showed the existence of a transition from parabolic
to conical jet expansion at a deprojected distance of ~54 pc from the core. The estimation
of the intrinsic jet parameters allowed us to determine the magnetic field strength in the
22 GHz VLBI core region to be Bgga =0.36 4+ 0.16 G. Cross-correlation analysis of the
broad-band variability revealed a strong correlation between the radio-mm and v-ray data,
with the 1 mm emission lagging ~49 days behind the v rays. Based on this, we infer that
the high energy emission is produced at a distance of the order of ~1 pc from the jet apex,
suggesting that the seed photon field for the external Compton mechanism originates either

in the dusty torus or in the broad-line region.

The study of the blazar OJ 287 was based on a unique data set, comprising 15, 43 and
86 GHz VLBI observations along with contemporaneous space-VLBI data at 22 GHz, which
enabled us to reconstruct for the first time the fine structure of the innermost compact
region with the record-resolution of 10 pas. Total intensity and polarization images of the

source revealed a complex structure, with the brightest core feature being located a ~10 pc
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downstream from the innermost jet component. The source modeling enabled us to perform
a spectral decomposition analysis of the VLBI knots, which led us to the determination
of the synchrotron turnover parameters. Additionally, through spectral index mapping we
studied the spectral evolution along the radio jet. The results of the spectral fitting were
used to obtain the magnetic field strength of the innermost jet features. We calculated
the equipartition Doppler factor to be > deq =2.940.26. A variation of the Doppler factor
along the jet was also observed, and its origin is unclear. The most likely explanation is
the presence of a strong jet bending towards the line of sight, a local change of the plasma
speed, or a superposition of both. Polarization imaging and Faraday rotation analysis based
on two independent methods helped us to probe the magnetic field topology on sub-parsec
scales. A rotation measure analysis in the core region revealed a rotation between -440 to
-1100rad/m? (obtained from a pixel-based analysis and single-dish flux density variability
measurements). By combining the imaging and the rotation measure (RM) analysis, we
report indications of the existence of a helical magnetic field in the OJ 287 core region, which
is in agreement with similar polarization studies. Furthermore, during our observational
interval, a prominent flaring event took place, which allowed us to study the observed
brightness temperature evolution in the VLBI core region. We report a rising trend for
the innermost VLBI feature during the flare evolution, rising from T}, =(33.6+0.8)x 1011 K
up to 5.54£0.9x10'? K. Using the computed deq, We estimated that the intrinsic brightness
temperature is Ty ~ 102K in the core region, which is significantly above from the
equipartition limit of ~5x10'0 K. This implies that the VLBI core in OJ 287 is particle-

dominated.

Lastly, for the blazar 3C 454.3 we analyzed 24 epochs of VLBI data at 43 and 86 GHz.
In this thesis, we present for the first time a five-year structural and kinematic study of
the innermost jet region of this source, probed by the ultra-high resolution of 50 pas (>
0.4pc). The results of the analysis revealed that the flux density distribution along the jet
is described by components that move with apparent speeds between 6 ¢ to 26 ¢, as well as
by stationary features. We trace the appearance of 7 new VLBI components during the
observing interval of 2013-2017. The detected knots show unusual behavior in their velocity
pattern, with a transition from fast motion to apparent stationarity and merging when they
reach a radial distance of 0.5 mas from the core. The nature of this region was investigated
by studying the spectral index variability and the linear polarization of an indicative epoch;
however, the physical interpretation remains ambiguous, with possible scenarios involving
local jet bending, standing shock or plasma instabilities. Also, indications of trailing jet
components have been found, which are related to rarefaction in the near wake of the most
prominent propagating disturbances. Lastly, we report that the newly detected features are
ejected at different position angles, pointing to more complicated ejection scenarios related

to accretion disk precession, jet nozzle precession, or jet instabilities.



ZUSAMMENFASSUNG

Blazare bilden die leuchtstérkste Unterklasse der aktiven galaktischen Kerne (AGN). Sie
werden von akkretierenden, supermassiven schwarzen Lochern (SMBH) angetrieben, und
bilden zwei symmetrische, energiereiche, relativistische Jets aus, die eng an der Sichtlinie
des Beobachters ausgerichtet sind. Dank dieser geometrischen Eigenschaft stellen Blazare
einen besonderen Fall dar, bei denen wir die extremen physikalischen Bedingungen in der
Region, in der die Jets produziert werden, und die starken Magnetfelder in der Umgebung
des zentralen Antriebssystems untersuchen knnen. Obwohl viele beobachtende und theo-
retische Studien zum besseren Verstdndnis der Physik dieser Jets durchgefiihrt wurden,
bleiben auch heute noch einige Fragen unbeantwortet. Der Ursprung der hochenergetischen
Emission und des Ursprungs-Photonfeldes, die wahre Beschaffenheit der beobachteten Jet-
basis, und die Jet-Phdnomenologie werden in dieser Arbeit behandelt. Um dies zu erreichen,
verwenden wir die moderne VLBI-Technik (Very Long Baseline Interferometry). Beobach-
tungen bei 86 GHz mit den grofiten Radioteleskopen der Welt, sowie Beobachtungen, bei
denen Teleskope auf der Erde durch ein Weltraum-Radioteleskop (RadioAstron) ergénzt
werden, erlauben einen Fokus auf drei Fallstudien: Die Blazare TXS 2013+370, OJ 287
und 3C 454.3.

Fiir den Blazar TXS 20134370 wurden Beobachtungen bei 15, 43 und 86 GHz, sowie
mit Weltraum-VLBI-Daten bei 22 GHz, durchgefiihrt, die eine Auflésung von > 0.4pc
bei dieser Quelle haben. In Kombination mit Beobachtungen der Breitband-Variabilitét
und Daten bei y-Wellenldngen zeigen die hochauflésenden VLBI-Bilder den Ausstofl neuer
Jet-Komponenten, die mit einem Aufflackern im Radio/mm und ~-Bereich begleitet wer-
den. Die Analyse des transversalen Jetprofils zeigt, dass sich der mm-VLBI-Kern <2 pc
vom Scheitelpunkt des Jets entfernt befindet, und auferdem einen Ubergang von parabo-
lischer zu kegelférmiger Ausdehnung des Jets bei einem Abstand von ~54 pc vom Kern.
Die Abschitzung der Jet-Parameter ergab eine magnetische Flussdichte von Bgga =0.36
+ 0.16 G in der 22 GHz VLBI-Kernregion. Eine Kreuzkorrelationsanalyse der Breitband-
Variabilitéit offenbart eine starke Korrelation zwischen den Radio-mm und -Daten, wobei
die Emission bei 1 mm der y-Emission ~49 Tage nachlduft. Daraus leiten wir ab, dass die
hochenergetische Strahlung in der Gréflenordnung von ~1pc Abstand vom Scheitelpunkt
des Jets erzeugt wird. Dies weist darauf hin, dass das Ursprungs-Photonfeld fiir den exter-

nen Compton-Mechanismus im Staub-Torus oder in der Broad-Line-Region entsteht.

Fiir die Studie am Blazar OJ 287 ziehen wir einen einzigartigen Datensatz heran, der aus 15,
43 und 86 GHz VLBI-Daten und Weltraum-VLBI-Daten bei 22 GHz besteht. Dieser erlaubt
es uns, die Feinstruktur des innersten, kompakten Bereichs der Quelle mit einer Rekord-
Auflésung von 10 pas zu untersuchen. Bilder in totaler Intensitt und in Polarisation zeigen

eine komplexe Struktur, wobei sich die hellste Komponente des Kerns ~10 pc ablaufseitig
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von der innersten Jet-Komponente befindet. Die Modellierung der Quelle erlaubte es uns, ei-
ne Analyse der spektralen Zerlegung der VLBI-Komponenten durchzufiihren, durch die wir
die Parameter des Synchrotron-Wendepunkts bestimmen konnten. Zusétzlich haben wir die
spektrale Anderung entlang des Jets durch Kartierung des Spektralindex untersucht. Die
Ergebnisse des Fits ergaben die magnetische Flussdichte der innersten Jet-Komponenten.
Der Aquipartitions-Dopplerfaktor entlang des Jets wurde zu < 0eq =4.13£0.26 bestimmt,
wobei eine Variation entlang des Jets festgestellt wurde, deren Ursprung unklar ist. Die
wahrscheinlichste Erkldrung ist eine starke Krmmung des Jets gegeniiber der Sichtlinie,
eine lokale Anderung der Plasmageschwindigkeit, oder eine Kombination aus beidem. Bild-
gebung in Polarisation und eine Analyse der Faraday-Rotation auf Basis zweier unter-
schiedlicher Methoden ermoglichten es uns, die Topologie des Magnetfeldes auf sub-pc
Skalen zu untersuchen. Eine Analyse des Rotationsmasses (RM) in der Kernregion ergibt
Werte zwischen -440 und -1100rad/m? (aus einer pixel-basierten Analyse und Flussdich-
tevariationen gemessen an Einzelteleskopen). Durch Kombination der Bildgebungs- und
RM-Analyse offenbart sich ein spiralférmiges Magnetfeld in der Kernregion von OJ 287,
was sich mit dhnlichen Studien zur Polarisation deckt. Auerdem gab es wihrend der Zeit
unserer Beobachtungen ein Aufflackern der Quelle, das uns eine Untersuchung der Ent-
wicklung der beobachteten Helligkeitstemperatur méglich machte. Wir beobachten einen
steigenden Trend fiir die innerste VLBI-Komponente wihrend der Entwicklung des Auffla-
ckerns, von T}, =(33.640.8)x 10 K bis zu 5.5+0.9x 1012 K. Mithilfe des berechneten Je,
schiitzen wir die intrinsische Helligkeitstemperatur auf Ti,; ~ 102K in der Kernregion,
was signifikant hoher ist als das Limit durch Aquipartition von ~5x10'° K. Dies impliziert,

dass der VLBI-Kern von OJ 287 Teilchenenergie dominiert ist.

Zu guter Letzt haben wir 24 Beobachtungsperioden von VLBI-Daten bei 43 and 86 GHz
flir den Blazar 3C 454.3 ausgewertet. In dieser Arbeit prisentieren wir zum ersten Mal
eine strukturelle und kinematische Studie der innersten Jetregion dieser Quelle bei einer
ultrahohen Auflésung von 50 pas (> 0.4pc). Die Ergebnisse dieser Analyse zeigen, dass
die Verteilung der Flussdichte entlang des Jets einerseits durch Komponenten beschrieben
wird, deren scheinbare Geschwindigkeit zwischen 6 ¢ und 26 c liegt, sowie andererseits durch
stationéire Komponenten. Wir zeigen das Auftreten von 7 neuen VLBI-Komponenten im
Beobachtungsintervall von 2013-2017 auf. Die detektierten Jetkomponenten zeigen ein un-
gewOhnliches Verhalten in ihrem Geschwindigkeitsmuster. Dabei wechseln sie von schneller
Bewegung zu scheinbarer Stationaritéit und verschmelzen, wenn sie eine radiale Distanz von
0.5 mas vom Kern erreicht haben. Die Beschaffenheit dieser Region wurde durch die Variabi-
litdt des Spektralindex und der linearen Polarisation in einer bezeichnenden Epoche unter-
sucht. Die physikalische Interpretation bleibt jedoch uneindeutig. Moégliche Szenarien sind
lokale Kriimmung des Jets, stehende Schocks oder Instabilitdten des Plasmas. Auflerdem

fanden wir Anzeichen nachfolgender Jetkomponenten, die in Beziehung zur Verdiinnung des



Jets, in Verbindung mit den grofiten sich fortbewegenden Stérungen, stehen. Die neu aufge-
tretenen Komponenten werden auflerdem bei verschiedenen Positionswinkeln ausgestofien,
was auf komplexere Szenarien hinweist, bei denen die Préiizession der Akkretionsscheibe

oder der Jet-Diise, oder aber Instabilitéiten im Jet eine Rolle spielen.
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Chapter 1

The physical properties of blazars
and their characteristics

One of the most fascinating fields in astronomy is the study of the structure and evolu-
tion galaxies. Based on Hubble’s Ultra Deep Field observations, it is estimated that the
observable Universe contains ~ 200 billion galaxies (Beckwith et al. 2006). The details of
the formation and the evolution of those cosmic objects remains a matter of debate (Mo
et al. 2010). Nevertheless, the development of technology and the improvement in the ob-
servational techniques across the electromagnetic spectrum has enabled the study and the
classification of a range of extragalactic sources. Out of all galaxies, radio galaxies attract
interest due to their high luminosity and prominent jet emission. In this thesis, we are
going to study three objects that belong to the sub-category of powerful radio galaxies,
which are called blazars.

1.1 Active Galactic Nuclei

A fundamental building block of the cosmic web is galaxies. A great variety of galaxies are
situated across the Universe. Among them, there is a small-numbered group of ~ 15% of
all galaxies, which are called Active Galactic Nuclei (AGN). A galaxy is characterized as
active when extremely energetic phenomena are taking place in its central region. The core
of such an object is compact and brighter than the entire host galaxy, with a luminosity
of L ~ 10 erg s !, emitted mostly from a small and compact central region of <1 pc?
(Krolik 1999). The luminosity that AGN produce is so enormous, that in many cases
exceed the luminosity of a typical galaxy by four orders of magnitude, considering that the
surface luminosity of a typical galaxy is L ~ 10* erg s =1 (Krolik 1998). A general feature
of AGN is that are pan-chromatic emitters, which show characteristic emission patterns
and extreme flux density variability within days, hours, and even minutes. Our current
understanding of the driving mechanism behind these events is still far from being fully
understood. Also, a significant aspect of deepening our knowledge in AGN behaviour, is
that we have the opportunity to obtain indirect information about the host galaxy, or the
evolution of the whole Universe. A characteristic example of such a case is the study of
the causally connected relationship between the mass of the central engine and the velocity
dispersion of the host galaxy stars. The study of the so-called M — ¢ relation (here M is the
mass of the central engine and o the central stellar velocity dispersion) is very important, as

1
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it can reveal more details about the galaxy formation and SMBH-host galaxy evolution (e.g.,
Ferrarese & Merritt 2000). Also, it has been found indications that the terminal regions of
the AGN jets, may have contributed significantly to the ionization of hydrogen in the late
re-ionization epoch (Bosch-Ramon 2018). Moreover, the propagation of powerful relativistic
jets that emanate from AGN, interact with the surrounding intergalactic medium, and in
some cases can lead to the formation of large X-ray cavities (Forman et al. 2005; Randall
et al. 2011; Blanton et al. 2011). Such cavities, can affect the evolution of the whole galaxy
cluster through the suppression of the cooling flows that are created inside the cluster and
which support the fast growth of central galaxies (McNamara & Nulsen 2007). Considering
all the above it is easy to understand the importance of the observations and the detailed
study of these objects. In the following sections, we are going to address some of the open
questions about AGN and report the current status of related research.

1.1.1 Brief Historical Overview

Astronomy is the oldest of all natural sciences. Since the first humans looked up in the sky,
they started wondering about the nature of the celestial objects and the possible connection
with their lives. Only less than 100 years ago, independent astronomical observations by
Harlow Shapley and Heber Curtis in 1920 lead to the 'Great Debate’ (Hoskin 1976), a
public discussion between them about the nature of “spiral nebulae” objects in the sky.
The primary topics in this debate were the actual distance of those objects from the Earth
and as an extension, the size of the Universe. The answer to this question came few years
after by Edwin Hubble in 1925. Hubble determined the distances of NGC 6822, M 33, and
M 31 (Hubble 1929, and references therein) by observing periodic fluctuations of Cepheids,
a type of star with a standard absolute magnitude. The calculated distance of those stars
placed the location of their hosting “nebulae” to be well outside of our Galaxy. Extragalactic
astronomy was born after that day, and a new window in astronomy and cosmology was
opened. Several years before the event mentioned above, spectroscopic observations of
nearby galaxies like NGC 1068 (Fath 1909), revealed the existence of emission lines in the
nuclear spectrum, even though there was not yet a physical understanding of AGN objects.
Carl Seyfert in 1943, suggested a new category of galaxies with bright central regions
and spectra dominated by high-excitation emission lines (Seyfert 1943), by performing
a systematic study of galaxies. This type of galaxy today, is named after him: Seyfert
Galazies.

The development of radio astronomy set the next milestone in AGN physics. Karl Jansky,
in 1932, reported that faint radio emission was coming from the Milky Way, peaking in the
direction of its center (Jansky 1933). Many astronomical studies followed, detecting strong
radio emission from “radio-stars” with a counterpart in the optical regime, leading the
astronomers to categorize these objects with the name “star-like”, Quasi-Stellar Objects
(QSOs) or quasars. A prominent quasar discovery was 3C 273. The optical spectrum
of this radio source showed peculiar broad emission lines, which are untypical for a star.
Additionally, the spectrum appeared to come from unknown excited atoms (Hazard et al.
1963; Schmidt 1963). Later on, it turned out that these lines belonged to known atomic
transitions, that are redshifted due to the Doppler effect. This fact implied that the source
is not only extragalactic, but also that it moves away from Earth. By measuring the shifting
of the lines, it was calculated that this galaxy is located at a distance of 2.4 Gly (z=0.158).
Note here that the Doppler redshift is expressed like A = A\g (1 + z), where A is the observed
wavelength, A\g the emitted wavelength and z is the redshift of the source. Another salient
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M87 Black Hole — Event Horizon Telescope
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FI1GURE 1.1: The first-time-ever image of the supermassive black hole at the center of the M
87 galaxy. Left: Simulation of the AGN that located in the heart of M 87. Matter is falling
into the SMBH, forming an accretion disk. Perpendicular to each side of the accretion disk,
two powerful jets of plasma are emanating from the central engine (Davelaar et al. 2018).
Top right: High-resolution radio image of the M 87 jet, as seen by the ALMA array (Goddi
et al. 2019). Bottom right: The bright ring around the compact center is formed as light
bends in the strong gravitational field around a black hole with mass ~ 6.5 x 109 M, (Event
Horizon Telescope Collaboration et al. 2019).

feature in some of these objects was the existence of a jet. The first detection of an AGN
jet (M 87) was made by Curtis in 1918 (Curtis 1918), indicating that a violent mechanism
is driving the launching of those objects. Moreover, the astonishing luminosities of these
distant quasars were explained by Edwin Salpeter and Yakov Zeldovich in 1964 (Salpeter
1964; Zel’dovich 1964) as a result of a highly efficient astrophysical mechanism like the
accretion of gas onto a supermassive black hole (SMBH).

Today, numerous ongoing studies are aiming to extend our understanding of AGN physics.
The latest historical achievement in the field of AGN studies was obtained with the Event
Horizon Telescope (EHT). The goal of this experiment was to capture for the first time the
image of a black hole and its ”shadow” by using an eight-element radio array, observing at
1mm. In Figure 1.1 we can see the first image of the SMBH that is located at the center
of the active galaxy M 87.

1.1.2 AGN Anatomy

The powerful cosmic engines called AGN are complex systems that can be decomposed into
different parts. In the following, we will briefly describe the physical contribution of each
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AGN component and its characteristics. A conceptual illustration of such a system can be
seen in Fig. 1.2.

At the heart of an active galaxy is located the “central engine”. The central engine is a
giant supermassive black hole, with a mass that usually exceeds 10 M), reaching even
10'° M. The physical process that allows a SMBH to gain such a large amount of mass
is either via accretion of matter or via merging with other SMBH’s (Volonteri 2012, and
references therein). The strong gravitational field around a SMBH plays the role of a
“driving force” for the AGN system. As the surrounding matter falls into the central
region, it encounters a characteristic spherical surface that is formed around the SMBH
(assuming a Schwarzschild black hole), which is called the “event horizon”. The radius of
the physical boundary where the escape velocity becomes greater than the speed of light is
defined by the so-called Schwarzschild radius, which for a non-rotating Black Hole (BH) is
R, = 2GM/c?, where G is the gravitational constant, M is the BH mass, and c is the speed
of light. In General Relativity, the last stable orbit for a test particle around a black hole,
called the Innermost Stable Orbit (ISCO) and usually set the inner edge of the accretion
disk. Depending on the BH mass and spin, the ISCO radius can extend down to ~ 6R;,
for a non-spinning BH and to 1.1 R, for a BH with maximum spin.

Moving outer from the central object, we meet the accretion disk. Accretion disks around
back holes are flows of gas that falls inwards to the black hole following tendex lines, the
paths that matter follows when it falls into a black hole, due to the strong gravitational
potential of the central object. The radiation of the accretion disk is thermal, as the gravi-
tational and frictional forces compress the gas and raise its temperature. The observational
signature of the accretion disk emission in an AGN Spectral Energy Distribution (SED)
plot can be found mostly in the UV /optical wavelengths. A characteristic spectral feature
known as “the blue bump” corresponds to this AGN part, whereas, a similar feature ap-
pears in the soft X-rays regime too, known as “the big blue bump”. The accretion disk
radiation also plays a significant role in the production of GeV/TeV emission, as it con-
tributes to the seed photons that are needed for the inverse Compton process to take place
(see Section 1.3.1.3 and Section 1.4).

Accretion flows are mainly divided into two categories: hot and cold. Cold accretion
plasma flows consists of temperature around 7 ~ 10*K (Shakura & Sunyaev 1973) and
dense plasma, are optically thick and usually, are relative to high mass accretion rates.
Such kinds of flows produce geometrically thin and luminous accretion disks (Shakura &
Sunyaev 1973). On the other hand, hot accretion plasma flows (close to virial temperature
T ~ 109K, (Yuan & Narayan 2014)) are characterized by sub-Eddington’s accretion rate’s,
are optically thin, and are described by accretion models such as the Advection-Dominated
Accretion Flow (ADAF). The ADAF is a cooling mechanism where the heat transferring is
channeled through the plasma’s bulk motion, instead of radiation. Such accretion disks are
geometrically thick, and they resemble a sphere or corona of hot material that is charac-
terized by non-thermal emission (Yuan & Narayan 2014). This specific type of accretion is
particularly interesting as it is linked with the AGN jets. Furthermore, the strong magnetic
fields expected in disks can play a crucial role in jet collimation.

Based on the observed hard X-ray AGN emission, many theoretical studies suggest that
the X-rays originate from a hot gas corona (~ 10 K) above a cold accretion disc (Galeev
et al. 1979; Haardt & Maraschi 1991; Poutanen & Svensson 1996). Reports in the literature
indicate that this corona lies between 6 to 20 R, above the central engine (Fabian et al.
2009), and it is caused by thermal Comptonization (see Section 1.3.1.3) of the accretion
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disk photons (Haardt et al. 1997, and references therein). It is believed that a substantial
fraction of the gravitational accretion energy is dissipated directly into the corona, although
the physical processes that heats the corona are still unknown.

In a spherical region around the accretion disk and the central engine, characteristic broad
emission lines, correspond to a region known as Broad Line Region (BLR), are detected in
the optical and UV band. The origin of these broadened lines is the high Keplerian-velocity
clouds, exceeding the speed of 10°km s~! and electron densities of n ~ 10 — 10 cm—3
(Netzer 2013). Theoretical models consider the formation of the BLR that it may arise
from a gravitationally unstable outer disk or similar disk outflow mechanisms. The radius
of BLR (RprR) is related to the luminosity of the AGN continuum emission by the relation:
the R =~ LY/2. For estimating the Rprr the technique of the Reverberation Mapping
is widely used (Blandford & McKee 1982), by measuring the lag between the correlated
variability of continuum source emission (usually the accretion disk or the SMBH) with the
broad lines flux. Based on AGN observations as determined by the emissivity of Hg line, the
BLR extends in a region of 0.01 - 1 pc (Peterson & Horne 2006). The knowledge of the Rppr
can lead us to estimate the mass of the central engine by the relation: M = fRprLrV?/c,
where f is is a dimensionless factor, and V the BLR velocity. Nevertheless, significant
uncertainties about the geometry, dynamics, and physics of BLR remain (Sulentic et al.
2003; Gaskell 2009).

Another building block of an AGN, is located at the outer edge of the BLR, extending from
1 to 10 pc radial distance downstream from the center (Netzer 2013), and is called Molecular
Torus (MT). It is formed by gas from the host galaxy that falls into a region dominated by
the gravitational potential of the central engine and due to angular momentum conservation
forms an axisymmetric and toroidal structure around the SMBH. It is characterized by
extreme column densities, exceeding the 10%° cm™2. Because it extends over such a large
region, we detect different emission signatures coming from different regions of the torus.
For example, the inner parts of the torus interact with the nuclear radiation, resulting in
the ionization of the existing material and the emission of the narrow Fe Ka spectral line.
The outer MT part is cold and optically thick, radiates primarily in infrared, and shows
absorption lines. The orientation of the MT relates to our line of sight plays a crucial role
in the categorization of AGN.

Gas clouds in the polar regions are ionized by radiation from the AGN and give rise to
narrow UV/IR/optical permitted, semi-forbidden, and forbidden lines. This region named
because of this characteristic Narrow Line Region (NLR). The full width at half maximum
(FWHM) of the spectral lines indicates gas velocities of the order of 400-500 km/s, and the
forbidden lines show gas densities of 10 — 10° cm® (Groves 2007). The NLR extends in a
radial distance range from the center showing dimensions of 100 up to 300 pc. In Fig. 1.4
is shown the Spectral Energy Distribution (SED) of a typical, unobscured AGN galaxy,
as well as the observed contribution of each part of it. The most prominent feature in
all radio-loud AGN is the existence of highly relativistic and collimated plasma jets. In
Section 1.3 we are going to discuss the physical jet procedures in more detail.
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1.1.3 Unification Model and Classification

Many years of systematic observations across the electromagnetic spectrum reveal that
AGN shows a wide range of different properties between them. Several attempts have been
performed to classify those objects, leading to the creation of a long list of AGN classes that
is known as the AGN “zoo”. Among all these different criteria, however, the most widely
accepted are based on the AGN radio and spectropolarimetric properties. For instance, all
radio galaxies are classified into two main categories: the radio-loud and the radio-quiet
(see Fig. 1.3).

The radio loudness Ry, ratio between the radio luminosity of an AGN at 5 GHz over its
optical luminosity at A = 4400A (Ls g, / L4400 fx) helps us to classify these objects based on
jet radio emission. The radio-loud galaxies are characterized by Ry, > 10 whereas the radio-
quiet by Ry, < 10. In practice, the existence or the absence of the large scale radio jet in
an AGN determines the radio loudness of the galaxy, as AGN jets are the primary emitters
in the radio regime. Now, each AGN category is further divided into two sub-categories:
type 1 and type 2 objects. The type 1 category includes Seyfert 1 galaxies and quasars.
Some of the main characteristics of Seyfert 1 AGN are their orientation face-on to our line
of sight, a spiral galaxy host, the narrow forbidden lines, and the strong, Doppler broad
emission lines in their optical spectrum. The emission line broadening implies extremely
high gas velocities, ranging from 500 up to 4000 km/s. On the other hand, quasars usually
are found in elliptical galaxies. Broad emission lines also characterize them, and typically
their redshift is quite large (the peak quasar population appears at z=2 (Hewitt & Burbidge
1993)). Nevertheless, the most prominent feature of a quasar is the flux variability in several
observing bands. As type 2 radio-quiet galaxies are considered the Seyfert 2. Seyfert 2
galaxies exhibit narrow permitted and forbidden lines, as well as broad lines. Most of the
differences between Seyfert 1 and 2 galaxies are coming from their orientation (Antonucci &
Miller 1985). Notably, spectropolarimetric studies in the Seyfert 2 galaxy NGC 1068 showed
that the observed polarized light belongs to the nucleus of a Seyfert 1 galaxy. However,
the continuum and broad Balmer line polarization seems to result via scattering by a dust
cloud, the obscuring dust torus around the nucleus, orientated perpendicular to the nuclear
symmetry axis in our line of sight. Besides this, there are four more intermediate sub-
categories of Seyfert galaxies, the Seyfert 1.2, 1.5, 1.8 and 1.9, classified according to their
H,/Hg lines intensity ratio (Osterbrock 1981).

Nevertheless, in some cases, the observed differences between AGN categories are caused
exclusively by geometrical effects. Intrinsic physical parameters can alter an AGN appear-
ance such as the gravitational interaction between neighboring AGN-galaxy pairs that cause
temporary obscuration (Traianou et al. 2020 in prep.), tidal disruption events (TDE) or
instabilities in the accretion flow (Sniegowska & Crzerny 2019). All the alternatives men-
tioned above are known as the Changing Look phenomenon in AGN (CL AGN). Almost
90% of all known AGN belong to the radio-quiet classes (Urry & Padovani 1995). The
other 10% of the known AGN are radio-loud objects that are divided into Radio Galaxies
and Blazars. Fanaroff and Riley in 1974 proposed to categorize all the radio galaxies in two
groups, the Class I and Class II. These categories are known today as Fanaroff-Riley 1 and
2 (FR I, FR 11, Fanaroff & Riley 1974). The main characteristic of all FR type AGN is the
existence of double and symmetrical relativistic jets, which can extend up to Mpc scales
and end in large-scale structures that are known as radio lobes. The difference between the
two classes is that FR I galaxies have radio luminosities < L?*? W /Hz and the brighter jet
region are spotted close to the galaxy’s center. On the other hand, FR II galaxies are more
luminous than the breaking point of L?>2W/Hz and have faint, but well-collimated jets
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with bright "hot-spots” at the end of their radio lobes. The last category which we discuss
here is the class of Blazars. For this, we will dedicate a separate section, because all the
scientific targets in this thesis belong to this AGN category.

1.2 The Blazar Phenomenon

Blazars are the most extreme members of the AGN family. They comprise less than 5%
of the entire AGN population, and they exhibit some of the most powerful phenomena
in the Universe. By definition, blazars are jetted AGN, which are pointing towards our
line of sight. Their general observational properties are the large amplitude variability
of non-thermal continuum emission across all frequencies. The variability timescales can
range from several years to a few hours, whereas high polarization degrees are detected
from radio to optical regimes. Some blazars exhibit thermal emission features too, that
originate from the accretion disk or the corona. The morphology of the spectral energy
distribution (SED) of a blazar is dominated by a double-peaked structure, as shown in
Fig. 1.4. The first spectral bump is produced in the jet, via synchrotron radiation by
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relativistic electrons moving along the magnetic field lines (see Section 1.3.1.1). The nature
of the second hump is related to the inverse Compton emission. Several theoretical models
aim to reproduce this second SED component based on the jet particle population, with
the two main categories being the hadronic and leptonic models. In hadronic models, the
X-rays and ~ rays emission considered as being produced by synchrotron radiation from
photons within the jet, protons and via photo-pion-production (Boettcher 2012).

In reality, protons are quite massive to be accelerated to sufficient energies in order to
produce this radiative output, without the presence of a very strong magnetic field. On
the other hand, even though leptonic models can explain quite well the high energy emis-
sion through inverse-Compton scattering (IC) of low energy photons with ultra-relativistic
electrons, for many blazars like AO 02354164, leptonic models fail to reproduce the ob-
served SED (Bottcher et al. 2013). To date, no definitive indication has been found to
discern between these two scenarios, while some other models support that lepto-hadronic
models are the most realistic (Rodrigues et al. 2019; Diltz & Bottcher 2016, and references
therein). Ultimately, blazars are sub-divided into specific categories based on their emission
characteristics. For instance, depending on which frequency the first peak appears, blazars
can be sub-divided to low-energy peaked blazars (LBLs), when the first SED component
peaks in radio to optical bands (< 105 GHz), intermediate peaked blazars (IBLs) (between
10° GHz and 10% GHz) and high-energy peaked blazars (HBLs), when the first hump peaks
in UV /X-rays (above 10° GHz) (Padovani & Giommi 1995; Sambruna et al. 1996; Ghisellini
et al. 1997; Abdo et al. 2010).

Blazars are also classified based on their optical properties into the BL Lacertae objects
(BL Lacs) and the Flat Spectrum Radio Quasars (FSRQs). FSRQs show broad and strong
emission lines in their optical spectra, are characterized by high redshift, show extended and
robust radio emission, and they are usually classified as LBL. On the contrary, BL Lacs ex-
hibit almost featureless optical spectra (no evidence for any accretion disk spectrum), emit
weakly in radio frequencies, have low redshifts and are hosted in giant elliptical galaxies. In
both cases, relativistic effects amplify the jet luminosity and the amplitude of variability.
We highlight the work of Fossati et al. (1998), who performed a statistical study of over
126 BL Lacs and FSRQs. Specifically, they divided and averaged the SEDs of the selected
objects into radio luminosity bins. The scientific outcome of this project indicates that the
peak frequencies of the Low Energy (LE) and High Energy (HE) components are corre-
lated, with both LE and HE peaks shift to lower frequencies when the radio/total power
increases (see the right panel in Fig. 1.4). This work is known as the the blazar sequence.
Some other studies, however, suggest that the blazar sequence could be an apparent effect
due to the selected sample (Padovani 2007). However, until today, many observations are
in agreement with the blazar sequence model.

1.3 Relativistic Jets in AGN

Relativistic jets can be described as highly collimated plasma outflows that can be asso-
ciated with many AGN. Even if jets are shining over a wide range of the electromagnetic
spectrum, many issues remain open. Current research addresses the following topics:

e Which is the precise physical mechanism that leads to jet launching?

e [s the plasma composition changing along the jet?
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e Which is the main process that controls the energy dissipation?

e How do particles accelerate?

e Where is the exact location of the y-ray-emitting regions?

In this section, we will try to briefly describe the basic knowledge that we already have
about AGN jets and the most prominent phenomena that are taking place.

1.3.1 Radiation Mechanisms

The vast majority of the emission mechanisms that exhibit AGN jets have a non-thermal
origin. This type of emission constitutes an indication of violent and energetic phenomena.
In the next subsections, we are going to present the basic theoretical concept of those
mechanisms, as well as their observational signature. For the full mathematical derivation
of the presented equations, see Pacholczyk (1970), Ghisellini (2013) and references therein.

1.3.1.1 Synchrotron Radiation

One of the most significant contributors to the jet emission in AGNs is synchrotron radia-
tion. Synchrotron radiation production occurs when a relativistic charged particle acceler-
ates, under the presence of magnetic field B. The field forces the particle to follow a helical
trajectory, along the direction of B. The force that is applied on a single particle of charge
q, with velocity v, by a magnetic field B is

F=1""7 (1.1)



Theoretical Background 11

This is known as the magnetic force or Lorentz force F. Note that F as a cross product
of u x B, it acts perpendicular to both the velocity and the magnetic field. Therefore,
the magnetic force work only to the velocity component, which is perpendicular to B,
forcing the particle to follow a circular trajectory. The strongest radiation is emitted at the
characteristic frequency

B
1/9272 q

1.2
2mme’ (1.2)

with m being the mass, g the charge, and v the Lorentz factor of the particle. Also,
Vg X E2B |, where E is the electron energy. For the non-relativistic case, v ~ 1, the process
is called cyclotron radiation and the characteristic frequency is defined as v. = ng /7% In
the relativistic case, the emitted radiation concentrates in a cone of semi-opening angle 1/~,
with the cone’s axis pointing in the direction of the velocity vector (see Fig. 1.5). In the
observer’s reference frame, this configuration translates into a recording of a series of widely
spaced narrow pulses, coming from the direction of the cone. The emission frequency, in
this case, is the Doppler-shifted gyro-frequency Vg’]. The power P that is radiated by a single
electron is proportional to the energy loss (dE/dt) that is caused due to the acceleration
under the presence of the magnetic field. By integrating the synchrotron emission over
energy losses, the synchrotron power is given by

dE

p=-""
dt

= 207%y*cUp sin? 1), (1.3)

where Up = B?/8r is the energy density of the magnetic field, 8 = wu/c is the electron
speed in units of ¢, o is the Thomson scattering cross-section and ¢ = arccos | Juy the
electron pitch angle. By integrating over all possible pinch angles siny = 2/3, Eq. 1.3
becomes

4
P = gO‘T,B2’)/QCUB. (1.4)

Note here that for v > 1 — 2 ~ 1. By assuming that synchrotron radiation is the
only energy-loss mechanism for an electron, one can calculate its cooling time, which is the
time the electron needs to radiate away all of its initial energy E = ymec via synchrotron
radiation. This characteristic quantity is given by

E 3mec? 24.6
Te = — = ~
YR P dopcUpyB? By

yr. (1.5)

For instance, an electron with v ~ 1000, that is located close to SMBH with a typical
magnetic field strength of B = 1000 G the synchrotron cooling time is 7gyn ~ 0.8s.

In practice, however, we are more interested in the emission from an ensemble of electrons,
as this describes better the real synchrotron emission from AGN plasma outflows. For such
a study, firstly, it is necessary to assume an isotropic distribution of possible pitch angles.
Also, in order to describe the energy spectrum distribution of the electrons, we can safely
assume a simple power-law distribution, as it has been observed as a result of particle
acceleration in a shock, like Fermi acceleration. Thus, the number density, n, of electrons
with energies between [E, F + dFE] is given by
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Es
n:N(E)dE: dE x CE™P, E1 < E < E» (1.6)
£y

where C is an integration constant, the energies £y and F5 are the lower and upper cut-off
energies and p is the electron spectral index. Since the emission frequency is related to ~,
Eq. 1.6 can be written as

ny=N(y)=Ky? m<y<y (1.7)

where n, is the number density of electrons within a Lorentz factor range [y,v + dv], 1
and v are the lower and upper cut-off, and K is a constant with the same units as n..

For optically thin plasma (i.e., all the energy loss corresponds to the emission of photons),
the synchrotron special emissivity is calculated by

(p+1) (p—1)

jUN/n,YPnYd’yocKB T vz, (1.8)

and it measures the emitted power by the electrons population per volume, solid angle, and
frequency. Equation 1.8 shows that the spectrum of optically thin synchrotron radiation
from a power-law distribution of electrons is also a power-law, with o = (p — 1) /2 to be
the synchrotron spectral indexz.
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As a final remark, the intensity of the synchrotron photons I (v)dv can also be expressed
as the power-law

I(v)xv®. (1.9)

Synchrotron Self-Absorption Our discussion concerning the synchrotron mechanism
so far has been assumed optically thin emission. Nevertheless, as the intensity of radiating
electrons increases, the emitted photons do not have sufficient energy to escape and the
electrons absorb them. This process is called synchrotron self-absorption (SSA). When the
emission from a source is optically thick, the SSA process dominates. The cross-section of
the absorption is not the same for all frequencies. For low frequencies, the detected emission
is coming from the outer synchrotron emitting layers, while deeper layers are visible at
higher frequencies. The deepest layer that can be seen is the one where the mean free path
for the emitted photon becomes comparable with the source size. However, the competition
between synchrotron absorption and emission processes turns in favor of emission when the
optical depth of the plasma becomes unity (1ssa = 1). The frequency at which this event
takes place is called turnover frequency vp,, and it is unique for each source. Although a
Maxwellian energy distribution does not describe the synchrotron electrons, they can be
safely assumed to follow the Planck spectrum, with a slope agpick = 2.5 (see Sec. 1.5),
whereas the standard optically thin spectral index is —0.7. Based on this assumption, the
optically thick emission can be compared with the thermal emission of a black body. This
is enabling us to estimate a characteristic, energy-dependent effective temperature Tog for
ultra-relativistic electrons by

2 1/2 —-1/2
T ~ 3% = 277;”56” T 118 x10° (1) ! <G£BS> : (1.10)
where k is the Boltzmann constant. The spectrum that we obtain from such emission can
be seen in Fig. 1.6. As we will see later, the synchrotron turnover frequency, and the
optically thin/thick spectral indices are crucial parameters, and can provide us with an
estimation of the magnetic field strength, as well as the particle density of the emitting
plasma (once we know the size of the emitting region) (Marscher 1983).

Lastly, it worth mentioning that in astrophysical sources, plasma outflows are inhomoge-
neous. The emission region can be imagined as a superposition of different layers, with
each layer consists of different electron densities and magnetic fields. In this case, the ob-
served SSA spectrum consists of a superposition of individual spectra, as can be seen in
the right panel of Fig. 1.6. The turnover of the overall spectrum will also be a sum of all
the turnover frequencies but mostly governed by the contribution from the layers with the
highest electron density and the strongest magnetic field.

The optically-thin part is the same for all the layers, as at the highest frequencies, where all
layers in the inhomogeneous source are transparent, and the majority of the observed flux
density comes from the inner parts of the source. The spectral index at high frequencies is
the same as the optically thin spectral index produced by each layer. The spectral index
below the apparent turnover, therefore, is less than +2.5. Typical values of the spectral
indices in the optically thick and thin regimes are aipick = 2.5 and ayhin = 0.7, respectively.
The spectra that described by indices greater than zero are referred to as inverted, in the
range 0.0 to 0.5, flat, and less than 0.5, steep.
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respectively.

1.3.1.2 Polarized Emission

Synchrotron emission emanating from blazars has a strong polarization signature. The fact
that relativistic electrons gyrating around an ordered magnetic field is imprinted into the
polarization of light, as light is polarized perpendicular to the magnetic field lines. The
polarization consists of direct evidence for the existence of magnetic fields in the jets, and
can help us to estimate the B-field’s topology and strength.

Linear Polarization In the non-relativistic case, the synchrotron configuration that we
described in Sec. 1.3.1.1 is known as cyclotron. The similarities between the two phenomena
are many, with the most important difference being the electron speed. We are going to
describe the polarization state of cyclotron radiation, and then we will mention what is
happening when the electron’s speed is approaching the speed of light. In the left panel
of Fig. 1.7, a single non-relativistic electron will emit purely linearly polarized light along
its orbital plane, with the electric vector to oscillating perpendicular to the magnetic field,
whereas parallel to the magnetic field we will see to emit purely circular polarized light.
Nevertheless, in the relativistic case, because the radiation is beamed (see Sec. 1.3.1.1), the
two components of the circular polarization are oriented into two opposite directions, with
a result of canceling each other out. In this case, the Linear Polarization (LP) will not be
affected.

For the case of an optically thin emission from an ensemble of electrons in a uniform
magnetic field, the received synchrotron radiation will have a net LP, with the fractional
polarization percentage to be

m=P/I={p+1)(p+7/3)=(1-a)(5/3—a), (1.11)

where P is the intensity of the polarized light, I the total intensity, p the power-law index
and « the spectral index Pacholczyk (1970). For a typical « ~ —0.7, Eq. 1.11 results
m = 72%. Also, for a disordered B-field, we expect my, to be less, since the perpendicular
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polarization vectors cancel each other out. Hence, knowing the net polarization percentage
can be a great indicator of how ordered a magnetic field is. On the other hand, optically
thick emission can also be polarized, as m is independent by the observed frequency, and
it can be calculated by

m =3/ (6p + 13). (1.12)

For typical values of o for optically thick emission, the degree of polarization reaching
the level of ~ 10% (Pacholczyk 1970). A handful parameterization of the polarization
properties introduced by Stokes (1851), is based on the electromagnetic wave components,
as they are projected onto the plane of the sky. Specifically

E, =€ coswt — ¢1 , By = excoswt — ¢o, (1.13)

represent the wave components in x,y axes, whereas €1, €3 are the amplitudes of each wave
component, w is the frequency and ¢1, ¢2 their corresponding phases (Rybicki & Lightman
1979). Therefore, the Stokes parameters are defined as

2 2
I:€1+€2,
2 2
Q:€1*62,

(1.14)
U = 2¢e1€2 cos p1 — @2,

V= 26162 sin gf)l - (;52.

Stokes I, represents the total intensity. Stokes @), measures the linear polarization oriented
at 0° and 90° (£Q respectively), similar to Stokes U for £45°. Lastly, Stokes V provides
the circular polarization, with the positive value to represent the right-handed circular
polarization and the negative the left-handed. Based on Stokes parameters, we can estimate
the corresponding fractional polarization percentages by

mr, = (Q2 + U2)1/2 /I
me=V/I (1.15)

m=(Q*+ U2+ V)1

where my, m. and m are the degrees of linear, circular, and fractional polarization. An-
other very important polarization parameter is the Electric Vector Position Angle (EVPA).
EVPA, or y is showing the oscillation’s direction of the electric wave component and is per-
pendicular to the magnetic field and is computed by

X = %arctan <g> . (1.16)

Nevertheless, we should keep in mind that due to relativistic effects, the orientation of
the magnetic field could be different from what we measure (Blandford & Konigl 1979;
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FiGure 1.7: Left: Cyclotron configuration and observed polarization, as a dependence

of the observer’s line of sight. The axis of the electron orbit represents the direction of

the magnetic field. Right: Synchrotron case. Here the electron moves with relativistic

speed, with emission beamed into a narrow cone of opening angle 2/v. The circularly

polarized components of the emitted light cancel each other, as a result, the observer sees

mostly linearly or elliptically polarized light. Figure credits: Frank Rieger, Institute of
Theoretical Astrophysics (ITA), University of Heidelberg.

Lyutikov et al. 2005). Hence, all the results that are presented in this thesis are inferred in
the B-field direction that is observed in the laboratory’s inertial frame.

Circular Polarization: Two fundamental mechanisms can produce circular polarization

(CP):

e Direct emission from the magnetic field component, which is aligned with our point
of view.

e Transition from linear polarization via Faraday conversion.

The second mechanism can be triggered either by the passing of linearly polarized emission
through the magnetized plasma with a poloidal magnetic field component, or by conversion
due to internal Faraday rotation (see Sec. 1.3.1.2). Even if it consists of a small fraction
of the detected polarized light, its existence can give us a useful insight into the nature
of jet’s plasma. To begin with, CP emission from an astrophysical source indicates the
presence of strong B-fields. For example, the detection of 1% polarized light requires an
underlying homogeneous B-field with strength 0.01 G. Also, CP emission can probe the
electrons - positrons population. Both e~ and et can emit CP, but with different signs.
Therefore, if the ratio between e~ and e™ is one, no CP is expected. The CP emission from
an ensemble of electrons depends on the observing frequency by m¢ o v~/2. Although its
elusive nature, CP has been detected in several blazars, often emanating from the VLBI
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core (Wardle et al. 1998; Homan et al. 2009; Gabuzda 2015; Thum et al. 2017), as well as
along the VLBI jet (Homan & Wardle 2003; Myserlis et al. 2018).

Faraday Rotation: Polarized emission, besides its production mechanisms, can interact
and be affected by external fields and particles. When polarized light passes through a
magnetized and sub-relativistic plasma (also known Faraday screen), it undergoes Faraday
rotation (Fig. 1.8). Individually, the Right-hand Circular Polarized (RCP) component and
the Left-hand Circular Polarized (LCP) component of the linearly polarized electromagnetic
wave propagated with different speeds (Burn 1966). This phase asymmetry introduces an
offset to polarization angle y of

X = Xo + RM x \? (1.17)

where ) is the observed wavelength and yg is the intrinsic electric vector position angle of
the emission region. The Rotation Measure (RM), is defined by

3 observer B dl
RM = e/ueB”dl = 0.81/ Le 2 & (1.18)
871'26011’1(%(33 source cm? pG  pc

where RM in measured in rad/ cm?, € is the permittivity of the vacuum, v, is the electron
density, B is the component of the magnetic field which is parallel to our line of sight,
and dl is the path length through the de-polarizing plasma. In practice, for estimating the
RM, it is necessary to observe the polarized source at multiple frequencies. The amount
of rotation itself is proportional to A2, and the direction of the B-field determines the sign
of the rotation. Faraday rotation can occur internally or externally to the emitting source.
We note here that even though external Faraday rotation is proportional to the square of
the wavelength, the internal process has been observed to deviates from the A\? law ( e.g.,
Wardle (2013) and references therein). For instance, an internal Faraday screen could be a
jet region where plasma speed is lower and B-filed different than the emitting region. In the
case that a helical magnetic field dominates the emitting source, we are going to observe a
gradient in RM along the jet, because of the different B) component of the magnetic field.
Also, polarized radiation that is coming from more distant emitting regions to the observer
can be depolarized, as the jet rotates differently from the closer regions (e.g., Reynolds et al.
2001). In the case of external Faraday rotation, the interstellar or intergalactic medium
plays the role of a Faraday screen. The typical range of Faraday rotation for the case
of quasars and BL Lacs is ~ 103 to few thousands rad/cm2 in their core region, whereas
~ 10%rad/ cm? from parts downstream in their jets (Homan (2005) and references therein).
One of the highest RM detected until today is RM = 2 x 107 rad/ cm? in the gravitationally
lensed quasar PKS 1830—211 (see e.g., Trippe et al. 2012; Marti-Vidal et al. 2015). A
typical, strongly polarized blazar, like CTA 102, exhibits RM between 43 and 86 GHz of
the order of 6 x 10%rad/cm? (Casadio et al. 2019).

1.3.1.3 Inverse Compton Radiation

Another important emission mechanism in AGN jets is Inverse Compton scattering (IC). In
this process, low energy photons gain large amounts of energy via up-scattering from ultra-
relativistic electrons (see Fig. 1.9). Eventually, the photons gain energy and the electrons
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FIGURE 1.8: Sketch of the Faraday rotation (FR) configuration. The bright yellow area,

labeled as ey,_t, designates the synchrotron emitting region, populated by non-thermal

electrons. The red arrow indicates the polarized radiation, where the pale blue cloud

represents a regular magnetized medium. This medium, usually is characterized by a

magnetic field Brpa, which is populated mostly by thermal electrons (e;). The latter, act

as a screen which alters the initial EVPA orientation of the incoming polarized radiation.
Credits: Thompson et al. (2012).

lose energy. In the case of standard Compton scattering, the energy balance is inverted, as
the photons are more energetic. The energy loss rate for a single electron by IC scattering
is estimated by

dE 4
Po=—[2=)=2 272U, 1.1
IC (dt) 3UTC,8 Y Urad, (1.19)

where U.,q is the energy density of the photon field, in the electron’s rest frame. We should
note here the similarity of Eq. 1.19 with Eq. 1.4. Both at IC and synchrotron emission, the
electrons are accelerated by the electric field that “see” in their inertial frame. In the case of
IC, an electron is affected by the sum of all the E-fields of the incident waves. On the other
hand, in the case of synchrotron radiation, a constant accelerating E-field is applied to the
electron, as it is the cross product of the B-field and electron’s velocity. The frequency of
the scattered photons after the IC process is v o« y21. For a typical Lorenz factor range
v ~ 100 — 1000 as can be found in AGN jets, radio or optical radiation will be bumped
up via the IC process into the UV and ~v-rays regimes respectively. Hence, IC scattering
provides an important means of y-ray photons production in AGN. The radiation spectrum,
produced by an ensemble of electrons over an energy spectrum of the incident photons of
energy hv through IC scattering is dN o« E~%dE which results in an intensity spectrum of

I(v)xv 2, (1.20)

where d is the power-law index (Blumenthal & Gould 1970). The required photon field for
the IC process in jets depends critically on the location of the emitting region along the jet.
For instance, if the process occurs close to the SMBH, the IC photon field could result from
the accretion disk, supplying with optical/UV or even X-ray photons. For more distant
emission regions, the BLR, the dusty torus, the jet sheath or even the Cosmic Microwave
Background (CMB) can provide the essential photon field. When an external radiation
source is involved in the IC process, the process is called FExternal Compton scattering
(EC). On the other hand, in AGN outflows, the seed photons for the IC scattering can be
the synchrotron photons, up-scattered by the electron population that produced them. In
this case, the process is known as synchrotron Self-Compton (SSC). The amount of energy
that an electron transfers to a photon by IC, is significantly larger in comparison with
the amount it loses via synchrotron radiation. Hence, if the number density of photons is
large enough, the electrons can lose energy via IC faster than via the synchrotron emission
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F1GURE 1.9: Cartoon illustration of the inverse Compton scattering process. Image credits:
Ertley (2014).

process. Therefore, a significant cooling is introduced by IC scattering to the synchrotron
electrons, which limits the temperature that a self-absorbed synchrotron source can reach
to T = 102K (Kellermann & Pauliny-Toth 1969). This maximum synchrotron intensity is
known as inverse Compton limit.

Knowing the background photon field, and the location of the primary emitting region,
are key parameters in the understanding of AGN jets. Another significant aspect of IC
scattering in AGN jets is its importance in the interpretation of the origin of the second
SED component, as we discuss it in Sec. 1.3.1.3.

1.3.1.4 Pion Decay

In extreme astrophysical environments, collisions between high energy protons can lead to
electromagnetic cascades. The most common product of such an interaction are charged
or neutral pions (7% and 7° respectively)

p+p— 7+ X, (1.21)

where X are secondary particles. However, neutral pions are unstable, with a short half-life
time (~ 8 x 107!7s). The product of a neutral pion’s decay, is two y-ray photons. Owing
to those particles that are usually found moving with relativistic speeds, the energy range
of the produced ~-ray photons is between GeV-PeV, in the observer’s reference frame.

1.3.1.5 Pair Annihilation

When a particle and anti-particle collide, they are annihilated, with the particle’s energy
transforms into electromagnetic radiation. For instance, the collision of an electron (e™)
with a positron (e™) will produce two v-ray photons with the same energy, but exactly the
opposite direction. When the photons are emitted at rest, for both, their energy equals
to 0.511 MeV. Nevertheless, the energy of the «-rays that are produced by relativistically
moving leptons (taking into account special relativity) will be

E:%méuim. (1.22)
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Relativistic electrons and positrons which collide in the jet plasma will produce broad
continuum emission in the MeV energy range (Boettcher & Schlickeiser 1995).

1.4 Gamma-ray emission in Blazars

In the previous paragraphs, we have briefly described the main radiation mechanisms that
are taking place in blazars and explain the observed two-hump SED. However, the origin
of y-ray emission in blazars, the so-called “blazar zone”, it is far from fully understood.
Because of the limited angular resolution that the current y-ray detectors can achieve (e.g.,
~ 0.2° at E ~10 GeV), the direct pinpointing of the y-ray production region is not possible.

Theoretical models suggest that the y-ray emission should be located in low y-ray opacity
regions, in order to allow MeV/GeV ~-ray photons to escape (Dermer et al. 2012).

However, observational evidence indicates in several cases that the high-energy emission
emanates close to the SMBH, in the vicinity to the accretion disk or the BLR (e.g., Bland-
ford & Levinson 1995; Ghisellini et al. 1998; Ghisellini & Tavecchio 2008b, 2009; Finke
2013, and references therein). The combination of time-domain 7-ray observations, multi-
frequency variability observations and radio interferometric data also showed that ~-rays
could be located at a distance of sub-parsec to several parsecs downstream of the BLR
(Aleksié et al. 2011, 2014; Agudo et al. 2012; Leén-Tavares et al. 2011; Fuhrmann et al.
2014). At such distances, the molecular dusty and clumpy torus can supply the IR photons
for the EC mechanism and would help to produce v photons.

Nonetheless, the interaction of moving features with the stationary features are often asso-
ciated with « ray flares, indicating that also shock-shock interaction can produce ~ rays at
distances larger than a few parsecs (e.g., Marscher 2013).

An alternative approach in localizing the high energy production region in AGN comes from
determining the composition of the jet. For instance, in the framework of leptonic models,
the broadband AGN emission is thought to be produced by leptons (¢~ and e™) through
synchrotron and inverse Compton (IC) processes. The photons which get scattered up to
~-ray energies can either be the same synchrotron photons radiated by the jet (Synchrotron-
Self-Compton, Maraschi et al. 1992) or can originate in the jet surroundings (External
Compton) (e.g., Ghisellini & Tavecchio 2008a; Dermer et al. 2009). With increasing distance
from the black hole, possible reservoirs of these seed photons are the accretion disk (Dermer
et al. 1992), the broad-line region (BLR, Dermer & Schlickeiser 1993; Sikora et al. 1994;
Poutanen & Stern 2010; Dotson et al. 2012), or the dusty torus (Blazejowski et al. 2000;
Kataoka et al. 1999). At larger distances, Cosmic Microwave Background (CMB) photons
may play a role (Celotti & Ghisellini 2008). Alternatively, hadronic jet models can also
explain ~-ray emission. If ultra-relativistic protons and leptons, compose the jet, y-rays
could be produced, through proton-synchrotron or photo-pion production (Mannheim &
Biermann 1992; Aharonian 2000).

In summary, as can also be seen in Fig. 1.10, the possible emission locations start from
a sub-parsec distance away from the central engine to further downstream of the jet. No
clear consensus has been achieved on the location of the emission region(s), as the specific
region and production mechanism for high energy photons appears to vary from event to
event (see Agudo 2013, and references therein).
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FIGURE 1.10: Artistic illustrations of possible y-ray emission regions along an AGN jet.
In all presented scenarios, high energy emission occurs when a blob travels relativistically,
with bulk Lorentz factor I', away from the central engine and meets photons on its path
from different sources. Left: A blob is propagating along the jet and receives radiation
from the BLR illuminated by the blob itself. The distance r(«) is the distance between a
random point P on the BLR shell and the blob. Image credits: Ghisellini & Madau (1996).
Right: The blob is located at a distance Ry from the accretion disc. In this scenario, the
photons that are radiated from the surface of the disk will interact with the blob and will
be upscattered via EC to «-ray energies. Image credits: Dermer & Schlickeiser (1993).
Lower panel: Three possible scenarios of -ray production. (1): via IC between relativistic
electrons from the propagating knot and photons produced by the BLR. (2) via EC of
using the infrared photons produced by the torus. (3) for distances larger than the radius
of the BLR and the torus the main source of photons is the synchrotron radiation. Image
credits: (Ghisellini 2015).



Theoretical Background 22

1.4.1 Jet Formation, Acceleration and Collimation

The physical mechanism that launches and powers relativistic jets remains an active area
of research. It is widely accepted that some of the mechanisms that can produce jets are
related to the accretion process and the strong potential wall of the central engine. This
idea is supported by observational results such as that the speed of the jet reaches the
escape velocity limit from the central engine Livio (1997), implying that the launching
region is originating at the center of the disk.

Nevertheless, another parameter that can power relativistic jets is the black hole rotational
energy. Numerical relativistic magnetohydrodynamic (RMHD) simulations of accreting, as
well as spinning BHs, show that relativistic jets can be formed spontaneously under these
conditions. Penrose & Floyd (1971) proposed a mechanism that can extract energy of a
rotating BHs via angular momentum conservation. The basic idea of this model is that a
particle with momentum p enters in the BH ergosphere and can split into a pair of particles,
characterized by positive and negative mass-energy respectively. If the particle with the
negative mass-energy passes the event horizon, the positive particle will carry away more
energy that the initially possessed due to angular momentum conservation, resulting in an
energy loss for the BH. However, the authors of the paper express their concerns about the
validity of this model, because it is inefficient. This process is called the Penrose process.
A modified version of this model is the generalized Penrose process (Lasota et al. 2014),
where the authors suggest that magnetic field lines are frozen inside the accretion disk
around the BH. The rotation of the BH leads to a frame-dragging effect (also known as
LenseThirring effect) which twists the magnetic field lines into a helix, which transfer and
accelerate plasma. Energy is thereby extracted from the spinning BH, forming a relativistic
jet.

Some years later, Blandford & Znajek (1977) suggested a purely electromagnetic mecha-
nism, today is known as Blandford-Znajek (BZ process). In this process, the rotating energy
and the angular momentum of the BH can be extracted by the interaction with the strong
magnetic field produced by the accretion disk. Under these conditions, charged particles
that are located in the BH’s magnetosphere are accelerated and radiate y-ray photons. The
~-ray photons then are decaying, creating e~ — e™ pairs which are also accelerated by the
existing electric field. The BH can behave as a conductor, with the voltage be inducing
between the poles and the equator, like a Faraday disk. The final result is that Poynting
flux, bounded with the produced leptonic plasma streamed away from the BH, creating
outflows. The power that produced from this process can be estimated by

4
P=-"B2R?, (1.23)

o

(Carroll & Ostlie 2006), where P is the power generated by the Blandford-Znajek mecha-
nism, B is the magnetic field of the accretion disk, and Rg is the Schwarzschild radius and
lo 1s the magnetic permeability in the vacuum. This power extraction eventually slows
down the rotation of the BH. In this scenario, it is still under debate on how the Poynting
flux is causally connected with the BZ mechanism (Toma & Takahara 2014).



Theoretical Background 23

BZ Jet

BP Jet

Central Engine Accretion Disk

FI1GURE 1.11: Conceptual illustration of BZ and BP jet launching mechanisms. The figure
adapted from Hayashi et al. (2013).

Another widely known model is the Blandford-Payne (BP process) (Blandford & Payne
1982). This mechanism extracts energy and angular momentum through the accretion disk
magnetic fields, not from the BH itself. More specifically, magnetic field lines of the disk
are co-rotating with it, whereas thermal pressure gradients are lifting material of the disk
(Pelletier & Pudritz 1992). If the field lines of the poloidal component of the magnetic field
are inclined by < 60° with the disk plane, they are not affecting the outflow, which can
freely leave the disk and be accelerated outwards by the strong centrifugal force. Then,
the toroidal component of the magnetic field takes action by collimating the outflow. The
acceleration flow is achieved by the conversion of Poynting energy flux to kinetic energy flux.
A considerable limitation of this scenario is that it requires high magnetic field strengths
at the disk surface, which has not been detected yet. A schematic representation of both
BZ and BP mechanisms is displayed in Fig. 1.11.

Nowadays, the current picture of AGN jets suggests the co-existence of more than one
launching mechanism. The idea that the same source can produce jets of different speeds
observations also support it (e.g., Meier 2003). The most popular scenario is that there is a
fast, narrow, and leptonic jet launched by the BH, creating a relativistic spine. This spine is
mostly Poynting-flux dominated and carries away from the center the energy of the magnetic
fields. However, another part of the jet is launched by the accretion disk and envelops the
spine-like jet as a sheath. This jet region is more substantial, broader and slower than the
inner part. This part should be responsible for carrying mass and momentum along the jet
(Sol et al. 1989; Bridle 1996; Marscher 2006). Figure 1.12 displays a jet simulation of an
axisymmetric relativistic jet, which summarizes our current understanding of AGN jets.

After the jet is launched, it gets accelerated and creates a well-collimated continue outflow
that extends up to kiloparsec scales. One way to accelerate a jet magnetically is through
magnetocentrifugal acceleration from an accretion disk via the BP mechanism, where the
acceleration steams from the conversion of Poynting flux to kinetic energy flux. However,
observational pieces of evidence support that the jet collimation can take place close to
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the launching region, up to a distance of ~ 103R, (Giovannini et al. 2018, and references
therein). Jet collimation can be achieved alternatively via thermal confinement from the
torus and the corona around the central region (Feretti et al. 1995). Specifically, Feretti
et al. (1995) propose that the surrounding pressure gradient close to the jet base is colli-
mating the outflow along its ejection axis. Additionally, MHD simulations by Komissarov
et al. (2007) propose that sub-relativistic jets can self- collimate under the presence of a
toroidal magnetic field configuration, through magnetic hoop stress produced by the field
and jet current. Spruit et al. (1997) also mentions the idea that jet can be self-collimated.
The authors suggest that if the jet plasma, which is driven by the toroidal magnetic field
component, is turbulent, jets are collimated mostly by the poloidal component.

1.4.2 Shocks and Instabilities

Relativistic jets of AGN, even though extreme properties characterize them, often exhibit
similarities with sub-relativistic jets (e.g., Konigl 1980). In fluid dynamics, plasma flows
experiencing different types of instabilities. In such an environment, small plasma pertur-
bations can rapidly grow, oscillate, and actively contribute to the energy dissipation of the
outflow. In this paragraph, we are going to mention two of the most prominent instabilities
in the AGN jet hydrodynamics. The current-driven kink instability (m=1 mode), that is
taking place close to the jet base due to magnetic pressure differences between the plasma
flow and the surrounding field and the Kelvin Helmholtz instability (KHI) which happens
due to pressure imbalance between the external medium and the jet or the different Lorentz
factors (I') between jet layers (Birkinshaw 1991; Begelman 1998; Appl et al. 2000; Narayan
et al. 2011). One important result of the development of jet plasma instabilities is the
formation of shocks. Both instabilities are dissipating their kinetic energy to form internal
shocks waves, that propagate along the jet. The propagating shock’s front increases locally
the density of the plasma and accelerates the existing particles (Daly & Marscher 1988;
Marscher 2006). The aforementioned procedure causes enhanced emission of non-thermal
radiation which it is known as a knot, blob or VLBI component. Marscher & Gear (1985),
based on a flaring event of the blazar 3C 273, introduced a model known as shock-in-jet
model, which states that a shock that originates in the central region expands downstream
of the jet and simultaneously shines in the radio and high energy regime. However, shocks
can also originate from instabilities produced by the external medium, known as recolli-
mation shocks. A recollimation shock can be formed by a pressure imbalance between the
jet and the ambient medium in the launching region. When this pressure equilibrium is
disturbed, a radial oscillating motion is taking place in the jet, resulting in the formation of
multiple shock waves. Plasma thermal energy is converted into jet kinetic energy, leading
to an increase of Lorenz factor in the shock region (Gémez et al. 1997; Komissarov & Falle
1997; Agudo et al. 2001; Aloy et al. 2003). Nevertheless, recollimation shocks could be
initially standing at the observer’s frame. Several AGN jets show such features in their
structure (Fromm et al. 2013a), as well as a quasi-stationary feature that can be observed
in the ending region of each jet, creating a bright bow shock, known as hot-spot.

1.5 Brightness Temperature

Radio emitting plasma is often optically thick at low frequencies, thus it can be considered
that radiates as a black body in thermal equilibrium with its environment. In that case,
one could define the equivalent temperature of the plasma by the specific intensity I, by
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FIGURE 1.12: Simulation of an AGN jet propagation through external medium. At 1.5kpc

distance from the launching region a strong recollimation shock has been formed, which

causes jet deceleration, leading to the development of KH instabilities (Perucho & Mart{
2007).
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c2

1(T) T, (1.24)

where T is the temperature, measured in K. This formula is an approximation of the
Planck’s law for the case that photons energy is much lower than the energy of the particle
(hv < kT) and it is known as the Rayleigh-Jeans approximation. However, the plasma
becomes often optically thin at higher frequencies due to the non-thermal nature of the
radiation. In that case, we cannot determine the plasma temperature. The only tempera-
ture equivalence to work with is by using the Rayleigh-Jeans limit, the so-called brightness
temperature T, by

C2

=—71I,. 1.2
2kpv? (1.25)

Tg

The T is not connected to the particle’s kinetic energy but corresponds to the equivalent
temperature that a black body in thermodynamic equilibrium should have in order to
produce the same I,,. Brightness temperature estimation of a synchrotron emitting plasma
plays an important role, because it can provide an estimation of the effective temperature
T, of the radiation at any frequency, because Tp cannot be less than the T,g. At a given
frequency v, the Tp of a synchrotron emitting ensemble of electrons will approach the T,
when the source stops to be transparent. By using Eq. 1.24 and setting T' = T ~ T, we
obtain

I, xx v/22 312 = 52172, (1.26)

Hence, because of S o I,

S (v) o< %5, (1.27)

which tells us that the knowledge of T’ can lead us to an estimation of a flux density lower
limit of a source for a given frequency.

1.6 Special Relativity and Jets

The Universe is an enormous laboratory where extreme physical phenomena are taking
place. One of those phenomena is that matter can be accelerated and travel with speeds
close to the speed of light. Under those circumstances, relativistic effects are playing a
crucial role in what astronomers are observing, and can significantly alter the appearance
of astronomical objects. Time dilation, length contraction, light aberration, relativistic
beaming, and Doppler shifting are some of these effects. Astrophysical relativistic outflows
in AGN are the ideal environment for such effects of taking place. In the next sections, we
are going to describe those phenomena and their consequences to our measurements briefly.
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FI1GURE 1.13: Schematic representation of the relativistic beaming effect in the electron’s

radiation for different speeds 5. Right: The observed radiation shows beaming when the

electron’s velocity is along the line of sight. Left: The observed radiation beaming when
the velocity is perpendicular to acceleration. Credits: Gokus (2017).

1.6.1 Relativistic Beaming

Let us imagine a source that radiates isotropically in its rest frame is moving with relativistic
speed [ towards our line of sight (where (3 is the source’s speed, normalized by the light
speed) (Fig. 1.13). By observing this source from our rest frame, we will realize that the
emitting flux appears to be beamed to the direction in which the source is traveling within
a cone with a semi-aperture angle

- 1
0. = (1 - 62) V2 = T’ (1'28)
where T" is the bulk Lorenz factor of the source and 8 = v/c. This effect is known as
Relativistic or Doppler beaming, and it is a combination of light aberration, time dilation,

and frequency Doppler shifting,.

One of the consequences of this effect is the enhancement of the measured flux density S in
the traveling direction by a factor

S = 853, (1.29)

where « is the spectral index of the optically thin emission region and ¢ is the Doppler
factor, which is defined by

1

0= I'(1 — Bcosh)’

(1.30)
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where 6 is the angle between our line of sight and source’s velocity. Similar boosting is
also observed in the Tg, as even if it is not a real temperature measurement, it is bounded
with some theoretical upper limits. A characteristic Tz value is the Inverse Compton limit
(T > 10'2 K, Kellermann & Pauliny-Toth (1969)). For T above this limit, the luminosity
produced by the Compton scattering is larger than the synchrotron luminosity. This can
take place only since the photon energy reaches the electron energy. Above this point, the
power drops, causing the cooling of the particles, also known as Compton catastrophe.

Another limit that is suggested by Readhead (1994) supports that if there is equipartition
between the particle energy density and magnetic energy density, the peak brightness tem-
perature should be Ts = 5 x 101° K. This limit is the so-called Equipartition Brightness
Temperature Teq. Nevertheless, VLBI observations have shown extremely high brightness
temperatures in relativistic jets, reaching even T = 106 K (Ghisellini 2013) in Intraday
Variable sources (IDV). A given explanation for this behavior is to be the result of a possi-
ble Doppler boosting. Hence, the observed T should be divided by the Doppler factor of
the flow in order to have an estimation of the intrinsic brightness temperature Tp

Tl = Tg/s. (1.31)

The high measured values of Tp are still a matter of debate, as in some extreme cases,
effects such as interstellar scintillation and/or coherent radiation should also be taken into
account (Wagner & Witzel 1995), to explain the apparent Doppler factors of the order of
0 > 100. Another critical observational result is the apparent amplification of small jet
bendings due to plasma instabilities. Strong bendings in AGN jets are often observed in
jets that are pointing close to our line of sight (Singal 2016).

It is commonly observed also in double-sided radio galaxies, that the jet that points closer to
the Earth is more prominent than its axisymmetric pair. If the emitting plasma is moving
relativistically, the radiation from the jet which is approaching us, is enhanced, while the
one from the receding jet is dimmed. This is often referred to as Doppler favoritism and
the Doppler factor for each flow is calculated as

1 1

6a:F(1—ﬂcos€)’ 5T:F(1+BCOS@)’

(1.32)

where §, corresponds to the approaching jet and ¢, the receding flow, whereas their flux
density ratio is defined as Sa/S, = (64/6,)>"®. In Fig. 1.14, we can see a characteristic
example of this effect in the radio galaxy, Pictor A.
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FIGURE 1.14: A composition of X-ray and radio images of the radio galaxy Pictor A. The

right-hand jet it points closer to our line of sight with respect to the left-hand one. This

case constitutes a nice example of the effect of Doppler favoritism. Image credits: X-ray:

NASA ,CXC, Univiversity of Hertfordshire, M.Hardcastle et al., Radio: CSIRO ,ATNF,
ATCA.

1.6.2 Superluminal Motion

A significant relativistic effect that is often observed in blazars is the detection of features
that appear to travel along the jet with superluminal speeds. Martin Rees in 1996 (Rees
1966) predicted that apparent superluminal motion is possible in jets that are oriented close
to our line of sight, due to the relativistic expansion of the plasma flow. Several observations
followed, with the first one to be in the quasar 3C 279. In this case, the VLBI knots appeared
to travel with an apparent speed of 2¢ (Gubbay et al. 1969; Cohen et al. 1971; Whitney
et al. 1971). This effect, in reality, is an illusion, which occurs when a radiating source (like
a plasma blob) is moving with speed close to the speed of light towards us. The geometry
of the phenomenon can be seen in Fig. 1.15, whereas an example of this effect, is displayed
in Fig. 1.16. In order to fully understand the principles of the superluminal motion, let
us imagine then that a blob is traveling along the jet, with speed u in time At. The time
difference between two positions of the blob is computed by

Atpee = At (1 — Scosb). (1.33)

In the observer’s inertial frame, the apparent distance that blob moved is

[, =vAtsing, (1.34)
and, the blob’s is moving with an apparent velocity vap, of

S vAtsin 6 _ wvsind
PP At (1— Bceosf)  1—Bcosh

(1.35)

By dividing both sides with c, we obtain
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Vapp—ﬂ _ [Bsinf
c PP 1 Beosh’

(1.36)

The smaller the value of 6, the higher the Bap, that we observe. It can be shown that the
viewing angle for which the §,p,, becomes maximum is

dBapp (1 — Bcosh) Bcosf — f*sin6?  Bcosd — 52
do (1 — Bcosh)? (11— Beosh)?

(1.37)

The derivative becomes zero when cos = 3, hence

fsin6 _BVI-F _ (1.38)

Papp = 1—Bcos®  1-—p2

When 3 approaches unity and values of I' are high, £, can exceed the speed of light, and
the Doppler factor increases too, as can been seen in the left panel of Fig. 1.15. Lastly, the
apparent luminosity of the source is amplified by

Lapp = 6*L. (1.39)

In summary, the tracing of the motion and the trajectory of superluminal knots it is an
essential aspect in deepening our knowledge in jet physics. The measurement of the appar-
ent speed of each jet feature helps us to draw valuable information about other essential jet
parameters, such as the viewing angle of the jet, the existence of helical magnetic fields, the
localization of high energy emission events, and more. The observed superluminal speed
distribution ranges from 1 up to 50 ¢, peaking at the speed of 10 ¢ for the most jets (Lister
et al. 2009). In many cases, a wide range of component speeds is measured within a single
jet. The relation between component speed and underlying plasma flow is complicated
and not yet fully understood. To date, there are several monitoring projects such as the
MOJAVE project at 15 GHz, or the BU project at 43 GHz, with one goal among others to
be the study the component kinematics of AGN jets (e.g., Jorstad et al. 2017).
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FicURE 1.15: Left: A schematic representation of the geometrical configuration that

causes the superluminal motion illusion. Image credits: Prof. Dr. Paul Eskridge. Right:

The evolution of B4, (top panel) and Doppler factor (bottom panel) with § for different
Lorentz factor values. Plot credits: Ghisellini (2013).
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FiGUure 1.16: VLBI images of the morphological evolution of the blazar BL Lac, as was

seen at 43 GHz during 2005-2006. In the first image, can be seen a new knot to appear. The

observed proper motion of this feature is 1.2 mas/year, which corresponds to an apparent

speed of 5.0 c. The slanted red line designates the position of the core feature, as well as

of the new knot. It is worth to mention here that the new knot is lighting up the core
feature, as it passes through it. Image credits: Marscher et al. (2008).



Chapter 2

Observing Techniques and
Instruments

2.1 Fundamentals of Radio Interferometry

The development of radio astronomy is a relatively recent achievement in the history of
observational astronomy: only after 1932, astronomers realized that the Universe is shining
at radio waves. Thenceforth, the need to improve our ability to look deep into space and be
able to distinguish fine structures of radio-emitting astrophysical objects led us to combine
the existing knowledge about radio antennas and the wave nature of light. The advantage
of observing in the radio regime is that such waves can penetrate our atmosphere, therefore
observations from the ground are possible, also in day time unlike in the optical band. On
the other hand, radio photons have extremely low energies, therefore radio telescopes need
to be very sensitive to detect the faint astronomical signal. As discussed in the following,
both the sensitivity and the angular resolution can be improved by increasing the telescope
aperture. In the next paragraphs, we are going to briefly describe the basics of radio
observations from the instrumentation up to the modern observing techniques.

2.1.1 Radio Telescope

A radio telescope is an astronomical instrument that is designed to detect cosmic radio
waves. The most common type is the parabolic reflector, which consists of 3 main com-
ponents: the antenna, the receiver, and the backend. The radio wave-fronts impacting the
telescope surface are reflected, due to the parabolic geometry of the dish, to the subreflector,
and then are focused to the feed horn. The role of the feed horn is to select only the radia-
tion of a specific frequency and polarization to be transmitted to the receiver. Two types of
front-end devices can be present in a radio observatory: the bolometric and the heterodyne
(mixer) receivers. The bolometric receiver performs total intensity measurements, whereas
the mixer records the amplitude and the phase of the signal. As the incoming signal of the
source is at a relatively high frequency, the heterodyne principle is used to reduce the losses
in the signal processing. In this technique, the role of the heterodyne receiver is to mix the
sky frequency with an artificial wave injected by the local oscillator (LOs). The frequency
of the latter is comparable with that of the incoming radiation, but not identical. This
new signal is again amplified and mixed to an intermediate frequency, known as IF. The

32



Techniques and Instrumentation 33

RF Ver ANV, F Ve ANV,
AN

FIGURE 2.1: Radio data acquisition and processing in a radio station. Left: Schematic

diagram of the radio signal collected by a parabolic antenna and processed in order to

be ready for study. Right: Block diagram of a heterodyne receiver system. Image cred-

its: Prof. J. Schombert personal web page: www.http://abyss.uoregon.edu/~js/glossary/
radio_telescope.html.

IF signal is fed into the backend for further processing. The signal contamination during
this step can be reduced through the use of low noise solid state devices, called High Elec-
tron Mobility Transistors (HEMTs). The HEMTs are cooled down with liquid nitrogen or
helium. Figure 2.1 illustrates what it is described above.

A radio telescope operates to measure the temperature distribution of the sky. The telescope
sensitivity is, however, not uniform in all directions, but is defined by the so-called antenna
beam pattern. This is the power received from a point source as a function of the angular
distance from the antenna axis. The main beam or main lobe (see Fig. 2.2) describes the
solid angle within which the telescope sensitivity is maximum. The beam pattern results
as a consequence of Fraunhofer diffraction, which implies that, for a circular aperture of
diameter D, the full width at half maximum (FWHM) of the main lobe 0, i.e., the angular
resolution of the telescope, is

0=a (2.1)

A
D
where a is a factor close to unity and X is the observed wavelength. Ultimately, the temper-
ature distribution actually measured by the telescope, known as antennas temperature Ty,
results from the convolution of the sky brightness distribution and the beam pattern. For
a given astronomical source with flux density S, the antenna temperature can be expressed
as

S Aeff

T . =
ant 2]{?]3

(K) (2.2)

where kg is the Boltzmann’s constant and Aeg is the effective area of the telescope, differing
from the geometrical area A, = wD?/4 by a factor na known as antenna efficiency, which
depends on the elevation.
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Brightness
distribution

FIGURE 2.2: Illustration of the beam pattern, defining the antenna directional sensitivity.
Image credits: Kraus (1966).

As in every scientific experiment, the output of the telescope measurement will of course
include, in addition to the astronomical signal, different noise contributions, the sum of
which is known as system temperature Ty, and can be written as

Tsys = Trec + Tloss + Tsky + Tspill (K) (23)

where Tec is the noise of the receiver, T}, comprises any additional loss during the signal
transferring, Ty is the random radiation from ground sources, and Tgyy, is the emission
of the background sky brightness.

In general, the system temperature is large with respect to the antenna temperature. To
increase the signal-to-noise ratio (SNR), one can either increase the integration time At or
the bandwidth Av, or both. This is expressed by the radiometer equation

SNR = ~ /Ay At (2.4)

sys

In addition, Eq. 2.2 shows that the antenna temperature is proportional to the telescope
effective area, which implies that larger telescopes are more sensitive.

2.1.2 Interferometry and Aperture Synthesis

Radio interferometry is a powerful and elegant observing technique of modern astronomy.
One of the most desirable features in radio observations is to achieve the highest possible
angular resolution in order to resolve the fine structure of the astrophysical sources. As
described in the previous paragraph (Eq. 2.1), one solution for maximizing the angular res-
olution is to build antennas with large diameter. However, even the largest antennas in the
world today, such as the Green Bank radio telescope or Effelsberg, with ~100 m antenna
diameter, can only achieve a resolution of ~10 arcsec, observing at 86 GHz. Building even
larger antennas comes with significant engineering challenges. The solution for obtaining a
higher angular resolution at a given wavelength came by extending the double-slit experi-
ment by Thomas Young in 1801 and the interferometry principle, introduced by Michelson
& Morley (1887), to develop a new technique, called aperture synthesis. Given an array
of telescopes, aperture synthesis enables us to achieve the same angular resolution of a
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FIGURE 2.3: Illustration of a two-element radio interferometer and its block diagram.

The interferometer observes the source, the direction of which is described by the vector s.

The u,v plane, as well as the direction cosine coordinate system (1, m) are displayed. The

radiation, after reaching each station, is post-processed in several steps. Image credits:
Middelberg & Bach (2008).

telescope with diameter as large as the maximum separation between two elements of the
array.

2.1.2.1 Earth Rotation and Aperture Synthesis

The most basic type of radio interferometer consists of two antennas, separated by a certain
distance b called baseline, which are receiving the same wavefront emitted by an astronom-
ical source. The maximum baseline length of the interferometer plays here the role of the
telescope diameter D from Eq. 2.1. For a better understanding of the interferometer config-
uration, let us consider that the antennas point towards a sky object, in a direction defined
by the vector s (see Fig. 2.3). The baseline vector is projected onto a plane perpendicular
to s, formed by unit vectors u and v. This plane is the so-called uv plane and describes
the projected separation and orientation of the antennas in units of wavelengths.

In a two-element interferometer, the light-travel time of the signal from the source to each
station is not the same. A geometrical delay 7z is introduced due to the difference in the
radiation path length, and is expressed by

Ty = T (2.5)

Then, the signals from the two stations are led to the correlator in the form of voltages V;
and Vs

Vi =V cos 2mv (t — 7g)] (2.6)
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Vo =V cos [27vt] (2.7)

where V' is the maximum amplitude, 27v (t — 75) and 27wt are the phases of the waves.

The correlator is used to combine the two signals coherently, by multiplying and averaging
them. This operation returns an even function Fiye, expressed as:

V2
Feven = (V1V2) = 5 cos (2mvTy) - (2.8)

This cosinusoidal correlation output is sensitive to the even part of the brightness dis-
tribution of the source. In order to fully reconstruct this distribution, a complementary
sinusoidal function is produced by the correlator by adding a 7/2 phase rotation in one of
the two signal and by repeating the multiplication and averaging operations. The sinusoidal
correlation output is

VQ
Foga = 5 sin (2mv7y) . (2.9)

At this point, the even and odd correlation outputs are combined into a complex function,
known as complex visibility function V', and defined as

V = Fuyen — iFoqq = Ae™® (2.10)

where A = /F2., + F2,, is the visibility amplitude and ® = tan~!(F,qd/Feven) is the
visibility phase.

Based on the van-Cittert Zernike theorem, the spatial intensity distribution of the incoming
signal, I, and the visibility function are Fourier pairs. For a given solid angle df2, their

relation is
/ / 7217”/ b- s/c)dQ (2.11)

In literature, Eq. 2.11 is usually expressed in the reference system of the directional cosines
(Il,m,n) (see Fig. 2.3) measured with respect to the direction sy = (0,0,1), which is called
phase tracking center. Hence, the visibility function transforms into

V, (u,v) = / / I, (I, m) e~ 2ml+um) gigm 1 (2.13)

From this relation, one can recover the source brightness distribution from a number of
visibility measurements as

!The complete form of the van Cittert-Zernike theorem is

— T(uw um-r+wn dld
(u,v,w) // (I, m) e~ 2mluit +)\/% (2.13)

but as we are interested for only a small area in the celestial sphere n = v/1 —[2 + m? = 1, and the w-term
can be considered as w = 0.
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FIGURE 2.4: The connection between visibility and image domain. Image credits: lec-
ture notes of Prof. Dale Gary, New Jersey Institute of Technology: http://web.njit.edu/
gary/728/Lecture6.html.

L, (I,m) = //Vl, (u, v) 2T gy, (2.14)

Lastly, since the response of the interferometer is by definition incomplete, a sampling
function S (u,v) needs to be introduced in Eq. 2.14. The S (u,v) describes the points
where V' (u,v) is measured and is zero where there are no data. Ultimately, the dirty image
of the source brightness distribution can be obtained as

IP (I,m) = //S(u,v) Vi (u, v) 2™ gy (2.15)

where the dirty image is the convolution of the true brightness distribution I (1,m) with
the Fourier transform of S (u, v), expressed as

B(l,m) = //S (u, v) 2T WHEm/eqydy. (2.16)

The function B (I, m) is known as the synthesised beam of the interferometer or the Point
Spread Function (PSF). An illustration of the aforementioned quantities can be seen in Fig.
24.
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FiGURE 2.5: Conceptual illustrations of the Earth rotation aperture synthesis, and the

resulting uv-coverage. Left: A two-element array which observes a source at the north

celestial pole for a 12-hour time interval will obtain data over a full track uv-coverage (Ryle

1962). Right: Full-track VLBI observations of sources at different declination observed by
the VLBA array (see Fig. 2.8).

An interferometer acts as a filter for spatial frequencies. The large uv spacings are sensitive
to the fine structures of source, whereas the short uv spacings sample the large scale struc-
tures. Filling the uv-plane as much as possible is crucial for improving the image fidelity.
The so-called uv-coverage is improved by the Earth rotation (Fig. 2.5) when performing
observations over up to 12-hour (full track), or by increasing the number of stations forming
the array.

The overall sensitivity of an interferometric array depends on the properties of each individ-
ual antennas, and on the number of elements forming the array (Walker 1995). Assuming
an array formed by N identical antennas, the sensitivity is expressed as

o= 2kp Lsys . (2.17)
A /AVAL(N —1) N

2.1.3 Very Long Baseline Interferometry

In 1967, driven by the motivation of resolving fine structures in quasars, the first very-long-
baseline interferometric array looked at the radio sky (Moran 1998). This was made possible
by the transition from the connected interferometric elements to the tape recording system
in each station, which allowed the baseline length to be increased to intercontinental scales.
In VLBI observations, each antenna stores the data independently from the other array
elements, recording them on magnetic disks together with accurate clock tags provided by
an atomic clock. Data are later sent to the correlator, which applies a complex model for
delay compensation, as discussed in the previous section.
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2.1.4 VLBI Arrays

VLBI is a widely used observational technique, that has allowed us to achieve breathtaking
image sharpness, reaching angular scales down to the micro-arcseconds. The most recent
and remarkable achievement is the first-time-ever imaging of the SMBH in M87 (see Chap-
ter 1.1.1). Many of the largest antennas in the world are participating in VLBI experiments,
forming Earth-size powerful arrays. Additionally, the development of space-VLBI has en-
abled the baseline length to be increased up to 350,000 km. In this paragraph, we briefly
describe the instruments that were used for obtaining the data used in this thesis.

2.1.4.1 Global Millimeter VLBI Array

The Global Millimeter VLBI Array (GMVA) is the largest interefometric array operat-
ing at 86 GHz. The array comprises up to 16 stations, which are either part of smaller
arrays, or individual large-aperture antennas. GMVA consists of the following radio ob-
servatories: the Very Long Baseline Array (VLBA, eight out of the ten stations equipped
with 86 GHz receivers), the Green Bank Telescope (GBT), Effelsberg, Pico-Veleta, Onsala,
Metsaehovi, Yebes, and the Korean VLBI Network (KVN). All telescopes operate at their
highest possible bandwidth. Currently, this result in a 2 Gbps data rate, except for the
KVN telescopes, which operate a 1 Gbps mode. Occasionally, other radio telescopes or
arrays such as RadioAstron, the Atacama Large Millimeter /submillimeter Array (ALMA),
NOEMA (on Plateau de Bure) or the Event Horizon Telescope are participating to the
observing sessions.

The typical angular resolution that can be achieved by the GMVA reaches ~50 pas. Such
high resolution translates for the most nearby sources into a linear scale of a few tens of
Schwarzschild radii. Also, due to a large number of array elements and the station locations
all around the globe, GMVA provides a unique combination of excellent uv-coverage and
high observing frequency, thanks to which high-quality, sharp VLBI images ca be obtained
(see Fig. 2.7). The GMVA supports total intensity and polarization observations, enabling
us to probe the nuclear regions of active galaxies in the vicinity of the central engine.
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FIGURE 2.7: Stacked images of TXS 2013+370 at 15 GHz and 86 GHz. The image was

convolved with a circular beam 0.75 mas, at 15 GHz, whereas the 86 GHz, the convolving

beam is 0.08 mas. The high resolution GMVA observations allow us to zoom into the
innermost regions of a jet.
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FIGURE 2.6: Radio telescopes forming the Global Millimeter VLBI Array (http://www3.
mpifr-bonn.mpg.de/div/vlbi/globalmm/).

2.1.4.2 RadioAstron Satellite

The RadioAstron space radio telescope (also known as Spektr-R) is a ten-meter antenna
that was launched in July 2011 from the Baikonour Cosmodrome in Russia, in an elliptical
orbit of ten days. The space antenna supports observations at 22, 5, 1.6 and 0.3 GHz, in dual
polarization. The main goal of the mission is to use the space telescope to conduct space-
VLBI observations in conjunction with Earth-based antenna arrays. The baseline length
that RadioAstron provides in its apogee reaches the scale of 350,000 km. This remarkable
baseline length corresponds to the angular resolution of 7, 35, 100, and 500 pas respectively
in the four radio bands. Therefore RadioAstron enables us to image the jet base in AGN
with resolution comparable to that achieved with the GMVA, but at lower frequencies.

F1cURE 2.8: Artistic illustration of the 10-m space radio antenna Radio Astron Spektr-R.
Credit: Lavochkin Association.
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2.2 Calibration and Imaging of VLBI Data

After the data are exported from the correlator, a set of calibration steps needs to be
performed before the science target can be studied. For an array formed by two elements,
i and j, the observed visibilities V/, (¢,v) differ from the ideal visibilities V; ; (¢,7) due to
some corrupting terms. Their relation is:

Vi (t) = gi (t) g7 (t) Vi (t) +eij (1), (2.18)

where g; (t) is the complex element gain of each station and ¢;; () the baseline-based
thermal noise. Since the complex gains are characterized by an amplitude and a phase,
calibrating the data means to determine the amplitude and the phase of the gains, and
finally apply the corrections. In the following paragraphs, we are going to briefly describe
these calibration steps. For the projects that are presented in this work, the main software
that was used to perform the a-priory calibration tasks was the National Radio Astronomy
Observatorys (NRAO) Astronomical Image Processing System (AIPS, Greisen 1990). Due
to the complex nature of the analysis, we developed a semi-automated pipeline based on
scripts for performing most of the calibrating tasks, written in ParselTongue (Kettenis
et al. 2006). ParselTongue is a Python interface for AIPS, which allows running AIPS
tasks, access AIPS headers, visibilities, and manipulate AIPS tables through Python.

2.2.0.1 Fringe Fitting

After correlation, residuals systematic delay and phase offsets, as well as time depended
drifts are still present. The procedure through which these residuals are determined is
called fringe fitting (see Cotton 1995, for an in-depth discussion). The time- and frequency-
dependent relation between the phase ¢ (¢,v) and the delay is

o (t,v) =2mvmy (2.19)

By differentiating the phase we obtain

Ag (t,v) = ¢o + (?ﬁm - %fAt) (2.20)

where ¢q is the constant phase offset at the reference time ¢y and v. The terms

1 9¢ 199

r= oo F R (2.21)

are the so-called delay residual (or delay) and 0¢/0t is the delay rate (or rate) respectively.
Once delays and rates are derived, the corrections are applied to the visibilities which, in the
end, can be coherently integrated in time and frequency. The fringe fitting can be performed
either in the delay-rate domain or in the time-frequency domain. In the former approach,
the algorithm searches for the peak in the delay-rate space (see Fig. 2.9, left panel), i.e.,
for the delay and rate values which maximize the correlation coefficient. This is known
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FIGURE 2.9: Left: Fringe search in the delay-rate domain. Right: Example of the ap-
pearance of the data before and after the fringe fitting, through which the phases become
aligned. Image credits: Wucknitz (2010) and Nair G. (2019) respectively.

as fringe search. Once the peak is determined, data are averaged through the Fourier
transform. In the time-frequency domain, instead, solutions are found by performing a
linear fit to the phase variation as a function of time and frequency.

In practice, the phase calibration through the fringe fitting usually comprises two main
steps: the manual fringe fitting and the global fring fitting. In AIPS, both of these steps
are carried out with the task FRING. The manual fringe fitting determines residual delays
in a single sideband (or IF) by considering a short time-range in which fringes are clearly
detected on all baselines including a certain reference antenna. After the phases in each
sideband are aligned, integration over the full bandwidth becomes possible. The manual
fringe fitting may be run more than once if a single, good time-range cannot be found
for all the baselines. After applying the solutions of this first fringe run, the global fringe
fitting determines delays and rates by considering the entire data set. An example of the
appearance of the data before and after the fringe fitting is shown in Fig. 2.9, right panel.

2.2.0.2 Amplitude Calibration

The visibility amplitudes delivered by the correlator are expressed in correlator units (Whit-
neys), therefore a conversion into astrophysical units (Janskys) is necessary. This conversion
is performed in the amplitude calibration.

The antenna complex gains g; (t) and g () from Eq. 2.18 can expressed as

gi (t) = a; (t) ¥ and g; (t) = a; (t) e~ () (2.22)

where o (t), «;(t) are the signal amplitudes and ¢; (t), ¢; (t) are the phase correction
terms for each antenna. Hence, Eq. 2.18 can be rewritten as

Vi (8) = aq (8) o (1) OOV, 5 (8) + €5 (2). (2.23)

J

By defining A; ; = a; (t) o (1) Vi (t) + €5 () and ;; = (¢ — ¢ (1)), Eq. 2.23 can be
written in the compact form
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Vi; (t) = Bije'Vis (2.24)

),

where B; ; is the visibility amplitude expressed as a correlation coefficient in arbitrary units.
This quantity is converted to units of Janskys via the relation

V/SEFD; SEFD;

S[yl = Bijb 2AVAL

(2.25)

where b quantifies the losses due to the digital sampling.

The System Equivalent Fluz Density (SEFD) corresponds to the flux density of a radio
source that doubles the system temperature or, equivalently, the total noise power. Thus,
for a source with flux density equal to the SEFD, the SNR would be unity. For each
antenna, the SEFD can be expressed as

2k‘B Tsys

EFD =
S Aeff

(2.26)

In AIPS, the information on the Ty and the elevation-dependent A.g values of each station
are stored in the TY and GC tables, and the conversion to astrophysical flux density units
is performed through the task APCAL.

In mm-VLBI experiments, a very important factor that should be taken into consideration
is the atmospheric opacity 7, which attenuates the signal by a factor of e™". At short
wavelengths, an opacity correction is applied during the amplitude calibration with the
same task APCAL, by setting DOFIT=1.

The atmospheric opacity is expressed as

= / " ko () dh (2.27)
0

where k is the absorption coefficient over the scale height, A, of the atmosphere above the
observer 2. The opacity is thus dependent on elevation.

The task APCAL performs the opacity correction by considering the measurements of Ty,
Trec and Tyayy. The latter is the atmospheric temperature, derived using an atmospheric
model (e.g. Pardo et al. (2001)) based on the weather data recorded at each station. The
weather data can be stored in a WX table or read in AIPS from a text file. The opacity is
then computed as

Ts s Trec
T = log <1 - y) : (2.28)
Tatm

A final step in the amplitude calibration is performed through the task BPASS, which
applies the bandpass correction. This calibration is needed to compensate for the inho-
mogeneous response of the electronic system as a function of frequency, due to which the

%see e.g. https://web.njit.edu/~gary/728/Lecture3.html
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signal is usually strongly attenuated at the edges of each sideband (IF). BPASS stores the
information on the bandpass shape in a BP table, which needs to be applied before the
frequency-averaging of the data.

A schematic overview of the main steps that should be followed to calibrate mm-VLBI data
correctly is displayed in Fig. 2.10.

2.2.0.3 Imaging

The next step after the a-priori phase and amplitude calibration is to obtain the image of
the source. In theory, this can be done by applying an inverse Fourier transform to the
measured visibilities (Eq. 2.14). However, a direct deconvolution with the dirty beam (see
Eq. 2.15 and 2.16) is often limited due to the sparsely sampled uv plane and the high
sidelobe levels. The most widely used algorithms for imaging are the Mazimum Entropy
Method (MEM, Jaynes 1957; Wernecke & D’Addario 1977; Frieden & Wells 1978) and
CLEAN (Hogbom 1974). Here, we are going to focus on the CLEAN algorithm, implemented
in the DIFMAP package (Shepherd et al. 1994), since it was the main algorithm used in
this thesis.

The deconvolution in CLEAN is performed through a Fast Fourier Transform algorithm.
The application of CLEAN is an iterative process: at each iteration, the algorithm finds the
position of the peak flux density in the dirty image and it subtracts the dirty beam, which
is the Fourier transform of the uv-plane. The peak is then modeled with a delta function.
The user can define the number of iterations that are needed for recovering the source
flux density. The image is finally restored with a clean beam, that is produced by fitting
the central lobe of the dirty beam with a function, usually an elliptical Gaussian. In this
process, the astronomer can guide the algorithm by setting CLEAN windows where residual
flux density is present. Since the algorithm cannot distinguish by itself a strong sidelobe
from real source structure, there is always the danger to erroneously model features that
do not belong to the science target.

The quality of the image can be significantly improved through an iterative procedure which
involve deconvolution as well as self-calibration cycles (see e.g. Cornwell & Fomalont 1999).
Second order amplitude and phase corrections are usually still required at the end of the
calibration process, and can be computed at this stage by considering a model of the source
itself, built, as described, through CLEAN. Thus, by alternating CLEAN and self-calibration
cycles, an increasingly better model of the source can be obtained. Self-calibration relies
on the concept of closure phases and closure amplitudes, introduced by Jennison (1958):
when considering 3 antennas, in the case of the phase, and 4 antennas in the case of the
amplitude, the corruption terms associated to each individual antenna cancel out. The
self-calibration algorithm determines the antenna gains through a least squares fit based
on the closure quantities. In both cases, the larger the number of the antennas, the more
the independent estimates of closure amplitudes and phases and, finally, the more accurate
the result.

2.2.0.4 Polarization Calibration

Having established the fundamental polarization quantities in Section 1.3.1.2, we can pro-
ceed to connect the Stokes parameters Q and U with the correlator output. The correlator
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produces cross-correlations of the signals from the left sand right circular polarization of
each antenna. This results in the parallel (LL,RR) and the cross-hand (LR,RL) correlation
coefficients. These coefficients are related to the Stokes parameters as follows (Roberts
et al. 1994)

(LL* (u,v))y =1-V (2.29)
(RR* (u,v)) =T +V (2.30)
(RL” (u,v)) =Q+iU =P (2.31)
(LR* (u,v)) = Q — iU = P* (2.32)

In practice, the incoming polarized light reaches the feed, as can be seen in Fig. 2.11. In
the feed, there is a technical element, called orthomode transducer (OMT), which separates
the right (RCP) and left circular polarization (LCP) component of the signal (see right
panel of Fig. 2.11). However, technically this separation cannot be performed perfectly.
That leads to the cross-over, with some percentage of the left polarized light to leak into
the right and vise versa. This leakage can be expressed by a first-order approximation of
the output voltage from the receiver as:

AL = gr (ELeW) n DLERJ—Z’@) (2.33)

AR = gr (ERe“w) + DRELeW’)) (2.34)

(Roberts et al. 1994), where L, R stand for LCP and RCP respectively, V7, Vg are the
corresponding complex visibilities for each polarization, Fy, Eg are the complex electric
fields, ¢ is the parallactic angle, the g terms are the complex gain factors and D is the
instrumental polarization leakage, known also as D-terms (Leppénen et al. 1994).

The D-terms magnitude ranges typically between ~ 1—10% of the received radiation, hence,
second or higher-order terms can be omitted. So, the correlator output for each baseline
(comprised by antennas 1 and 2) can be expressed by the following set of equations

i(¢1—phiz)

LiLj = graghy Ie (2.35)
RiR = grighy Te /(917712 (2.36)

LR = graghy [P+ I (Dpae®™ + Dje”2m )| (2.37)
(2.38)

RiL5 = gri197s [P + 1 <D22€2iphi2 + D}«ﬂeziphil)} ,

where 7 is the total intensity, P is the complex linear polarization of the radio source, and
the superscript (*) stands for the complex conjugate. We refer the reader to (Leppénen
et al. 1994; Thompson et al. 2017, ans references therein) for a detailed discussion.

In practice, polarisation calibration requires high accuracy in the phase and amplitude
calibration, which makes it very challenging.
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FIGURE 2.11: Conceptual illustrations of VLBI polarization set-up. Left: Block diagram
of a two-element VLBI polarimetry configuration. Right: Drawing of an OMT. Credits:

Hamaker et al. (1996) and Shang et al. (2016) respectively.

In this work, the polarization calibration is performed as a part of the main a-priori cal-
ibration in AIPS, following the procedure that is described in Cotton (1999) and http:
//pc.astro.brandeis.edu/pdfs/evnmemo78.pdf. In summary, the main calibration steps for

mm-VLBI polarimetric data are

e CLCOR, by the setting OPCODE = 'PANG’ applies parallacting angle corrections
for each antenna. The feeds of the array elements that are equipped with altazimuth
mount are rotating with respect to the sky during the observations. Because of this,
a small angle offset is added to the main parallactic angle of the source.

RLDLY, for removing the residual single-band delays and phase offsets in the cross-
hand polarization signal.

CALIB, for correcting the visibility amplitude and phase between the LL and RR
channels.

LPCAL (Leppanen et al. 1995), which is the most crucial step for performing the
instrumental polarization correction. It is highly recommended at this stage to obtain
the D-terms for more than one source that has been observed in the same session
and apply in the end the mean D-term values to the data. With this approach, we
minimize the estimation uncertainties. For a detailed description of this method, we
refer the reader to Leppénen et al. (1994).

SPLIT, by the setting DOPOL>1 to apply the obtained D-terms to the data.

After the instrumental polarization calibration, the polarization imaging of the target
sources is done similarly to the total intensity imaging. The last step is the correction
of the EVPAs. To determine the linear polarization position angle, one needs external
information concerning the absolute orientation of the EVPA, obtained for instance by
considering single-dish observations at the same epoch and frequency. This calibration is

applied to data via the task CLCOR.


http://pc.astro.brandeis.edu/pdfs/evnmemo78.pdf
http://pc.astro.brandeis.edu/pdfs/evnmemo78.pdf
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2.3 Fermi: Gamma Ray Space Telescope

The Fermi satellite is a pair-conversion de-
tector sensitive to y-rays. It was launched
on June 11, 2008, on an orbit around Earth
with an inclination of 25.6°, at an altitude
of about 565 km (Atwood et al. 2009). The
Fermi satellite carries two observing instru-
ments, the Large Area Telescope (LAT)
and the Gamma-ray Burst Monitor (GBM).
The Fermi LAT is the main ~-ray detec-
tor with an observing window in the energy
range of 20 MeV up to 300 GeV, a field of
view of 2.4 steradians and an angular reso-
lution of ~0.15°. It consists of a silicon strip
tracker that converts incoming radiation to
e~ — et cascades. The goal of this conver-
sion is to trace the v photons direction, as
the e~ —e™ pairs leave in the tracker approx-
imately the same path as the parent ~ rays.
The energy of the incident high-energy ra-
diation is estimated by using a cesium io-
dide calorimeter, which performs this task
by measuring the energy of the cascade
product particles. In order to recognize
and eliminate the contribution of random
cosmic-ray or back-scattering events, the
tracker detector is covered externally by an

Incoming gamma ray
r

LARGE AREA TELESCOPE

Electron—positron
calorimeter

Sodium iodide___ ™
detectors E
GAMMA-RAY Bismuth ¢
BURST MONITOR e

FIGURE 2.12: Fermi satellite sketch, with the
LAT (top yellow area) and the GBM (bottom)
instruments. Credits: Stecker (2010).

anti-coincidence detector, which recognizes such events. The GBM, on the other hand,
is a supportive instrument, which is composed of an array of sodium iodide and bismuth
germanate crystal scintillators. This instrument aims to measure the energy spectrum of
brief transient events like y-ray bursts. The sensitivity of this detector ranges from 8 keV
to 40 MeV, which corresponds to the soft and hard x-ray regime. Figure 2.12 displays the
satellite configuration, as well as the location of the LAT and the GBM.

The high-energy activity of selected astrophysical objects is monitored, recorded and is
made publicly available on the web page https://fermi.gsfc.nasa.gov/ssc/data/access/lat/.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/

Chapter 3

Localizing the High-energy
Emitting Region in the Blazar
TXS 2013+370

The results discussed in this chapter is partially published in the journal Astronomy &
Astrophysics, and is reproduced with the permission of the Editor-in-Chief. Credit: E.
Traianou et al., 2020, AEA, 634, 112, reproduced with permission ©FESO.

3.1 Introduction

The ~-ray loud object TXS 20134370 is classified as blazar of uncertain type (Massaro
et al. 2015), and is located in the Cygnus constellation. It lies at a redshift of z = 0.859
(Shaw et al. 2013), and hosts a SMBH with a mass of 4 x 10% M, (Ghisellini & Tavecchio
2015). The Cygnus region is one of the brightest regions of diffuse emission in our galaxy.
A great variety of astronomical objects can be found in this small portion of the sky.
Nine OB associations (clusters of hot blue-giant stars), over 14 pulsars (Matheson et al.
2013), many pulsar wind nebulae, dense molecular clouds, a superbubble (Ackermann et al.
2011; Uyaniker et al. 2001), more than 10 supernova remnants (Green 2014), and HII
regions can be found within the Cygnus region (e.g., see Fig. 3.1). Additionally, as can
also be seen in Fig. 3.2, TXS 20134370 is located very close to the Galactic plane (b =
1.2°). This geometrical coincidence made the detection and identification of TXS 2013+370
challenging. Based on VLBI observations at 10 GHz, Geldzahler et al. (1984) postulated
that, in addition to the super nova remnant G74.9+1.2, there exists a compact radio source
in the Cygnus region. Many studies followed afterward, trying to shed more light on the
nature of this object by searching for counterparts in different emission regimes, along
with estimates of the angular broadening that is introduced by the intergalactic dust (e.g.,
Abeysekara et al. 2018; Bassani et al. 2014; Halpern et al. 2001; Spangler & Cordes 1998;
Fey et al. 1989, and references therein).

Interferometric observations (at radio frequencies that are unaffected by the intervening
dust) allow us to resolve the detailed source structure of TXS 2013+370. In this work, we
present, for the first time, a VLBI case study of the source TXS 2013+4370. We obtain
a detailed description of the morphological evolution of the radio jet for over 10 years.

49
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Cygnus-X Galactic Center

FI1GURE 3.1: A panoramic, edge-on map of the Milky Way at 23 GHz, resulting from nine-

year observations with the Wilkinson Microwave Anisotropy Probe (WMAP). In the map,

the location of TXS 2013+370, as well as Cygnus X and the galactic center are designated.
Credits: Bennett et al. (2013).

F1GURE 3.2: The two panels displaying the Cygnus region in Galactic coordinates, at
3/4keV band. Left: The position of the OB associations in this sky frame. TXS 20134370
is located in the region of the OB1 association. Thick dashed lines show the boundaries of
the radio loops, plus signs represent the stars that can be found in this region (Garmany
& Stencel 1992; Comeron et al. 1998) and the dotted circles designate the most prominent
HII regions. Right: The Cygnus superbubble at 1.5keV. Contours start from 250 counts

s~ arcmin~? and are plotted in steps of 100 counts s~! arcmin—2. Both plots Credits:

Uyaniker et al. (2001).

Simultaneous flux density observations of the source from 4.8 to 43 GHz (obtained from
the NRAO archives) allowed us to study the spectral evolution of the source and obtain
the magnetic field strength along the jet. Ultimately, by combining the kinematic and
geometrical data from the jet base with the results of correlated flux density variability in
the cm- and mm- radio and in the v ray bands, we were able to constrain the location of
the y-ray production region.
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3.2 Observations and Data Reduction

3.2.1 VLBI Observations

The VLBI data set that we used for this work is comprised of observations at 15, 22,
43, and 86 GHz. In total, 23 images allowed us to study the jet kinematics of the blazar
TXS 2013+370.

The 86 GHz observations obtained with the GMVA (see Sec. 2.1.4.1) and the 43 GHz
observations with the Global VLBI array, with the four epochs to be observed in 2007—
2009 and three epochs in 2009-2010, respectively.

For a single epoch, the RadioAstron space antenna (Kardashev et al. 2013), in combina-
tion with the VLBI ground array performed simultaneous observations at two frequencies,
22 GHz and 5 GHz, to facilitate a fringe search at the space-ground baselines. In this thesis
we consider the 22 GHz data.

The space-VLBI data were correlated with a special RadioAstron-enabled version (Bruni
et al. 2016) of DiFX software correlator running on a desktop computer. The fringe search
performed with PIMA (Petrov et al. 2011) resulted in space-ground fringe detection at base-
lines up to 1.7 Earth diameters. The full description of the space-VLBI experiment will be
given by K. Sokolovsky et. al. (in prep.). At 22 GHz, we re-imaged the source based on
the data originally presented by Sokolovsky (2014) and Kardashev et al. (2015), who also
show a 5 GHz image.

At 15GHz we re-analyzed fifteen epochs of Very Long Baseline Array (VLBA, Napier
1994) observations that cover a period from 2002 to 2012 and are publicly available at the
MOJAVE data archive! (see Lister et al. 2009a, 2011, 2018, and references therein).

A detailed overview of the individual VLBI observations are presented in Table 3.1.

"https://www.physics.purdue.edu/MOJAVE /sourcepages/2013+370.shtml
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TABLE 3.1: VLBI Observational Parameters. Columns from left to right: (1) Observing
frequency, (2) Observing year, (3) Participating antennas, (4) Major axis of the convolving
beam, (5) Minor axis of the convolving beam, (6) Position angle, (7) Image peak flux
density, (8) Noise level, (9) Image total flux density. EB: Effelsberg, JB: Jodrell Bank,
RO: Robledo, YS: Yebes, RA: RadioAstron, ON: Onsala, GB: Green Bank, NT: Noto, PV:
Pico Veleta, PB: Plateau de Bure, MH: Metsahovi, VLBA: Very Long Baseline Array. ¢
: Saint Croix did not participate in the observations.  : Ovro did not participate in the

observations. ¢ : Hancock and Saint Croix do not have 3 mm receivers.
Frequency Epoch Array Elements bimaj binin PA  Speak rms Stotal
(GHz) (yyyy-mm-dd) (mas) (mas) (deg) (Jy) (mJy/beam) (Jy/beam)
15 2002.51 VLBA 0.72 048 -16.3 4.26 0.23 5.07
15 2003.04 VLBAo 0.77 047 -4.89 2.82 0.08 3.69
15 2003.24 VLBA;, 0.71 0.46 -11 2.97 0.38 3.92
15 2005.35 VLBA 0.75 047  -3.62 2.1 0.39 2.66
15 2005.39 VLBAo 1.10 0.45 1.18  2.05 0.21 2.60
15 2005.44 VLBA;, 0.99 0.37 -181 1.93 0.54 2.63
15 2005.99 VLBA 1.00 0.37 -195 1.63 0.19 2.23
15 2006.00 VLBAgb 1.22 0.41 0.45 1.75 0.35 2.14
15 2006.36 VLBA;, 0.77 047 -11.2 1.945 0.19 1.35
15 2008.41 VLBA 0.79 044 -19.7 293 0.38 3.52
15 2008.75 VLBAo 0.78 0.45 -14.9 2.56 0.49 3.07
15 2009.15 VLBA;o 0.70 045 -16.9 3.36 0.41 4.3
15 2010.46 VLBAB’ 0.78 0.43 -20.3 2.08 0.17 2.79
15 2011.53 VLBAo 0.77 0.44 -10.9 1.96 0.52 2.06
15 2012.48 VLBAj 0.81 0.46  -24.1 3.37 0.25 4.23
22.2 2012.82 EB+JB+RO+YS+RA 0.25 0.08 -88.6 1.18 1.81 3.20
43 2007.81 VLBA§+YS+EB+ON+GB 0.23 0.1 -23.5 2.75 0.56 3.46
43 2008.79 VLBA§+YS+EB+ON+NT+GB  0.25 0.1 -15.9 2.7 0.06 3.77
43 2009.21 VLBA;p+YS+EB+ON+GB 0.26 0.1 -14.6  4.43 0.33 6.76
43 2009.86 VLBA1p+EB+ON+GB 0.22 0.1 -19.4 1.27 0.23 2.85
86 2009.35 VLBA§+PV+EB+ON+PB+MH  0.15 0.05 -5.8 1.53 0.39 3.17
86 2009.77 VLBA§+PV+EB+ON+PB 0.14 0.04 -256 1.71 0.83 3.43
86 2010.34 VLBA§+PV+EB+ON+PB+MH  0.18 0.07 -8.72 191 0.36 3.08

3.2.1.1 VLBI Data Calibration

The data reduction was performed using the software package AIPS (see Sec. 2.2). The
calibration of the GMVA data at 86 and 43 GHz was performed in the standard manner
(see Sec. 2.2 and Nair et al. 2019): after an initial parallactic angle correction of the phases,
we determined the inter-band phase and delay offsets between the intermediate frequencies
using some high signal-to-noise ratio scans (manual phase calibration). After the phase
alignment across the observing band, the global fringe fitting was performed, correcting
for the residual delays and phases with respect to a chosen reference antenna. Finally,
the visibility amplitudes were calibrated, taking into account corrections for atmospheric
opacity computed using the measured system temperatures and gain-elevation curves of
each telescope. The RadioAstron data were analyzed in a similar fashion as described in
Goémez et al. (2016) and Bruni et al. (2017). The calibration of the 15 GHz data was carried
out by the MOJAVE team, following the procedure described in Lister et al. (2009b).

3.2.2 Fermi-LAT Data Analysis

TXS 20134370 has been a standard target of the Fermi-LAT All-Sky Survey, since the be-
ginning of 2008. For this work, we used the publicly available data?, and we proceed with

https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/QueryResults.cgi?id=1191104192203246 D38FA 36
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the analysis by considering as a starting sky model the Fermi-LAT third source catalog
(3FGL) (Acero et al. 2015). We set a Region of Interest (ROI) of 10° around the target
position and we include in the model all the point sources from the 3FGL within 15° from
the ROI center. Additionally, we took into account the corresponding model for the Galac-
tic and isotropic diffuse emission (gll_iem v06.fits and iso_P8R2_SOURCE_V6_v06.txt,
respectively). Next, we performed a binned analysis in the energy range 0.1-300 GeV, with
10 bins per decade in energy and 0.1° binning in space. A likelihood analysis followed, over
the full-time range of the data set (2008-08-04 15:43:36.000 UTC to 2017-03-04 15:43:36
UTC). The fitting of ROI with the initial «-ray sky model was performed by allowing
all the parameters of the target source to freely vary, along with the normalization of all
sources within 5° of the ROI center. We checked for the possible detection of new sources
by creating the map of Test Statistic (TS) of the region. For creating this, we insert a
test source and check its significance, in comparison with the existing model. We point
out that the TS is defined as 2log(L/Lg) where L is the likelihood of the model with a
point source at the target position, and Lg is the likelihood without the source. A value of
TS=25 corresponds to a significance level of 4.20 (Mattox et al. 1996). Hence, we search
for sources that TS>25 peaks in the TS map, with a minimum separation of 0.3°. For the
cases that a source was meeting these criteria, we add a new point to the model, assuming
a power-law spectrum. After the fitting of the new ROI, we produce a new TS map. We
continue this procedure until all sources with significant excesses were modeled out. Ulti-
mately, we perform a localization analysis on the target source and all new sources with
TS>25 found in the ROIL. For the variability analysis, we perform a likelihood fit in each
time bin, using the average model as a starting point. We first attempt a fit leaving the
full spectrum of the target source, which is described by a LogParabola, and is free to vary.
If the statistics do not allow the fit to converge or results in a non-detection (TS<25), we
fix all parameters except the target source’s normalization. We consider the target source
to be detected when TS> 10 in the corresponding bin and the signal-to-noise ratio in that
bin is larger than two. For the cases that this was not the case, we report a 95% confidence
upper limit. The resulted light curve is presented in the upper panel of Fig. 3.3.

3.2.3 Single-dish Observations

Single-dish radio data, contemporaneous to the VLBI observations, were provided by the
40-m telescope of the Owens Valley Radio Observatory (OVRO) at 15 GHz (Richards et al.
2011). The data at 235 GHz were obtained with the 8-element Submillimeter Array (SMA)
(Gurwell et al. 2007) for the period 2008-2017.

As shown in Fig. 3.3, where the OVRO, SMA, and Fermi light curves are presented, the
source was quite active during our monitoring period, and several flaring episodes occurred
both at low and high energies. The investigation of possible correlated variability between
the considered energy bands is presented in Sect. 3.3.5.
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F1cUre 3.3: Light curves of the blazar TXS 20134370 at different frequencies. From top
to bottom: Fermi-LAT 0.1 — 300 GeV with 30days binning, 235 GHz SMA and 15 GHz
OVRO light curves, with flux plotted vs. time. The shadowed areas indicate the ejection
time range of the new jet components N (see Fig. 3.6) and N1 (see Fig. 3.5) respectively.
The vertical lines designate the estimated ejection time, whereas the width of the shadowed
areas indicates the uncertainty of this estimation, based on the positional uncertainty of
component Al. We adopt for N as ejection time the peak of the 43 GHz core flare, whereas
for N1, we take the appearance time from the 22 GHz VLBI image. We set for N and N1
the same ejection time uncertainty as the most well-defined feature C2, owing to lack of

data.
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FIGURE 3.4: Modeled images of blazar TXS 20134370 at 15 GHz. The 2 dimensional
circular Gaussian component models the flux density distribution along the jet. The data
were imaged under a uniform weighting. The contour levels are set to 0.25, 0.5, 1, 2, 4, 8,
16, 32, and 64% Jy/beam of each image peak flux density (see Table 3.1). All the images
are convolved with a common beam of 0.8 x 0.5 mas, oriented at a PA of —16°. The time

corresponding to each image is indicated in the x-axis.
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Ficure 3.5: Left: 22GHz model-fit and total intensity space-VLBI image of
TXS 20134370, obtained from a combined ground and space-VLBI array. The data were
imaged under a uniform weighting. The convolved beam for the displayed image is set to
0.25 x 0.08 mas and it is oriented at a position angle of -88.6°. The contour levels are set to
2,4, 8, 16, 32, and 64% of the peak flux density of 1.22 Jy/beam. Right: The uv-coverage
of the space-ground baselines. The red data points correspond to ground-space baselines.

3.3 Data Analysis and Results

3.3.1 VLBI Imaging and Model-fitting

Frequency and time-averaged data were imported to DIFMAP (Shepherd et al. 1994) for
the imaging and Gaussian model-fitting. Before imaging, the visibilities were carefully in-
spected and spurious data points were flagged. Using the CLEAN algorithm (Hégbom 1974)
and SELFCAL procedures, which are implemented in DIFMAP, we created the radio images
of the source. While imaging the ground-based data at 15, 43, and 86 GHz was straight-
forward thanks to a large number of stations, the imaging of the RadioAstron 22 GHz data
was more challenging due to the limited uv-coverage. Five stations (including the space
telescope) provided useful data (Table 3.1). Robledo 70 m recorded only right-hand circu-
lar polarization while the space telescope recorded only left-hand circular polarization at
22 GHz (other telescopes recorded both polarizations), which resulted in no space-ground
fringes to Robledo 70 m. The amplitude calibration of the Jodrell Bank MarkII telescope
was corrupted for an unknown technical reason. A Gaussian source model derived from
the near-in-time 43 GHz data was used to correct the amplitude of MarkII telescope data
before producing the image with several iterations of CLEAN and SELFCAL.

For all data sets, the jet brightness distribution was then parameterized by fitting two-
dimensional Gaussian components to the fully calibrated visibility data by using the MODELFIT
algorithm, which is implemented in DIFMAP. The uncertainty in the component positions
was set to one-fifth of the beam size if the component’s size was smaller than the equivalent
circular beam b = (bmaxbmin)l/ 2 otherwise, we assumed one-fifth of the component Full
Width at Half Maximum (FWHM) as an estimate of the uncertainty. The uncertainty in
the position angle, PA, was calculated based on the positional uncertainty AX using the
trigonometric formula APA = arctan(AX/r), with r the radial separation in mas. For
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FIGURE 3.6: Model fit images of TXS 20134370 at 86 and 43 GHz. The data were
imaged under a uniform weighting scheme, with all the visibilities to be weighed equally
and independently to their uv-distance. The common convolving beam of 0.2 x 0.1 mas,
oriented at a PA of 0° was used for the 43 GHz images, whereas the contour levels are set
to 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, 19.2, 38.4, and 76.8% of the peak flux density (see Table 3.1).
At 86 GHz, images are restored with a beam of 0.16x0.08 mas, oriented at a PA of 0°, and
the contour levels are set to 0.5, 1, 2, 4, 8, 16, 32, and 64 % of the peak flux density (see
Table 3.1). The two beams are showed on the left and right respectively.

the component flux density and FWHM, we adopt an uncertainty of 10%, following Lister
et al. (2009b, 2013) and Karamanavis et al. (2016) respectively. The resulting images are
shown in Fig. 3.4, 3.5, 3.6, while the parameters of the Gaussian components are reported
in Tables A.2, A.3, A.4, and A.5.

Since the source is located very close to the Galactic plane, where the column density of the
interstellar medium is relatively high, there is the possibility that the images are affected
by interstellar scattering. In order to verify the impact of scattering in TXS 2013+370, we
investigated two possible observational effects that could be introduced by scattering: i)
angular broadening and ii) fast flux density variations. By analyzing the dependence of the
angular size with frequency and based on the variability properties inferred from Effelsberg
monitoring at 5 GHz, we conclude that none of these effects play a dominant role at the
frequencies considered in our study. The detailed analysis is presented in Appendix A.1.

3.3.2 Source Structure and Jet Kinematics

Our imaging at 15, 22, 43, and 86 GHz shows that TXS 20134370 features a bright core
and a bent jet extending to 5 mas at the lowest frequency. We determined the kinematics of
the individual jet features using the parameters of the Gaussian components derived from
the model fits of each data set. The component cross-identification between the observing
epochs (and frequencies) was done by comparing their positions, flux densities, and sizes.
The angular proper motion p of the components was computed through linear fits of their
radial core separation as a function of time. The apparent speed fB,pp, is related to p and
the intrinsic speed 3 as (Urry & Padovani 1995; Rees 1966)

Bsing  uDp
1—Bcosf c(1+2)

Bapp = (3.1)

where 6 is the viewing angle of the jet, u is the proper motion in rad s~!, Dy is the

luminosity distance in m, z the source redshift and c is the speed of light in ms™!.
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FIGURE 3.7: Time evolution of the core distance (top panels) and flux density (bottom
panels) of model-fit components at 15 GHz (left panels) and at 43 and 86 GHz (right
panels). In the top panels, the size of the data points is set to ~1/2 of the Gaussian
components size. Note here that the time range of 15 and 43-86 GHz data is different. The
flux density of the core component showed a maximum in early 2009 at all frequencies.
Based on the observational data, in this time range a new component emerges from the
core. This new knot seems to ”light up” component C3 on its passage, increasing the flux
density of the latter.

15 GHz: Figure 3.4 presents the 15 GHz contour images with super-imposed circular Gaus-
sian model-fit components, while the parameters of each component are listed in Table A.2.

At this frequency, the source is well modeled by four circular Gaussian components, a core
component (labeled as Core) and three jet features (C3, C2, C1), numbered in order of
decreasing distance from the core. During the observing interval 2002-2012, component C3
appears quasi-stationary (Lind & Blandford 1985), oscillating around an average distance
of 7 ~ 0.2mas from the center (Fig. 3.7, top-left panel). Numerous studies have shown
that when a moving shock passes through a stationary knot, the latter could be displaced
in position for a short time and then return to its initial position (see Rani et al. 2015,
and references therein). Component C3 seems to exhibit such behavior. The features C2
and Cl1 are, instead, moving components, separating from the core with apparent superlu-
minal speed (see Table 3.2). From our kinematic analysis, we infer that C2 is the fastest
component of the jet, moving with an apparent speed of B.p, = 13.8 £0.9. We note
that a quadratic fit was performed by Lister et al. (2016) to describe the motion of C2.
Their speed (Bapp = 14.51 + 0.24) is consistent with our result within the measurement
uncertainty. Component C1 is the second fastest feature of the jet, moving at a speed of
Bapp = 7.0 £0.8. We also note that a new component, labeled Al, becomes visible at
15 GHz in the last two VLBI epochs (after 2011.53), downstream of C3. See the last two
images in Fig. 3.4, and the component separation as a function of time in Fig. 3.7 (top left
panel). The observation of Al in only two epochs limits the accuracy of its speed determi-
nation. Based on the 15 GHz data points, we obtain an apparent speed of Bap, = 4.2+£11.7,
which is in agreement with the value derived for the same component at 43 and 86 GHz
(see below).

22 GHz: Figure 3.5 shows the 22 GHz image of the inner jet region of TXS 20134370,
as observed by space-VLBI with RadioAstron (details in Sokolovsky 2014). The image
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shows a core, which is elongated in the East-West direction and along the major axis of
the elliptical observing beam. The jet appears to be propagating towards a South-West
direction, with a slight curvature towards the southern direction beyond r = 0.4 mas. The
overall morphology of the VLBI structure is in good agreement with the 43 and 86 GHz
images (Fig. 3.6). Two components can model the central region, the core and a new feature,
labeled as N1 (the second grey area in Fig. 3.5). The appearance and the propagation of N1
probably is connected with the close-in-time increased activity seen in the radio and ~y-ray
bands (see Fig. 3.3). Further downstream, three additional Gaussian components represent
the jet. Based on their core separation and flux density, we identify these features with the
components C3 and Al at 15 GHz, and with component N at 86 GHz (see below).

43 & 86 GHz: Figure 3.6 shows the model-fit images of the source at high radio frequen-
cies. Only the most compact regions in the inner jet are visible. The source structure can
be modeled by a compact core and three jet components, the innermost of which, A2, is
not visible at lower frequencies. The core separation of each component as a function of
time is shown in Fig. 3.7 (top-right panel), while the component parameters are reported
in Tables A.4 and A.5. Component A2, located at r ~ 0.1 mas from the core, appears to be
quasi-stationary, showing some backward motion after 2009, probably due to the passage
of a newly ejected feature, N, which becomes well separated from A2 in the final epoch at
86 GHz. The appearance of N followed a strong increase (by a factor of ~2) of the core
flux density, observed in March 2009 at 43 GHz (Fig. 3.7, bottom-right panel). At around
this time, a prominent ~-ray flare was also observed by Fermi-LAT (see Fig. 3.3). Further
downstream, component A1, which is resolved at 15 GHz only after 2011, moves with an
apparent speed B,p, = 4.0 £0.7. The motion of the outermost component, C3, is not well
constrained at 86 GHz, since in the region occupied by C3 the jet becomes faint and par-
tially resolved, and after 2009 there is a possible blending between C3 and Al. However,
the 43 GHz data show a well defined C3 component in the first three epochs, from which
we infer a proper motion p = (0.0740.02) mas/yr, which corresponds to an apparent speed
of Bapp = 3.3+ 1.1. This result is comparable to the speed of the nearest upstream compo-
nent Al. As discussed above, C3 appears quasi-stationary in the long 15 GHz monitoring,
therefore the small displacement observed at 43 GHz in the short time is likely associated
with flowing plasma crossing C3 at that time.

In summary, the source TXS 20134370 shows a bent jet, curving from an east-western to
a southern orientation. The VLBI core is much more variable in flux density than the jet
components. These move at apparent superluminal speeds of ~(3-14) ¢, indicating highly
relativistic motion of the jet plasma. Near the core, stationary components, as well as
newly ejected features, are observed. The ejection times for several jet components could
be estimated and are reported in Table 3.2. A discussion of possible reasons for the wide
range of apparent speeds and on the implications for the jet intrinsic parameters (e.g.,
Lorentz factor and viewing angle) is reported in Sect. 3.4.1.

3.3.3 Location of the Jet Apex

In this section, we aim to constrain the location of the jet apex with respect to the VLBI
core. Such an estimate can be obtained through an analysis of the frequency-dependent
shift of the VLBI core position, caused, in the simplest scenario, by synchrotron opacity
and self-absorption. In the case of TXS 2013+370, however, this approach cannot be used
directly, since a formal 2-D cross-correlation using close-in-time pairs of images at 15 GHz,
43 GHz, and 86 GHz, yielded no measurable shifts. As we will discuss in Sec. 3.4 based on
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TABLE 3.2: Kinematic parameters of all identified components at 15, 43, and 86 GHz.
Columns from left to right: (1) Component ID, (2) Observing frequency, (3) Proper motion,
(4) Apparent speed (5) Ejection time

Knot  Freq. 7 Bapp Lej
(GHz) (mas/year) (c) (year)
Al 15 0.09 + 0.20 4.2 £ 11.7 2005.27 4+ 1.20
C3 15 - - quasi-stationary

C2 15 0.30 £0.02 13.9£ 09 2001.08 £ 0.55
C1 15 0.154+0.02 7.0£0.8 1982.72 £ 0.49
A2 43/86 - - quasi-stationary
Al 43/86 0.09 = 0.01 4.2 4+ 0.5  2006.14 + 0.22
C3 43/86 0.07 £0.02 3.3+ 1.1 1997-2003

the variability time lags, the core shift is indeed much smaller than our resolution limits in
the considered frequency regime.

In order to obtain an estimate of the jet apex location with respect to the VLBI core,
we then follow a geometrical approach based on the investigation of the transverse jet
expansion profile. At each frequency, we convolved all images with the average equivalent
circular beam (0.08 mas at 86 GHz, 0.16 mas at 43 GHz, and 0.75 mas at 15 GHz) and created
stacked images. We have not considered the 22 GHz RadioAstron data since there is only
one epoch available. We then measured the jet width as a function of core separation in
stacked images. This was done by slicing the jet pixel-by-pixel in the direction perpendicular
to the jet axis, and by fitting single Gaussian profiles to the transverse intensity distribution
to infer the jet width. For the error of the jet width, we used one-tenth of the convolved
FWHM.

The expansion profile is presented in Fig. 3.8, top panel. Distances along the x-axis are
relative to the position of the VLBI core, which we assume as being fixed, due to the
negligible core-shift. The de-convolved FWHM values inferred for the inner jet region
based on the 86 and 43 GHz data smoothly connect to those inferred at 15 GHz for the outer
regions. By fitting a power-law of the form d = ar® to the 15 GHz data at distances between
~0.4 and ~3 mas from the core, we infer that the jet has a conical shape (d oc (102001,
However, this power law does not describe well the higher frequency data, as in the inner
jet we observe a flattening of the expansion profile. By fitting a power law of the same
form to the 43 GHz and 86 GHz data, we obtain d o r(0-49%£0-04) i o the jet has a parabolic
shape in the proximity of the black hole. This is expected based on theoretical models for
jet formation (e.g., Meier et al. 2001, and references therein), which predict the jet to be
actively collimating and accelerating at its onset. While we have not considered in the fit
the 15 GHz data relative to the inner jet, the lower resolution data points also lie on the
same profile. The fact that the jet is collimating on the scales probed by mm-VLBI is also
evident by examining the evolution of the apparent opening angle with distance (Fig. 3.8,
bottom panel). The angle decreases in the inner ~0.5mas, and then reaches a roughly
constant value of ~23° on the scales probed at 15 GHz, until the recollimation region at a
distance of ~ 4mas. As observed in other more nearby jets like M 87 (Asada & Nakamura
2012) or Cygnus A (Boccardi et al. 2016), for which higher spatial resolution is achieved,
a single parabolic profile describes the expansion of the jet from its onset up to the parsec
scales. Therefore, we take the inferred expansion law to back-extrapolate the location of
the jet apex, which should have an approximately zero width, with respect to the 86 GHz
core. Such a method has been applied in literature before (Agudo et al. 2011; Karamanavis
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et al. 2016), considering the core size as a reference and then assuming a conical expansion
between the black hole and the core. Similarly, we can compute the distance R it takes
for the jet to reach the width of the core, assuming the inferred parabolic expansion rate.
Based on the analysis of the stacked image at 86 GHz, the jet width at the location of the
emission peak is d. < (0.04 +0.01) mas, from which we infer that the jet apex is located at
a distance of R < ((0.019 +0.009)/ sin #) mas, or ((0.146 £ 0.07)/sin #) pc upstream, where
0 is the viewing angle of the jet.
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FIGURE 3.8: Left: Transverse expansion profile of the jet in TXS 20134370, based on

86 GHz, 43 GHz, and 15 GHz data. Uncertainties are set equal to one-tenth of the convolved

FWHM, but are not displayed in the plot for clarity. The jet follows a parabolic-shaped flow

in the innermost regions, which is changing in a conical on larger scales. The transition

occurs at a projected distance of ~0.5mas from the central engine. Right: Apparent
opening angle as a function of distance from the core.

3.3.4 Spectral Evolution and Turnover Frequency

An important parameter which defines a jet (or specific regions of the jet), is the knowledge
of the turnover frequency, the frequency which the relativistic plasma outflow becomes
optically thin to radio waves. As we discusses in Section 1.3.1.1, the radio spectrum of
blazars can be modeled by a power-law of the form S oc %, where S is the observed flux
density and « the spectral index. For this analysis we adopt a model of the jet emission as
described in Blandford & Koénigl (1979). The fundamental assumptions of this model are i)
that the magnetic field energy and the kinetic energy of the jet are in equipartition, ii) that
a standard spectral index best describes the optically-thin part of the outflow. By setting
these constraints, we can compute the turnover frequency and the expected flux density by
fitting a spectral model of the form (Tirler et al. 2000)

v >at 1 — exp[—Tm (V/vm)* ] [Jy], (3.2)

so=sn (i) et
where S, is the observed flux density in Jy, vy, is the turnover frequency in GHz, Sy, is the
turnover flux density in Jy, 7, ~ 3/2 [(1 - (8a/3at))1/2 - 1} is the optical depth at vy, a4
is the spectral index of the optically thick part of the emission, and « is the optically-thin
spectral index.

Publicly available flux density observations of the source from the NRAO archive from
4.8 to 43 GHz allowed us to study the spectral evolution of the jet. Evidence of a self-
absorbed synchrotron spectrum (SSA) featuring a spectral break at the turnover frequency
and flux density was visible in all frequencies. The observations were conducted by the



Localizing the high-energy emitting region in the blazar TXS 2013+ 370 62

| — SSA Model - | @ 2000.06.07 °
| s Quiescent 9 ® 2001.09.18 s
- & High State-Quiet 2001.10.31
Low State-Quiet 2001.11.09 L
2002.10.21 '
= -;4* ® 2003.01.27 .
) ) @ 2003.02.22 ®
> = @ 2003.04.03 ® ®
= = @ 2003.05.16
[T L
3 °
i ®
L
. 2— $
TT] - T T T T TTT] T T T TTTT] I I
10° 10! 10° 10° 10!
Frequency [GHZ] Frequency [GHz]

FicURE 3.9: Data set and results of the SSA spectral fitting. Left: The dotted line

represents the quiescent spectrum, whereas the data points are after of its subtraction.

Right: The simultaneous snapshot-measurements of TXS 2013+370 with the VLA Array.

In this plot is presented the flux density level versus frequency during the period 2000-2003.

We set the errors of flux density 10% of the measured value, but are not displayed in the
plot for illustration purposes.

Karl G. Jansky Very Large Array (VLA), Soccoro, New Mexico during the period 2000-
2003. The averaged data are presented in Fig. 3.9. In order to calculate the turnover
frequency, we separated the data that corresponded to a high flux density level (from 4 to
5 Jy) from the rest (from 2 to 3.5 Jy), and we calculated the average flux density among
them. We fit the data using the model of Eq. (3.2), which was applied in both cases.
During a flare, the obtained spectrum comprises by the superposition of a steady state
(quiescent) spectrum of the jet and the spectrum of the disturbance which is traveling down
the jet, and is responsible for the flare. In order to estimate and subtract the quiescent
spectrum of the TXS 20134370 emission, we used low-frequency archival data from the
NRAO archive. The source observed from the VLA at 1.4 GHz, and found to exhibit a flux
density of S = 1.25 £ 0.12 Jy during the period 1998-2000. We identified the quiet state
with the minimum flux density for the light-curve, and we fit the value with a power-law
Sq = bv®, where « is the optically thin spectral index, fixed to the canonical value -0.7.
The fitting process result that b = 1.6 &= 0.16, whereas the flux density S;, considered to
be a representative value for the quiescent flux density. The uncertainties of the remaining
flaring spectrum were calculated by error propagation, taking into account a 15% error due
to (u,v)-coverage difference (Fromm et al. 2013b).

During the fitting process we allowed both spectral indices, oy and « to vary. Thus, the
spectral turnover for the non flaring state occurs at vy, = (21 +4) GHz with the flux
density of Sy, = (2.6 £0.9) Jy, the optically thin spectral index o« = —0.71 4 0.14 whereas
the optically thick oy = 0.55 4+ 0.10. The same parameters during the flaring state were
Um = (20 £3) Jy, Smy = (4.5 £0.7) GHz, o = —0.75+0.15 and o = 0.61+£0.11. Figure 3.9
shows the result of the spectral fitting graphically.

The obtained optically thin spectrum at oo ~ —0.7 in both cases is in agreement with the
typical observed value in AGN (Verschuur & Kellermann 1988). A uniform slab-shaped
magnetized cloud with a power-law energy distribution of synchrotron-emitting electrons
will have o = 5/2 and « directly related to the slope of the electron energy spectrum
(Pacholczyk 1970). The optically thick spectral index at ~ 0.5 is an indication that the
flaring component is inhomogeneous, and the flux density increase is caused by the ejection
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of more than one component (Aloy et al. 2003). Luckily, the aforementioned flaring event,
based on our kinematic analysis, coincides with the appearance of knot C2. This special
occasion provides us the opportunity to study the evolution of the flare. The turnover
point that corresponds to the whole jet spectrum or a specific region is time depended. The
observational signature of a propagating shock during time has been extensively studied
in the past years (Tirler 2011; Daly & Marscher 1988; Marscher & Gear 1985; van der
Laan 1966). One of the most widely accepted theoretical models that describe the spectral
changes of a propagating shock front in a relativistic jet introduces is the ”shock-in-jet”
model. Figure 3.10 illustrates the basic concept of this scenario. When a shock is traveling
downstream of the jet, the electrons that were crossing the shock front are accelerated,
emitting synchrotron radiation at the backside of the shock front. The emission spectrum
is changing through time, as different emission-loss mechanisms are taking place. In the
beginning, the energy loss occurs via inverse Compton process. At this stage, we observe
that the peak emission frequency decreases, while the peak flux density rises. At the
moment that the photon energy density becomes equal to the magnetic energy density, the
bulk energy decreases due to synchrotron process. Observationally, this translates to the
shifting of the spectral peak from high to lower frequency, whereas the flux density remains
at the same level. Ultimately, a shock at the last stage of its evolution, is expanding
adiabatically and this mechanism dominates the energy losses. At this stage, both the
turnover frequency and flux density decrease with time. The slop of the optically thin
branch of the spectrum appears to be steeper at the first two than the last phase. The
evolution stage of the shock wave is imprinted in the frequency that the peak of flare flux
density appears.

Here, in the case of the flare mentioned above of TXS 20134370, we witnessed that during
the flare, the shift of the turnover frequency was almost negligible (Avy, = 0.7 GHz). This
behavior doesn’t fit in the discussed model. A possible explanation for this phenomenon is
the relativistic nature of the emitted photons. Observed flux density is proportional to the
emitted flux, boosted by a factor Sgps = 627, Changes that alter the Doppler factor are
achromatic, thus can cause an achromatic flare. A component that moves along a bend jet
cools down, but following a curved trajectory can be passed from a position with a small
viewing angle with respect to the line of sight, which will increase the Doppler boosting
and the observed flux density. However, this is the case only when the spectral index is
constant over all frequencies considered. When there is a spectral feature like a turnover,
the frequency could increases too with the Doppler factor, which implies an underlined
chromatic effect.

3.3.5 Multi-band Variability

3.3.5.1 Discrete correlation function analysis

The combination of the y-ray activity of TXS 2013+370 together with contemporaneous
radio flux variability observations provide us with the unique opportunity to search for
any correlated activity between them. One suitable statistical method that can deal with
unevenly sampled data is the Discrete Cross-Correlation Function (DCCF), suggested by
Edelson & Krolik (1988). The basis of the DCCF is the cross-correlation function (CCF),
which is a standard method of estimating the degree to which two evenly sampled data
series xy and y; are correlated, as well as any possible time lag. The CCF is defined by
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FIGURE 3.10: The three-stage spectral evolution model for a shock which is propagating
in a relativistic outflow. Credits: Tiirler (2011).
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where | = [0,41,42... (N — 1)] the possible time lag, ox 10y m are the standard deviation
and Z, ¥ are the mean values of the two time series. However, astronomical data are
mostly unevenly sampled. For that reason, for a data series xj, y; utilizes the unbinned
cross-correlation function (UCCF), described as

T s 1 3.4

OxOy

where o0y are the the standard deviation of the x;j, y; data series. From this analysis, the
obtained UDCF;; is calculated for each possible pair of time lag, At;; =ty ;—ty;. Averaging
the UCCEF in time lag bins constrains the DCCF. Positive DCCF values exhibit correlated
variability, whereas negative values correspond to anti-correlated, with an average time lag
l. The final step of this analysis is the characterization of its significance. The significance
of the estimated DCCF peak was calculated by following the method of Emmanoulopoulos
et al. (2013) and Connolly (2015). Specifically, we simulated a total of 5000 light curves.
The simulated data are then correlated with the observed radio data at 235 GHz and 15 GHz
bands to calculate the 99% confidence levels. For the case of TXS 20134370, a correlation
is found between the v-rays and the 235 GHz light curves, with the radio following the
high energy activity by (45 £ 30) days. A strong correlation is found also between 235 and
15 GHz showing a time lag of (15 & 15) days (see Fig. 3.11). The confidence level of this
correlation exceeds 99%. The correlation between 15 GHz, and ~-rays exceeds the 95%
significance level with a delay of (45 + 30) days, which is above the 20 statistical threshold.

3.3.5.2 Spearman’s Rho Test

In order to confirm the degree of correlation, we perform a Spearman’s correlation test
(Spearman 1904) additionally. The Spearmans rho correlation coefficient (p), is a statistical
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FIGURE 3.11: DCCEF results between the y-ray and 15 GHz light curve (left), 15-235 GHz
(middle) and ~-rays-235 GHz (right). The dotted lines represent the 2o significance level
of the correlations, whereas the dashed line the 3o level.

measure of the strength of a monotonic relationship between paired data, which in this case
corresponds to the differences between the fluxes of the light-curves and is expressed as

6y D

=1
P nd—n

(3.5)

where D; = ry — 1y, with 7y, 7y to stand for ranks of corresponding variables (in our
case the difference between the fluxes), and n is the number of observations. The value
p = 1 corresponds to a perfect positive correlation, whereas p = -1 indicates an anti-
correlation. For the case of TXS 2013+370, we used two light-curves at a time, assuming
as a reference the delayed one, as established by the DCCF analysis. Hence, we shifted
the other data set from 0 to 200days with a step of 1 day and taking into account a
coherence time of 2days. For each iteration, we calculated the P-value to validate the
significance of this statistical hypothesis. We performed this procedure in pairs, for y-rays-
235 GHz, ~-rays-15 GHz and 15 GHz-235 GHz. Uncertainties in the time-lag estimation
have been set equal to the data sampling interval. The time lag between ~-rays-15 GHz
was calculated based on the Spearman’s Rho results of the other two data sets. The
obtained time lag between 7-rays-15 GHz is (56 & 30) days with P-value=1.5 x 1073, for
y-rays-235 GHz (52 + 30) days with P-value=2.1 x 10~% whereas the time lag between 235
and 15 GHz found to be (11 #+ 6)days with P-value=9.5 x 107°. As a sanity check, we
searched for correlated activity between the 15 GHz data set and itself. The results was,
as expected, p=0.997 with P-value=0 at 0days shift. Both methods, the DCCF and the
Spearmans rho test, showed that the high energy emission leads the activity with respect
to the radio band. This indicates that the high energy event occurred in a region that is
opaque to radio waves (Fuhrmann et al. 2014; Pushkarev et al. 2010). The results of the
DCCF analysis and the Spearman’s Rho test are presented in Table 3.3 and in Fig. 3.11.

Overall, both methods, the DCCF and the Spearmans rho test, showed that the high energy
emission leads the activity with respect to the radio band. In the following analysis, we use
as the mean time lag that has been obtained by the two methods. Thus, we consider that
the ~-rays variability is ahead of 235 GHz by (49 4 30) days. The 15 GHz data lag behind
by another (13 + 11) days (relative to the 235 GHz data), while the lag between 15 GHz and
v-rays is (51 £ 30) days (see column 4 in Table 3.3).
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TABLE 3.3: DCCF, Spearmans rho test results and linear distance between -ray and VLBI

core. Columns from left to right: (1) Data set pair, (2) Time lag estimation from DCCF,

(3) Significance level of the DCCF results, (4) Time lag estimation from the Spearman’s
Rho test, (5) P-Value, (6) Mean time lag

. The uncertainty in the mean time lag was set equal with the data sampling.

DCCF Significance Level Spearman’s Rho  P-Value Mean
Data set Time lag (days) % Time lag (days) Time lag (days)
v—15 45 + 30 95 56 + 30 1.5 x1073 51 + 30
v —235 45 + 30 99 52 £+ 30 2.1 x1074 49 + 30
235 — 15 15+ 15 99 11+6 9.5 x1079 13+ 11

3.4 Discussion

3.4.1 Intrinsic Jet Parameters

The range of apparent speeds found in TXS 20134370, with values ranging from moderate
(Bapp ~ 3) to high (Bapp ~ 14, see Table 3.2), is quite common among extragalactic jets
(e.g., Fromm et al. 2013a; Rani et al. 2015; Karamanavis et al. 2016; Jorstad et al. 2017)
and could result from several effects. The VLBI images show a jet bending from west to
south at a distance of 0.1-0.2 mas from the core, and then again towards west on the scales
probed at 15 GHz. Therefore a first hypothesis is that the apparent speed variations are
geometry-dependent, with the apparent speed increasing when the jet points closer to the
line of sight. By considering the position angles of the moving components in Tables A.2,
A4, A5, there is indeed an indication that the slowest features are those moving towards
south (A1, C3), while the highest speed is observed for C2, which follows a trajectory
towards west and south-west. Another possibility is that the Lorentz factor is not constant
along the jet, but increases as a function of distance. This hypothesis is supported by
the observation of active jet collimation in the inner 0.5mas of the jet (see Sect. 3.3.3),
indicating that the terminal Lorentz factor is not yet reached on the scales probed by mm-
VLBI, where the slowest apparent speeds are measured. Ultimately, it is likely that both
geometrical effects and intrinsic variations of the bulk speed cause the observation of this
wide range of apparent speeds in TXS 2013+370.

Based on this premise and the results of the kinematic analysis, in the following we estimate
some of the intrinsic jet parameters. The observation of a maximum speed of ~13.9 ¢ for
C2 implies that at a distance of ~1-2mas from the core the flow has a minimum Lorentz
factor I'nmin = 14.0 & 0.8, since 'y, is expressed as

Fmin = ( 2 + ]-) 2 . (36)

app

The viewing angle that maximizes the apparent speed for a given Lorentz-factor is called
the critical viewing angle 6,

0. = sin™ ! (1/Tuin) - (3.7)

For C2 we obtain 6. = (4.1 & 0.2)°. The critical viewing angle of the fastest moving
component is often assumed in the literature to be equal to the characteristic jet viewing
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angle (e.g., Vermeulen & Cohen 1994; Lister & Marscher 1997; Cohen et al. 2007). This
angle could vary along the jet and be larger for those regions of the jet which are pointing
towards south, and for which the slower speeds are measured (e.g., 6. ~ 16° for components
A1l & C3). However, for this paper we are mostly interested in the viewing angle of the
inner jet and of the core region, where the plasma moves in a direction similar to C2.
Therefore, we will adopt this viewing angle value in the following for the deprojection.

Concerning the bulk Lorentz factors, the high apparent speed measured for C2 indicates
that the plasma is fast and highly boosted in the regions probed at 15 GHz (I' > 14).
On the other hand, the low apparent speeds and the increase of the jet opening angle
towards the jet apex suggests that the Lorentz factor is lower in the vicinity of the core
than further downstream. For a jet orientation at 6, = (4.1 £ 0.2)° and the observed low
apparent speed of Al (Bapp ~ 4.2) we can estimate the jet Lorentz-factor to be of the order
of 6 in the regions probed by millimeter VLBI. This also implies that the Doppler factor
0 =1/(y- (1 — Bcosh)) in the core region is not very large (6 < 10), which is in good
agreement with the moderate variability of the source.

Having measured the opening angle and the Lorentz factor at different locations along the
jet, we can also test how are these two quantities related to each other. Based on hydro-
dynamical (Blandford & Konigl 1979) and magneto-hydrodynamical models (Komissarov
et al. 2007) we expect the Lorentz factor I and the intrinsic jet opening angle ¢ to be in-
versely proportional, with I'¢ < 1 for a causally connected jet. This is consistent with our
results. In the outer jet, the constant apparent opening angle of ~23° implies an intrinsic
full opening angle ¢ ~ 1.6°, thus the product I'¢ yields ~ 0.4rad for I' = 14. In the inner
jet, speeds should be lower, as discussed, and the opening angle is larger. Assuming as a
reference an apparent opening angle of ~40°, measured at distances of 0.1 — 0.3 mas from
the core (Fig. 6, bottom panel), and I' = 6 as estimated above for the jet base, we obtain
I'¢ ~ 0.30rad. Both products in the two regions are in good agreement with the median
value obtained for the MOJAVE sample, I'¢p = 0.35rad (Pushkarev et al. 2017), as well as
with the results of a statistical modeling considering the same population (Clausen-Brown
et al. 2013)3.

3.4.2 Location of the Gamma-ray Emission

In Section 3.3, we investigated the existence of correlations between the variability observed
in the radio band (15 GHz and 235 GHz) and the «-ray band, and we derived time lags
indicating that the high-energy activity leads the one in radio (see Table 3.3). Having
identified the most likely intrinsic parameters of the innermost jet regions, we can now
translate these time lags into de-projected physical scales. Following Ledén-Tavares et al.
(2011); Pushkarev et al. (2010), the distance between the dominant emission regions in two
different bands Ar is related to the time lag At as

_ BappC(At)
"7 sin (1+z) (38)

In our calculations, we adopt the mean time lags obtained in the DCCF analysis and
through the Spearman’s rho test analysis, the apparent speed of the innermost moving

3Note that Clausen-Brown et al. (2013) consider the half opening angle, obtaining T'9 = 0.2. Since we
consider the full opening angle, there is a factor-of-2 difference in the product.
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component, Al, as the best representative of the plasma speed in the region close to the
core, and a viewing angle of 4.1°. The de-projected distances are in parsecs, for the three
considered pairs of variability curves:

AT7_15 = (135 + 081) pc
AT7_235 = (1.30 + 0.81) pcC
AT235_15 = (034 + 029) pc

Both the 2D cross-correlation between pairs of VLBI images and the results of the variability
analysis indicate that the core shift in the frequency range between 15 GHz - 86 GHz is well
below the resolution limit of our observations. In fact, a de-projected shift of 0.34 pc
inferred between 235 and 15 GHz would translate into a projected angular separation of
only ~0.003 mas, which will be even smaller between, e.g., 43 GHz and 86 GHz. This result
suggests that the observed VLBI cores may not be associated with the unit radio opacity
surfaces (7 = 1), but that the core region may be a stationary shock. Negligible core
shifts are derived for several blazars in the MOJAVE sample (Pushkarev et al. 2012) and,
especially at higher frequencies, the characteristics of the VLBI core often resemble those
of a stationary shock (see Jorstad et al. 2017, and references therein).

Based on the analysis of the jet expansion profile presented in Sect. 3.3.3, this possibly
stationary core feature is located at a distance R < (0.019 4 0.009) mas from the jet apex,
which translates to a de-projected separation of < (2.05 4 0.97) pc for a viewing angle of
4.1°. Following the results of the variability study for the most strongly correlated pair
~v-1mm (Ar = 1.30 £ 0.81 pc), we estimate the -ray emission location to be at a distance
of ~ (0.75 £+ 1.26) pc downstream from the jet apex. By taking into account the estimated
error bars, this result tells us that that the high-energy event occurs on scales ranging from
sub-parsec to about ~2 pc distance from the jet apex.

On such scales, the most likely mechanism leading to high-energy production is highly
dependent on the source type. In powerful blazars known as Flat-Spectrum Radio Quasars
(FRSQs), intense external photon fields originating in the accretion disk, the Broad Line
Region (BLR) or the dusty torus are likely to act as seeds for the inverse Compton radiation,
while in BL Lac objects these fields are expected to be less prominent or even absent, and
the high-energy emission is often well reproduced by synchrotron self-Compton models.

As mentioned in Sect. 3.1, the classification of TXS 2013+370 as a BL Lac object or
an FSRQ is uncertain in blazar catalogs (e.g., Massaro et al. 2015); this is due to the
significant Galactic extinction in the source direction, which prevents a solid determination
of its optical properties to be obtained. However, the recently determined, relatively high
redshift (z = 0.859, Shaw et al. 2013) is uncommon among BL Lacs (see, e.g., their redshift
distribution in the latest Fermi-LAT catalog, Abdollahi et al. 2020). Moreover, Kara
et al. (2012) have examined the spectral energy distribution (SED) of the source, showing
it is characterized by a hard X-ray photon index and by the dominance of the inverse
Compton component over the synchrotron one in power output, as usually observed in
FSRQs. Indeed, reasonable fits of the SED were only obtained when including an external
Compton (EC) contribution.

An estimate of the BLR size in this source can be obtained by considering the bolometric
luminosity of the accretion disk Lq, as determined by Shaw et al. (2013), and then following
the approach of Ghisellini & Tavecchio (2015), which assumes a spherical BLR with radius
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Rpir = 10171121/2 cm. Through this method, we obtain a radius of the order of ~0.07 pc.

The analysis presented in this paper points towards distances larger than this for the
location of the «-ray emission. On scales of 1-2 parsecs from the central engine, the dusty
torus is the best candidate for providing a rich seed photon field. Indeed, Kara et al. (2012)
showed that the best fit in the SED modeling of TXS 20134370 required equipartition
conditions for the dominant emitting region and an external radiation field with a rather
low temperature (Tux;~10?K), thus possibly originating from cold dust. Temperatures
in this range are found in the outer regions of the torus. For instance, previous studies
performed in 3C 454.3 and NGC 1068 (Jaffe et al. 2004; Shah et al. 2017) have derived a
temperature of the order 300-600 K at a distance of ~3.5pc from the SMBH. Therefore,
the distance that we obtain from our analysis can also be considered as a lower limit for
the outer radius of the dusty torus.

A physical scenario where the EC process is supplied by infrared photons (IR) from the
dusty torus is supported by several studies of powerful blazars (Sahayanathan & Godambe
2012; Sikora et al. 2009). Costamante et al. (2018) showed that in the vast majority of the
Fermi FSRQs, the ~-ray emission appears to originate outside the BLR. Moreover, recent
findings support a torus geometry that deviates significantly from the standard picture of a
”donut”-like structure (Carilli et al. 2019; Asmus 2019; Lyu & Rieke 2018; Honig & Beckert
2007). The torus is likely to be rather clumpy, with polar molecular clouds providing an
even richer photon field available for EC scattering.

3.4.3 Transition from parabolic to conical expansion

We observe a transition observed in the jet expansion profile, with the jet switching from
a parabolic to a conical shape (Sect. 3.3.3). As the resolution of radio observations in-
creases, this phenomenon is observed in more and more jets and supports the currently
most favored physical models of magnetic jet launching. These predict the jet base to be
actively collimated and accelerated along an extended region, up to parsec distances from
the central engine (e.g., Vlahakis & Konigl 2004; Komissarov et al. 2007).

In TXS 20134370 the transition is observed at a separation of ~ 0.5 mas from the jet apex,
corresponding to a de-projected distance of ~ 54 parsecs for § = 4.1°. For a black hole
mass of 4 x 108 Mg, (Ghisellini & Tavecchio 2015), we estimate that the jet collimation
stops at 1.5 x 10% Schwarzschild radii from the black hole, which is of the same order as
the transition distance found for M87 (Asada & Nakamura 2012) and other sources in the
MOJAVE sample (Kovalev et al. 2019).

This result indicates that at millimeter wavelengths, we are probing jet regions where the
magnetic field is still important and that the -ray emission in this source is produced in
the magnetically-dominated part of the jet base.

3.4.4 Magnetic Field Strength Estimation

The knowledge of the TXS 20134370 spectral shape enables us to investigate the strength
of the magnetic field at the base of the jet. An estimate of the magnetic field strength for
individual components can be obtained under the assumption that SSA is the dominant
process in the jet. Following Marscher (1983) the strength of the magnetic field for a
stationary feature can then be calculated as
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where b («) is a tabulated spectral index-dependent parameter (considering the measured
optically thin spectral index of a« = —0.7), b (a)) = 3.6, (see Table 1 in (Marscher 1983) and
Appendix A in Pushkarev et al. 2019), 6 the component size in mas (1.8 x FWHM), vy, the
spectral turnover frequency of the non flaring state in GHz, and S,;, the spectral turnover
flux density in Jy.

G, (3.9)

The most appropriate VLBI data frequency to estimate the B-field strength is the one
closer to the jet turnover frequency (Marscher A. et al. 2020 in prep.). As the VLA data
are taken in snapshot mode, the obtained flux density is core-dominated. For this reason,
the core component of the space-VLBI source image at 22 GHz is the best to use for the
B-field computation. By considering § = 4 and the spectrum turnover parameters for the
non-flaring state of the source we obtained that the 22 GHz core is characterized by a week
magnetic field strength of Bgga = 0.36 £ 0.16 G.

3.5 Conclusions

In this thesis, we present a complete picture of the radio morphology and jet evolution
of the blazar TXS 2013+370 during the last ten years, and we are able to constrain the
location of gamma-ray emission site. To achieve this goal, we employed state-of-art VLBI
observations from 15 GHz up to 86 GHz, along with space-VLBI data. Based on this unique
data set we estimated the kinematic parameters of the source and the jet expansion profile,
from which we derived the radial distance between the VLBI core and the jet apex. The
quasi-simultaneous flux variability single-dish observations allowed us to investigate the
possibility of correlated activity events between the radio and ~-ray bands. Specifically,
the flux density distribution modeling of the source revealed the emergence of three new
components, Al, N, and N1. Component Al was ejected between 2005 and 2006, and
since 2007, its trajectory was traceable at 43 and 86 GHz images. After 2011, A1 was also
visible in the 15 GHz images. In early 2009, an ejection event took place, accompanied
by a close in time 7-ray flare. A year after, high resolution, 86 GHz image revealed the
appearance of the new knot N. Lastly, a space-VLBI RadioAstron image in 2012 shows the
emergence of another knot, labeled as N1. Contemporaneous with the appearance of knot
N1, we report increased emission in radio bands and ~-rays. The next step of the analysis
was the estimation of the linear separation between the VLBI core and the jet apex. For
this purpose, we studied the jet transverse expansion profile, which allowed us to quantify
this distance as R = (2.04 = 0.97) pc. In parallel, we reveal that in TXS 20134370 the jet
undergoes a geometrical transition from parabolic to a conical shape, at a projected distance
of ~ 0.5mas (~3.85pc) of the jet apex. Based on simultaneous flux density observations
from 4.8 to 43 GHz, we constrained the source spectrum. We report a spectral break at
(vm = 21 £4) GHz, with flux density of (S, = 2.6 £0.9) Jy and optically thick and thin
spectral indices o = 0.71 £ 0.14, o, = 0.55 £ 0.10 respectively. By employing the results of
the spectral analysis we found the synchrotron self-absorbed magnetic filed strength Bgga
at the jet region of the 22 GHz core. The results showed a moderate magnetic field strength
which ranges between 0.2 to 0.5 G. The correlated activity between ~-rays and radio bands,
allowed us to translate the observed time lags to linear distances. The strongest correlation
appeared to be between v-rays and 1 mm activity, with the y-rays leading by (49 + 30) days.
The estimated delay, considering the close-to-apex plasma speed and the viewing angle of
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the jet, leads us to estimate that the deprojected distance between v-rays emission site and
radio core to be Ar,_s35 = (1.30 £0.81) pc. The combination of the distance between jet
apex and mm VLBI cores and v-rays production region with the mm VLBI cores indicates
that the origin of the 7-ray emission is (0.75 4 1.26) pc downstream of the jet apex.



Chapter 4

Revealing the Jet Fine Structure
in the Blazar OJ 287

4.1 Introduction

The bright BL Lacertae object OJ 287 (0851+-202), is located at a redshift of z=0.306 (Stickel
et al. 1989) in the constellation of Cancer, and is a prominent and highly variable AGN in
the mm-bands. There is a range of uncertainty about the mass of the SMBH harboured in
its central region, with typical estimates ranging from =~ 108 up to 10'° M, where the latter
comes from a theoretical model (Liu & Wu 2002; Valtonen et al. 2008). Since 1888, OJ 287
is well known for its flaring activity in the optical regime (Hudec et al. 2013). Besides the
rapid short-time scale flux variability, Sillanpaa et al. (1988) reported a quasi-periodicity
of about 11.6 years. Based on the assumption that perturbations in the accreting material
are the cause of optical variations in this AGN, the authors proposed the existence of a
binary black hole system triggering the observed periodicity. Numerous studies followed,
suggesting the presence of a primary SMBH situated close to the gravitational center, and
of a secondary one following an elliptical orbit around the primary (e.g. Lehto & Valtonen
1996; Sundelius et al. 1997, and references therein). In this model, the detected outbursts
reflect the accretion variations via tidal forces, introduced by the secondary binary compo-
nent while crossing the accretion disk of the primary. This scenario requires the production
of two flaring events per period. A pictorial representation of the system is shown in Fig.
4.1.

Based on the hypothetical quasi-Keplerian motion of the secondary BH, its mass is esti-
mated to be 1.4 x 108 M, (Valtonen et al. 2008). A General Relativistic (GR) description
of the system determines the major axis of the orbit to be 0.112pc (corresponding to an
angular scale of ~26 pas), taking into account the GR precession and orbital shrinkage due
to Gravitational Wave (GW) emission (Valtonen et al. 2008; Valtonen et al. 2010, 2011).

A big success of this model was the prediction of a prominent flare that took place in De-
cember 2015. According to Valtonen et al. (2016), the crossing in 2013 of the secondary
BH through the disk of the primary BH led to the expected GR centenary optical out-
burst in 2015 December. This event should have also increased the accretion rate of the
secondary, in a similar way as found in tidal disruption events (e.g. Zauderer et al. 2011).
The observation of a prominent increase supports this prediction, as well as the softening in
X-rays measured by Swift (Grupe et al. 2016; Verrecchia et al. 2016; Grupe et al. 2017) and
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FI1GURE 4.1: A conceptual illustration of the proposed binary BH model in the central
region of OJ 287, and the predicted flaring events. Image credits: Ciprini et al. (2017).

the VHE emission (>100 GeV) detection by VERITAS in 2017 February 1-4 (Mukherjee &
VERITAS Collaboration 2017). In addition to the prominent optical variability, the source
shows remarkable activity in the radio band too. For instance, the event mentioned above
coincided with the strongest outburst at 1 mm during the last ten years, based on the SMA
monitoring. The binary black hole model predicts enhanced radio variability to last over a
time scale of few years (Valtonen et al. 2006). It is worth mentioning that, particularly after
the first observation of gravitational waves (Abbott et al. 2016), OJ287 is a very interesting
object given the proposed binary scenario. For instance, Valtonen & Lehto (1997) predicts
a 10% loss of orbital energy of the secondary BH, resulting in the emission of GW from the
system. Although the binary BH model is favored, alternative scenarios may explain these
events as well. These are described in detail in the review paper by Villforth et al. (2010).

While the behavior of the source in optical seems to be well defined, the radio activity
appears to exhibit a behavior that, in some cases, deviates from the expected. The moni-
toring of the source in the radio regime reveals a higher complexity of events related to the
orientation and the morphology of the relativistic jet, not always connected to the optical
flares. Whereas Tateyama & Kingham (2004), based on eight-year VLBI observations at
8.5 GHz, suggested a periodic wobbling of the jet base, in agreement with the binary BH
model, Agudo et al. (2012) presented the results of a 16-year VLBI monitoring at 43 GHz
supporting an erratic swing by >100° (in the observer’s frame). This dramatic change in
the direction of the relativistic outflow occurred over a time range of ~ two years, ruling
out the possibility that this event is connected to a binary BH system. Furthermore, the
authors suggested the jet wobbling to be due to a non-steady plasma outflow, possibly
connected with turbulence in the accretion disk, coupled with hydrodynamic instabilities.
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This kind of instabilities can lead to a relativistic plasma outflow with non-ballistic tra-
jectories that may explain the observed random changes in the direction of the inner jet.
Similar studies (e.g., Hodgson et al. 2017; Britzen et al. 2018) also report such extreme
events. Other theoretical models indicate that the OJ 287 jet wobbling could be caused by
Lense-Thirring precession around the disc of a single BH (Britzen et al. 2018). Liska et al.
(2018), for instance, suggests that the innermost jet structure of OJ 287 may result from
the precession of a tilted accretion disk. Relativistic magnetohydrodynamic simulations
are consistent with a thin accretion disk tilted by 60° relative to the BH spin axis. Such
a system can give rise to quasi-periodic disk-jet interactions that can potentially result in
the repeating flaring events seen in OJ 287 light curves.

Finally, the jet behavior at mm and cm wavelengths could also be consistent with helical
motion of the jet plasma. Valtonen & Pihajoki (2013), by assuming a helical jet emanating
from the center and perpendicular to the accretion disk, could well simulate the projected
jet path. Additionally, a binary BH system was also considered in the model. The results
reproduced the observations nicely at optical and radio regimes, predicting that the jet
geometry is a conical helix, and the plasma flow propagates outwards with a speed of
~0.85c. Helical jet patterns can reflect the existence of a large scale helical magnetic field
or the development of plasma instabilities, such as Kelvin-Helmholtz instability (Hardee
2000, 2011; Mizuno et al. 2012). Figure 4.2 displays the main results based in the work of
Myserlis et al. (2018) and Cohen (2017), who suggest the existence of propagating helical
plasma flow within a bent jet, under the assumption of a strong magnetic field.

In this chapter we present the results of multifrequency ground-based VLBI observations,
as well as space-VLBI observation of OJ 287, focusing on the analysis of the intrinsic
jet properties during a prominent flaring event. Moreover, the polarization properties on
small spatial scales are investigated, enabling us to reveal the magnetic field topology
and quantify the magnetic field strength in the proximity with the central engine. For
all the calculations we adopt a ACDM cosmology with: Qy = 0.27, Qp = 0.73, Hy =
71kms~! Mpc™! (Komatsu et al. 2009), which result in a luminosity distance of Dj =
1.577 Gpe. This implies a conversion factor of 4.48 pc/mas for the redshift z=0.306.

4.2 Observations, Data Calibration, and Imaging

4.2.1 Total Intensity Data Calibration

The VLBI data set comprises four quasi-simultaneous observations at 15, 22, 43, and
86 GHz, which were performed in the period April-May 2014. At 15 GHz we made use
of the publicly available data from the MOJAVE program (Lister et al. 2009b), for which
no a-priori calibration is needed.

The 22 GHz observations included the RadioAstron space-VLBI station (see Sec. 2.1.4.2),
during the perigee of the spacecraft on April 4-5, 2014, with a ground array of 12 an-
tennas (Table 4.1). The data were recorded in both left (LCP) and right (RCP) circular
polarization, with a total bandwidth of 16 MHz per polarization, split into two intermedi-
ate frequency (IF) bands. Ground-space fringes during five close-in-time snapshot sessions
were detected only at LCP. The data were correlated using the upgraded version of the
DiFX correlator at the Max-Planck-Institut fiir Radiostronomie. The correlated data were
reduced using the AIPS software package, following the standard procedure described in
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FIGURE 4.2: Rotating helical jet model for OJ 287. Left: The arc of the helical trajectory
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>0.04pc. Right: Intensity ridge lines at 15 GHz over 10 years show a jet axis rotation.
Credits: Myserlis et al. (2018) and Cohen (2017) respectively.

Sec. 3.2.1. For the a priori amplitude calibration, we employed the measured system tem-
peratures for the ground antennas and the Space Radio Telescope (SRT). The sensitivity
parameters of the SRT are measured regularly during maintenance sessions. Ultimately,
parallactic angle corrections were applied to the ground antennas in order to correct for
the feed rotation.

The 43 GHz data were provided by the BU-BLAZAR monitoring program! (Jorstad et al.
2017). The radio observations were performed by almost all the VLBA stations and are
available as a-priori calibrated visibilities.

The GMVA data-set comprises observations by all the VLBA stations that have 3mm
receivers, except the North Liberty station, and up to four European stations. The du-
ration of each scan was eight minutes long. Data were recorded at 2 Gbps rate (512 MHz
bandwidth) with 2 bit digitization, except for the Plateau de Bure observatory (PB), which
recorded at 1Gbps. A polyphase filter band (PFB) technology was used, and data were
segmented into 16 IFs of 32 MHz bandwidth per polarisation. A summary of observations
and the data is given in Table 4.1.

4.2.2 Single-dish Observations

The single-dish observations used in this work were performed simultaneously to the VLBI
observations by the ALMA telescope ? at 103.5 GHz in total intensity, by the Effelsberg and
IRAM telescopes within the F-GAMMA (FERMI-GST AGN Multi-frequency Monitoring
Alliance) project at 2.64, 4.85, 8.35, 10.45 GHz in linear polarization and 43, 23 GHz in
total intensity (Angelakis et al. 2019), and by OVRO at 15 GHz.

Yhttps:/ /www.bu.edu/blazars/VLBAproject.html
https://almascience.eso.org/alma-data/calibrator-catalogue
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FIGURE 4.3: D-terms derived based on the data for OJ 287, 0716+714, and CTA 102, and
their mean value, for the two polarizations. Labels mark the different radio telescopes.

4.2.3 Polarization Data Calibration

As described in Sec. 2.2.0.4, an essential step in the polarimetric data reduction is the esti-
mation of the instrumental polarization. The signal contamination between the RCP and
LCP orthogonal feeds depends exclusively on the telescope receivers and the corresponding
waveguides, and is assumed to be stable during the observing session 2. The impact of the
”leakage” in the polarization image is significant, as the leakage factor is quite dominant in
the cross-hand correlations (see Eq. 2.34). In this work, we used the task LPCAL in AIPS

for the estimation of the polarization leakage.

A widely used method for this calibration is to estimate the instrumental polarization
leakage based on the data of the target source itself. However, in many instances, this
method fails, as either the source exhibits extended and complicated jet structure, or the
parallactic angle coverage is poor. When one or both of the above conditions are valid,
alternative methods should be followed. For instance, the estimation can be improved by
considering the D-terms for a single, compact source with good parallactic angle coverage
(Kim et al. 2019). Alternatively, an average D-term can be derived based on the analysis of
several, bright calibrators observed in the same session (Casadio et al. 2017). In this work,

we tested different methods.

First, we obtained the D-terms for the source itself for each IF and antenna, and then
took the median of the solutions for each station. We found that the leakage-terms were
consistent across all IFs, within a small range in amplitudes and phases of the order of
~2% and 13° respectively. Next, by following the line of work of Casadio et al. (2019), we
chose bright and compact sources with a large parallactic angle coverage (>80°). The most
suitable sources for this purpose during the May 2014 session were the blazar 0716+714
with a parallactic angle coverage of 111° and CTA 102 with a coverage of 82°).

As a first step, we estimated the leakage for each antenna and each source. We created
linear polarization images of OJ 287, applying the D-terms from the source itself, those from
07164714 and those from CTA 102. In the resulting images, the polarization morphology

3http://www.vlba.nrao.edu/memos/sci/sci30memo.ps
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was overall consistent for the core region. However, the position of the bright polarized
feature at ~ 0.2 mas appeared to vary. For determining if this feature was real or an artifact,
and for confirming the overall polarized flux density level, we applied a third method. We
determined the averaged D-terms for each station and we applied them to the OJ 287 data
set. The uncertainties are estimated based on the standard deviation of the individual D-
terms values. The results from all methods are presented in Fig. 4.3, and the corresponding
polarization images in Fig. 4.4.

Among the four images, the one corrected with the D-terms from OJ 287 itself and the one
corrected by the average are characterized by higher high dynamic range (dynamic range, or
DR, is defined by the ratio of the peak image intensity to the image noise), with the highest
DR obtained for the first one. Specifically, we obtained for all images: DRora 102 = 2515,
DRor161714 = 2824, DR pveraged = 5524 and DRoy 287 = 7538. This result is in agreement
with Casadio et al. (2017), who also analyzed the polarization structure of OJ287 at 86 GHz
and the effect of the different methods. In the following we choose as the most reliable
polarization image the one with the highest DR.

As a final remark, we report that the obtained range of D-terms (1% - 15%) for OJ 287 is
in good agreement with the values that are estimated from similar studies (Roberts et al.
1994; Marti-Vidal et al. 2012; Casadio et al. 2017; Kim et al. 2019).

4.2.4 Uncertainties in Polarization Quantities

The error on the polarized flux density, op, is estimated for all data sets by taking into
account a calibration uncertainty of about 10% of the polarized flux density and a statistical
error provided by the map thermal noise (Lico et al. 2014)

op = \/(0.1 x P)* + rmsd. (4.1)

The error on the fractional polarization (determined as m = 100 (P/S)) is given by

1
A, = f\/o—]%jt(m x 05)° + o2 _

S (4.2)

term’

where S and og is the measured total flux intensity and its error (see Table B.1). The term
OD—term, represents the systematic polarization calibration error and is defined as (Roberts
et al. 1994; Hovatta et al. 2012)

VS (0.3 % Spear)?
Nant NIFNscan

(4.3)

OD—term — Tamp

where o4mp is the standard deviation of the D-term amplitudes, Nay is the number of
antennas, Ny is the number of the IFs and Nyca, is the number of independent scans with
different parralactic angles. For the GMVA image we have o4mp ~ 2% , Nant = 7, Nycan = 5,
Nip = 16 Speax = 3.47Jy and Sioral = 5.07 Jy, which results in op_term = 4.62mJy/beam.
Similarly, for the RadioAstron data we have ogmp ~ 1% , Nant = 13, Ngcan = 6, Nip = 2
Speak = 1.18Jy and Siotal = 2.38 Jy, which results in op_term = 1.92mJy/beam. For the
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FIGURE 4.4: Polarization images of OJ 287, corrected through different methods. The
contour level is set at 0.5%, 1.0%, 2.0%, 4.0%, 8.0%, 16.0%, 32.0%, 64.0% of the total
intensity peak flux (see Table 4.1) and is the same for all plots. In the following analysis
we consider the image in the bottom-left panel.

15GHz data, op_term =~ 2 X rmsp (Hovatta et al. 2012), whereas for the 43 GHz data,
Am = 1% (Jorstad et al. 2005).

The determination of the absolute electric vector position angle (EVPA) for the 86 GHz
polarization image was obtained by considering polarimetric measurements from the IRAM
30 m telescope, as OJ 287 is part of the POLAMI monitoring program?. The uncertainties
on this parameter for the POLAMI measurements oporamr ~ 5deg (Agudo et al. 2018a,b).
The overall uncertainty on the EVPA x for the 86 GHz polarization images is determined

as

_ o2 2
Ay = \/‘Tx + 0poramt T Ophas

“http://polami.iaa.es

(4.4)
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FIGURE 4.5: Model fit images of OJ 287 at 15, 22, 43 and 86 GHz. The data were imaged
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0.3 x 0.2 and 0.16 x 0.08 mas respectively, oriented at PA 0°, whereas the contour levels
are set to 10 times the rms level in each image (see Table 4.1).

where o, = 0.5/P, /QQO'é + U20} is the uncertainty due to thermal noise, based on the

error propagation theory, and ophas is the standard deviation of the D-term phases. At
22 GHz, the error of the absolute EVPA calibration is also oporamr ~ 5deg. At 15GHz
data, Ay = op/2P (Hovatta et al. 2012), whereas at 43 GHz, A, ~ 5° (Jorstad et al. 2005).

4.3 Data Analysis and Results

4.3.1 Jet Morphology and Modeling

0OJ 287 is characterized by an one-sided jet, with a bright core region and a strong bending
at a projected distance of ~1mas from the central region. The modeling of the flux density
distribution along the jet was performed by fitting two-dimensional Gaussian components,
using the DIFMAP package, and following the procedure described in Sec. 3.3.1. The imaging
and modeling of the multifrequency VLBI data allowed us to resolve the central compact
region of the jet. We cross-identified the individual components based on their radial
position, flux density and size.

15 GHz: The source at 15 GHz shows a bright core region, and a strong bending by almost
55° at ~0.7mas to the south-west direction (Fig. 4.5). By super resolving the image with
a 0.3mas beam, the compact core can be described by two distinct and unevenly bright
features, designated as Cl1 and C2. Further downstream, the curved plasma flow can be
modeled by six more components, with parameters that are presented in Table B.1. We
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note that feature C1 is fainter than feature C2. In the following paragraphs, we will discuss
further the nature of these components and the possible scenarios for such a structure.

22 GHz: The extreme high resolution that the ~350,000 km RadioAstron baseline provide
us with can be noticed in the 22 GHz image of the source Fig. 4.6. In this observation,
not all the baselines showed the same SNR. If we set a low SNR limit (SNR~ 11), the
angular resolution is increased down to 10 uas. The two panels in Fig. 4.6 display the
uv coverage and the image resulting in this assumption. However, in this work we set
a hard limit by keeping only baselines with SNR>50 (which corresponds to 30 uas reso-
lution). On these scales, the jet shows a complicated structure, characterized by several
sub-components. Among these, the brightest one does not correspond to the southern end
of the jet component. In the upper right panel of Fig. 4.5, the modelfitted image of the
source is presented. The flux density of the jet at 22 GHz is described by five features in
total. We cross-identified all of the model components with the components in the 15 GHz
image based on their radial distance from the core, their flux density and their position
angle.

43 and 86 GHz: The OJ 287 image at 43 GHz is morphologically similar to the 22 GHz.
The jet extends up to 1 mas from the core and then bends towards the south-west. The
source structure can be modeled by two components, C1 and C2, and the jet components
J6, J5. The core comprises two features, C1 and C2, and the brightest feature is again
C2. Further downstream, components J6, J5, and J4 describe the jet radio emission. At
86 GHz, only the most compact regions in the inner jet are visible. Both the 43 and the
86 GHz modelfit images are presented in Fig. 4.5.

4.3.2 Linear Polarization Morphology

In Fig. 4.7 we present the results of the polarization imaging for the OJ 287 jet from 15 to
86 GHz, and in Table 4.2 the summary of the main characteristics of each polarized feature.



Revealing the jet fine structure in the blazar OJ 287 82

The source is polarized at all four frequencies. A strongly polarized core is continuously
present, whereas polarized components of the outer jet are detectable at lower frequencies.
In the core region, the EVPA orientation, surprisingly, is not significantly different at the
different frequencies and different dates.

15 GHz: The polarization structure at 15 GHz consists of a polarized core and two semi-
blended and highly polarized components, located at approximately one and 1.5 mas respec-
tively. The secondary polarization components are labeled as P3 and P4. Both components
can be considered as the polarization counterparts of the total intensity 2D Gaussian com-
ponents J3 and J4, although they are slightly offset from the total intensity peak. This
can be an indication that these features belong to an underlying, edge-brightened jet (Gio-
vannini et al. 2018). The orientation of EVPAs appeared to be well aligned with the jet
flow, suggesting that the dominant component of the magnetic field is perpendicular to the
plasma flow.

22 GHz: The extremely high resolution of the RA image reveals a fine polarization sub-
structure in the core region. In contrast, the polarized jet components P3 and P4 are not
detectable anymore in the space-ground VLBI image. The nuclear region is resolved into
the features P1 and P2, with P1 lying upstream of the latter. The positions of these two
prominent features are in agreement with the position of total intensity components C1
and C2, respectively (see Fig. 4.5). Component C2 appears to exhibit higher fractional
polarization than C1, and the orientation of EVPA is well ordered and parallel to the
jet flow, indicating that it is related to a shocked compressed feature. Additionally, two
small polarization features appear in the edges of the jet and close to the core region (see
upper left panel of Fig. 4.7), supporting the scenario of the existence of an underlying,
edge-brightened jet.

43 GHz: In this image, the core feature is well defined and polarized. At ~0.5 mas,
another polarized feature is present, labeled as P5. This component is characterized by a
fractional polarization of mps = 3.4%, whereas its position coincides with the total intensity
component J5 (see Fig. 4.5). The EVPA orientation appears to be perpendicular to the
jet axis, suggesting the dominance of the poloidal component of the local magnetic field.

86 GHz: The polarization structure of the 3 mm image consists of a core feature and a
polarized sub-component, labeled as P6. The fractional polarization of the core component
reaches the amount of meyre = 7.9%, whereas P6 shows the highest fractional polarization of
the source, mpg = 16.7%. The EVPA orientation of the core is similar to the other images,
whereas the orientation of electric vectors of P6 is comparable with P5. The high fractional
polarization indicates highly ordered magnetic fields compatible with those expected in a
shocked compressed feature.

In summary, OJ 287 shows at all the observed frequencies a polarized feature in the core
region, that becomes resolved into two distinct features P1 and P2 at a resolution of 10uas.
The overall fractional polarization shows an increasing trend as the frequency increases,
with the 86 GHz image to exhibit the highest fractional polarization percentage of about
~8%. Polarized sub-components are also detectable, namely P3, P4, P5 and P6. All
the polarized components have a counterpart in the total intensity image. The EVPA
orientation of all components indicates the existence of a helical magnetic field. Specifically,
the B-field of the innermost region of the jet appears to be perpendicular to the flow axis
up to ~0.16 mas (0.72 pc projected distance). Downstream and up to ~0.5 mas the B-field
orientation becomes parallel to the jet axes, showing a dramatic change of almost 90° further
downstream. Lastly, we point out here that the VLBI data were obtained at the beginning
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TABLE 4.2: Properties of the polarized components. The columns from left to right show
(1) Component ID, (2) Observing frequency, (3) The degree of linear polarization, and (4)

the EVPA.
ID Freq. m X
(GHz) % °

86 794+09 -187+7.1
Core 43 53+ 0.1 -17.8 £5.0

15 13+£02 -168+14
P1 22 1.9+1.2 -27.1 £ 5.6
P2 22 25+11 -199+56
P3 15 12.5 £ 11.7 -87.4 4+ 0.1
P4 15 3.8 £ 1.6 -85.7 £ 0.1
P5 43 3.4 +0.1 6.4 £ 5.0
P6 86 16.7 = 3.5 514+ 7.1

and during the evolution of a very strong flare, in a time window of approximately two
months. A more in-depth investigation of this topic is presented in the next section.

4.3.3 Spectral Index Analysis

The quasi-simultaneous observations in April-May 2014 give us the unique opportunity to
study the spectral properties of the OJ 287 jet from parsec to sub-parsec scales. For this,
we employed two different methods. For estimating the spectral parameters and search for
spectral breaks, we assembled quasi-simultaneous spectra of individual superluminal knots,
based on their flux density light curves. For the spectral evolution study, we constructed
spectral index maps between VLBI images at different frequencies.

Quasi simultaneously with the 22 GHz space-ground VLBI observations, a multiwavelength
outburst was observed. Single dish variability measurements at radio bands showed that, in
early 2014, the flux density of the source was rising and peaked around the middle of June
of the same year. Additionally, a polarization outburst has been reported at the optical V
band on March 31st (Ganesh et al. 2014). As can be seen in Fig. 4.8, the flare is traceable
at many frequencies, indicating a causally connected activity, but also reveals that the total
flux density of the VLBI images is lower than the expected (as denoted by star symbols
in Fig. 4.8). Flux density differences between single antenna and VLBI observations are
a well-known problem. The interferometric data, while offering higher resolution, have
the drawback of losing part of the source flux density that corresponds to the large scale
structure. On the contrary, a single antenna observes with a larger beam, thus is obtaining
the total flux density of the spatially unresolved source. Another significant problem that
is related to flux density losses in high-resolution VLBI data is the accuracy of the absolute
flux density calibration (Koyama et al. 2016). In the cases of GMVA images of the AGN
3C 84, 3C 454.3, CTA 102, BL Lac and OJ 287 in 2015, Kim et al. (2019) reported a flux
density ratio Svrpr/Stotal, also known as compactness ratio, reaches the ~0.5, while the
typical value in blazars is 0.8-0.9. Therefore in the following analysis, we will assume a
compactness ratio of ~0.85 at all frequencies.

Ultimately, since the VLBI observations have been performed over a time range of ~ two
months, a period that coincides with the rapid evolution of a flaring event, we will use a
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FIGURE 4.7: Polarimetric VLBI images of OJ 287 at 15, 22, 43 and 86 GHz. In all panels,

the contours show the total intensity, starting from 10 times the rms level of each image

(see Table 4.1). The convolving beam of each image is 0.90 x 0.55, 0.13 x 0.06, 0.33 x 0.18

and 0.23 x 0.04 mas respectively, oriented at PA15cgn, = 0°, PAgss qu, = 50.9°, PAysgu, =
10.3° and PAgG GHz — 0°.

reference point date. As truly simultaneous observations are an important requirement in
spectral index analysis of rapidly varying blazars, we will solve this problem by using the
single-dish measurements as a reference. Hence, we will scale the VLBI image fluxes to
the reference date of 2014.5, using linear interpolation from bracketing in time total flux
measurements. The reference date was chosen to correspond to the best-sampled part of the
lightcurve, both in total and VLBI observations. Therefore, the amplitudes of the 15 GHz
VLBI data are upscaled by a factor g5 ~1.15, 22 GHz data by go2 ~2, 43 GHz g43 ~1.23,
and the 86 GHz data by ggg ~1.33.
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FIGURE 4.8: Single-dish variability (circles) and VLBI (stars) multifrequency measure-
ments. During the observing interval, a prominent flaring event took place. In this plot,
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4.3.3.1 Synchrotron Spectra from VLBI Knots

For calculating the synchrotron radio spectrum of the individual jet components we are
going to employ Eq. 3.2. Thus, following the same procedure as in Sect. 3.3.4 and setting
athick = D/2 based on the theoretically expected spectrum of an optically thick, homoge-
neous synchrotron component (Pacholczyk 1970), we obtained the spectrum of knots C1,
C2, J6, and J5. In this analysis we use S =~ v®. In general, the feature that corresponds
to the VLBI core is expected to exhibit a flat or inverted spectrum, whereas for moving
knots, one expects steeper spectra. In the right panel of Fig. 4.9, the SSA fitting for each
component is displayed. The flattest spectrum in the core region is shown by component
C1, characterized by asp;n = —0.1. In this fitting, we exclude the 22 GHz data due to
unexpected dimming of this feature. We assume that this behaviour is driven by structural
changes introduced by the upcoming flare, since the data were obtained few days after the
beginning of the flaring event (see the dashed line in Fig. 4.9). Component C2 also exhibits
a flat spectrum with ap, = —0.2 £ 0.3 and turnover frequency almost identical to C1, at
~45GHz. Feature J6 also shows an almost flat spectrum, even if it is located ~0.1 mas
further downstream. Jorstad et al. (2005) reported the existence of quasi-stationary fea-
tures at the locations ~0.1, ~0.3, and ~1mas from the innermost jet feature. Also, the
spectral index of shocks is expected to become flatter or even inverted (e.g., Marscher &
Gear 1985; Mimica et al. 2009). Hence, we can assume that component J6 falls in this
category. Knots J5 and J4 exhibit a steeper, optically thin spectral index of ~ —0.8 and
turnover frequency of ~9 GHz, which is consistent with optically thin synchrotron emission
and an older (cooled) electron population. A summary of the aforementioned results is
presented in Table 4.3.

4.3.3.2 Pixel-based Spectral Decomposition

The next step in this analysis is to reconstruct the spectral index distribution along the jet
by using pairs of images at different frequencies. The spectral index, «, is defined as
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Knot St Um Qthin
(Jy)  (GHy)
Cl 39+0.3 45.0+5.2 -0.1£0.3
C2 1.7£0.3 45.1£ 5.8 -0.2£0.3
J6  0.9+0.1 51.9+1.6 -0.1£0.01
J5 0.440.1 9.1+£5.2 -0.840.2
J4  0.240.3  9.245.2 -0.940.3

TABLE 4.3: Spectral index estimates based on Gaussian component fitting. Columns

from left to right:(1) Component ID, (2) Turnover flux density, (3) Turnover frequency,

(4) Optically thin spectral index. When errors could not be calculated, we adopted the
highest value estimated among the rest of the components.
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FIGURE 4.9: Synchrotron spectra of OJ 287 core and jet components from observations
during April-May 2014.

o = n51/5%) (4.5)
In(v1/v9)

where S 2 are the flux densities in each pixel, and v, 1o are the frequencies of each image.
We choose the pairs 22-43 GHz and 43-86 GHz as the best representative frequency pairs for
studying the spectral evolution close to the core (at 22 GHz we used the ground array data
because of better matching resolution with the 43 GHz). An important step for the spectral
index image production is the appropriate selection of the common beam and pixel size.
For instance, a too-small beam size will introduce image artifacts, whereas a too-large pixel
size will lead to the loss of sensitivity. In this work, we followed a widely accepted technique
of using a circular beam, with an average radius between the beam sizes of the images and
average pixel size. The final parameters for each pair are bss_43 = 0.3 mas and 0.005 mas
pixel size, while b43_g¢ = 0.2mas and 0.004 mas pixel for the two pairs respectively. No
spectral index was calculated for pixels with flux density smaller than five times the RMS
noise level. The uncertainties on the spectral index were calculated using error propagation.

Another significant correction one should take into account before creating a spectral index
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FIGURE 4.10: Conceptual illustration of the core-shift effect. Credits: (Hada et al. 2011).

map is the core-shift effect. The core-shift is the frequency-depended shift of the VLBI core
position due to synchrotron opacity (Marcaide & Shapiro 1984; Zensus et al. 1995; Lobanov
1998). In Fig. 4.10, a conceptual illustration of the effect is displayed.

For the case of OJ 287 we obtained a shift of -0.02 mas for the 43-86 GHz image pair, and
-0.05 mas for the 22-43 GHz image pair, by performing the image alignment employing a

2D cross-correlation analysis. The obtained (small) values are in agreement with Hodgson
et al. (2017).

Lastly, a cut along the jet ridgeline is also done in order to highlight spectral index changes
downstream of the core. The spectral index image and its cut at 22-43 GHz are presented in
Fig. 4.11. The core region is optically thick and shows a highly inverted spectrum. Between
0.5mas and 0.8 mas core separation, the spectral index profile shows a slightly increasing
trend. Looking at other peaks in the plot, the local maximum observed around 0.8 mas
can be related to a moving shock, as indicated by a kinematic analysis performed by the
MOJAVE team at 15 GHz (see Lister et al. 2019). At the distance of 1 mas, we report a dip
of the spectral index, indicative of the presence of an expansion region, possibly before the
formation of a shock. Indeed, at 1.2 mas, we can see in the spectral index map an inverted
spectral index region. The existence of standing shocks can cause such spectral behaviour.
However, we note here that this spectral feature could also be not real, but an artifact due
to the low flux of the jet in this region.

The spectral index image and the spectral index profile of the 43/86 GHz pair are presented
in Fig. 4.12. In this case, we see a flat core, with the spectral index increasing slowly up
to distances of 0.05 mas. Then the spectral index value decreases fast, to create a local
minimum at 0.15mas, and then shows a rapid increase, peaking at a distance of 0.25 mas.
In this region, the spectral index becomes highly inverted, indicating that the component J6
is a standing shock, in agreement with Jorstad et al. (2005). The dip in the spectral index
up to distances of 0.15 mas can be explained as an expansion region upstream of a standing
shock. Further downstream, it flattens slightly and remains constant up to 0.35 mas.
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FIGURE 4.12: Left: Spectral index map between the 43 GHz and the 86 GHz. Right:

The spectral index profile along the jet. The spectral index uncertainties, not displayed in

this plot for illustration purposes, are based on a 10% error in flux density measurements
propagated via error propagation theory.

4.4 Discussion

4.4.1 Magnetic Fields and Doppler Factor

Synchrotron emission in astrophysical sources indicates the co-existence of the magnetic
field and relativistic electrons. The energy density of the particles can be expressed as

Emaw
U, = / EN (E)dE = f(a,v1,15) LB™3/?, (4.6)

where L = 47 D? f:f Sdy, f(a,v1,v7) is a tabulated function defined as
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20 + 2) V§1+2a)/2 . V§1+2a)/2

= 1.06 x 10'2
f(athV?) <2a+1 V11+a_l/21+a

(4.7)

where v1, 19 are the low and high-frequency cutoff frequencies, with typical values of
107, and 10 Hz respectively and « is the optically thin spectral index of the jet region
(Pacholczyk 1970). Similarly, the magnetic field energy density, for a spherical region with
radius R, is given by

4 3
Up = B?/ (87) §7rR3 = 32%. (4.8)

The total energy of a radio source can be expressed as a combination of Eq. 4.6 and 4.8 as

R3
Ut = (1 + &) Up + Up = (14 €) flo, 11, v5) LB™3/? 4 BQF, (4.9)

where £ is the ratio between electrons and heavy particles. The energy ratio that cor-
responds to electron-proton plasma is & ~ 2000, whereas the same ratio for an electron-
positron plasma is & =~ 1. In this work, we will use a conservative value of £ = 100
(Pacholezyk 1970). The minimization of the total energy density, assuming equipartition
between the magnetic field and the relativistic particles (Feng et al. 2006), can give us an
estimation of the magnetic strength as

2/7
Beg = (4.5 (1+€) f(a,v1,0) LR ~ 4x107* (f(a, 107,10 (1 + 2)? SmeD;19*3)
(4.10)
considering that R = Q(Dlifz and assuming that L = 47TD% f:f Sd, ~ S,,Vp,. In this work,

we considered the core to be unresolved if the size of the circular Gaussian component is
smaller than the resolution limit (Lobanov 2005; Lee et al. 2008)

21+B/2
Omin = (ﬂ-a-b-ln2-ln

—_— 4.11
SNR -1 ( )

SNR \'?
w )
where « and b are the beam axes and (3 is a weighting function which is equal to 0 for natural
weighting of the image and 2 for uniform weighting, and SN R is the component peak flux
density to local rms ratio. For both components, C1 and C2, the estimated resolved size
is O = 0.05mas. The spectral index values which we used for each component are the
results of the spectral index decomposition in Table 4.3. By substituting Dy, in Gpc, S,
in Jy, vy, in GHz and 6 = 1.8 X i, in mas, we obtain the equipartition magnetic field
strength for each component.

On the other hand, the magnetic field of a homogeneous synchrotron self-absorbed region
in the jet can be calculated as

52+a
Bsga = 1075b(a) 9405 52 (1 " Z) (G). (4.12)

(@),



Revealing the jet fine structure in the blazar OJ 287 90

TABLE 4.4: Columns from left to right: (1) Component ID, (2) magnetic field based on
synchrotron self-absorption, (3) Equipartition magnetic field, (4) Equipartition Doppler
factor.

Knot Bgsa (5) Beq (5) 5eq
G G
C1 0.010 £0.004 1.39 +£0.11 2.9+ 0.2
C2 0.06 £ 0.04 1.14 £ 0.19 2.0+ 0.2

Following the same approach as in Sec. 3.4.4, substituting the spectral parameters for each
component and replacing the tabulated factor b(a) = 1.8 according to Marscher (1983),
we compute the magnetic field from synchrotron self-absorption (Bgga) for the core region
features.

The results obtained from the two methods for the features C1, C2 are presented in Table
4.4. This analysis showed a moderate magnetic field strength considering synchrotron self-
absorption conditions in this jet region. In contrast, quite strong magnetic fields are needed
to be present under the assumption of equipartition in the plasma.

The Beq and the By, magnetic field estimates show a different dependence on the Doppler
factor. By combining Eq. 4.10 and Eq. 4.12 we can estimate the equipartition Doppler
factor deq, which expresses the Doppler factor of the jet flow, based on the assumption that
the source is at equipartition of energy between radiating particles and magnetic field. The
equipartition Doppler factor can be computed by

16
Beq 5 \¢t 7
~~ 4.13
Bgsa <1 + Z) ( )

where « is the optically thin spectral index, presented for each component in Table 4.3.
All the above calculations are lying on various approximations. Hence, the results that we
obtained can only be regarded as tentative. Nevertheless, the available evidence suggests
that the Doppler factor values for each component are low considering a blazar jet. Jorstad
et al. (2017), based on variability arguments, reports § = 8.6 for a moving feature that is
located ~0.3 mas radial distance from the core. This diversity is an indication that in the
core region the Doppler factor appears to be lower than further down in the jet. This could
mean, similarly with the case of TXS 20134370 in Chap. 3, either that the jet is bending
away or that the Lorentz factor of the plasma flow is lower near the core. A third scenario,
however, may be that the source is not in equipartition. For investigating the latter we
are going to estimate the brightness temperature of each knot in Sec. 4.4.2. Lastly, if we
combine our estimation of the Bgga with a conservative Doppler factor value between 2-9,
the resulting magnetic field strength of the same order of magnitude with the estimation of
Algaba et al. (2012), who by using an indented method report B = 0.2 G at 1pc distance
from the jet apex.

4.4.2 Brightness Temperature Distribution

In this section, we calculate the brightness temperature for the core region, as well as along
the jet, for all the VLBI knots. To determine this quantity, we employ the relation (e.g.
Pushkarev & Kovalev 2012)
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FIGURE 4.13: Brightness temperature distribution in OJ 287. Left: Core components C1

and C2 brightness temperature at all frequencies, during the April-May period. Right:

Brightness temperature distribution with respect to radial separation from the core at all
observing frequencies.

S
Ty =122 x 1012 (1 + 2) ]
14

5 (K), (4.14)

obs

where S is the flux density of the component in Jy, 0.1 is the size of the emitting region in
mas, v is the observing frequency in GHz, and the factor (1 + z) corrects the cosmological
effects on the observed brightness temperature. Owing to the high compactness of the
cores, usually these features in VLBI images are unresolved. In the cases of unresolved
components (where 6 < i), the uncertainty on T} is estimated considering 6 = 0y,;, and
the T}, value is considered as a lower limit. In the left panel of Fig. 4.13, the time evolution
of Ty for the core region knots C1 and C2 is presented. Both features exhibit high Tj,
ranging from 10'! to 102 K. All the observations were performed during the evolution of a
prominent radio flare. Figure 4.13 shows an increasing trend of the brightness temperature
for components C1 and C2 with time. Typically, T for C1 is higher than C2; thus, we
consider C1 to be the VLBI core. All the results are presented in Table B.1, Appendix B.

Assuming equipartition between the energy of the radiating jet particles and the energy of
the magnetic field, the brightness temperature is characterized by the so-called equipartition
limit of 5 x 10'° K (Readhead 1994). Nevertheless, often in extragalactic radio sources,
brightness temperature values are measured to be close to 102 K. This value designates an
upper limit, beyond which rapid inverse Compton cooling of the sources takes place by the
upscattering of synchrotron photons. This process, known as inverse Compton catastrophe
(Kellermann & Pauliny-Toth 1969), causes rapid electron energy losses. Readhead (1994)
postulated a stricter upper limit of the order of 10145,

The intrinsic brightness temperature T;,; is related observed one as T, = T, /6. Based on
the lower limits obtained for C1 and C2, and assuming the Doppler factor from the analysis
in Sec. 4.4.1, deq,c1 = 2.9 and deq,c2 = 2, respectively, we obtain an intrinsic brightness
temperatures ranging between 101! — 1012 K for C1 and 10'° — 10! K for C2. These results
suggest that both components are not in equipartition, as it may be expected during a
flaring event.

In the right panel of Fig. 4.13, the radial distribution of the observed brightness tem-
peratures along the OJ 287 jet is displayed. The overall T; distribution shows a steady
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FIGURE 4.14: Comparison of the linearly polarized emission, total intensity and polariza-

tion angle x in the core region at 86, 43 and 22 GHz. All the images are super-resolved

with a circular beam of 0.1 mas. The contour levels are 0.5, 1, 2, 4, 8, 16, 32, and 64%
Jy/beam of the peak flux density (see Table 4.1).

decreasing trend. The core region is characterized by high Tj values, ranging between
10M K - 102 K. After the radial distance of 0.1 mas and down to 1.3 mas, the brightness
temperature declines constantly from 10'° to 10%. Typically, a blob of relativistic plasma,
which is detected on a VLBI map as a bright jet component, loses a substantial amount
of energy through synchrotron radiation and adiabatic expansion, as it propagates down-
stream of the jet. Those losses translate to a dimming of the knot and increasing size.
These factors lead to a rapid decrease in brightness temperature along the jet.

4.4.3 Rotation Measure Analysis
4.4.3.1 Magnetic Field Topology of the Core Region

In Fig. 4.14 the linear polarization distribution in the core region of OJ 287 at 22, 43 and
86 GHz is presented. All images are super-resolved in order to examine the fine polarization
structure and the polarization angle y. Deliberately we omit to include 15 GHz data, as
the convolving beam at this frequency is too large to reliably compare the super-resolved
polarization image with the higher frequency images. The linearly polarized emission in the
core region is significant at all images, with the 86 GHz image to exhibit the highest polar-
ization level and the 22 GHz space VLBI image the lowest. The linearly polarized emission
peaks coincide with the peak of the total intensity at all frequencies. The orientation of
EVPASs reveals that x is not well aligned with the inner jet direction up to the distance of
P1 (or C1 in total intensity models, see Sect. 4.3.2). The Faraday rotation analysis also
indicates a RM gradient along the same direction of the jet swing.

At 22 GHz the core region consists of 2 polarized sub-components, namely P1 and P2. At
higher frequencies (43 and 86 GHz), the core region appears only marginally resolved in
polarized light. The dominant EVPA orientation is North-South, while the EVPA of the
outer jet components is East-West. This change of orientation of the EVPAs with the
observed jet flow suggests that the overall magnetic field topology (which is perpendicular
to the EVPA) is toroidal, indicating the presence of a helical magnetic pinch.

We report the existence of polarized sub-components at the two opposite edges at the
22 GHz image. According to Gabuzda et al. (2014), this polarization structure could be
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FIGURE 4.15: Rotation measure image, based on the combination of the 22, 43, and
86 GHz images.

resulted by a helical magnetic field. In such magnetic field configuration, the pitch angle
of the helical magnetic field in combination with the viewing angle of the jet and the sky
projection of the field, can appear transverse to the jet near the jet axis and longitudinal
near the jet edges. This scenario is in agreement with the findings of Myserlis et al. (2018),
which reports the existence of such a helical magnetic field along the OJ 287 jet.

Nowadays, more and more studies show that AGN relativistic outflows usually are not ho-
mogeneous, but it consists of multiple plasma layers with different physical characteristics.
Several radio galaxies, like M 87 (Kim et al. 2018), Cygnus A (Boccardi et al. 2016) and 3C
84 (Giovannini et al. 2018; Kim et al. 2019) showed such a stratified structure, composed
by a fast spine, surrounded by a slower and coaxial plasma sheath. Several cases of blazars
have also reported showing limb brightening, an observational signature in total intensity
images of such jet structure, like the blazar TXS 05064056 (Ros et al. 2020), the blazar
Mrk 501 (Koyama et al. 2016), the blazar PG 1553+113 (Lico et al. 2020) or the case of
PKS 1510-089 (MacDonald et al. 2015). The polarized structure that OJ 287 shows at
scales of 0.1 pc projected distance, can also be associated with a longitudinal magnetic field
component of a sheath layer of a stratified jet.

4.4.3.2 Rotation Measure from a Pixel-based Method

To study the intrinsic magnetic field orientation of OJ 287 we will first estimate the electric
vector rotation introduced by the Faraday rotation effect (see 1.3.1.2). As introduced in Eq.
1.17 and 1.18, the intrinsic polarization vector, xg, rotates when the polarized radiation is
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passing through the magnetized plasma. Here, in order to estimate the RM gradient along
the jet, we combine the VLBI images at 22, 43 and 86 GHz.

First, we aligned the three images by applying an image alignment method, based on a
cross-correlation analysis of the total intensity images (Walker et al. 2000; Croke & Gabuzda
2008; Hovatta et al. 2012). From this analysis, we exclude the 15 GHz data, since the most
prominent polarized features are located at a small radial distance from the core, in a region
that the 15 GHz beam cannot resolve. All images were deconvolved with the same beam
size of 0.2 x 0.1 mas and with the same image dimensions and pixel size. The final RM image
was obtained as described in Gémez et al. (2016), by performing a A2 fit to the wavelength
dependence of the EVPAs at each pixel, discarding the pixels with a poor fit based on the
x? criterion. An IDL routine performed the task, that estimated the minimum RM value for
each pixel, taking into account the nm ambiguity problem. Specifically, a rotation measure
value or image, is usually derived by fitting the quadratic wavelength dependence of the
measured polarisation EVPAs. Since the EVPA is computed up to ambiguity of nw, where
n stands for an integer number of vector rotations, there is a possibility of the appearance
of misleading jumps, resulting from a false RM value. In Fig. 4.15, the pixel-based RM
image of the source is presented.

By inspecting the RM distribution, we note that the RM could only be measured in the
core region. A mild gradient in RM is observed in the longitudinal direction to the core
centroid, ranging from -1100 rad/m? to -30rad/m?2. The largest RM values, of the order of
-1100rad/m?, are found in the area southeast of the core. In contrast, smaller values are
obtained as the position angle increases towards the northwest direction,reaching values
of ~ -30rad/m?2. Nevertheless, depolarization beam effects can severely complicate the
interpretation of the RM gradients, as is shown by simulations (Broderick & McKinney
2010). It is commonly accepted that RM gradients within one beam width from the optically
thick core are generally not significant. The variation of the EVPA as a function of frequency
along the jet could be misinterpreted as a rotation measure, if the jet shows an opacity
gradient (as suggested by Fig. 4.11 and 4.12). Also, we would like to mention that the
core consists of sub-components, as can be seen in the high-resolution 22 GHz image (see
Fig 4.6). Thus, blending effects could lead to an erroneous determination, and the real
rotation may still be different. Therefore, we need higher resolution images of good fidelity
to distinguish which scenario is valid.

Polarized light can exhibit Faraday rotation when it passes through the turbulent plasma
flow inside the jet. However, significant RM can also be introduced by the intergalactic and
Galactic medium, as they act as foreground Faraday screens. Thus, before we continue with
the polarization analysis, their contribution must be removed. The intergalactic medium
has embedded magnetic fields, strong enough for causing Faraday rotation (e.g. Akahori &
Ryu 2011; Bernet et al. 2012). The origin of these fields and their distribution is not yet
well understood. Therefore, we cannot reliably estimate their contribution to polarization
observations. Galactic magnetic field contribution, on the other hand, has been studied
extensively to construct a complete picture of RM resulting from plasma in our Galaxy. In
this work we will employ the external RM value for OJ 287, as estimated by Taylor et al.
(2009), to be ey = (8.3 +0.02) % and RMey; = 31.3 & 0.5 rad/m?.
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FIGURE 4.16: Electric vector position angle vs A\2. The rotation measure corresponds to
the gradient of the plotted lines. Left: Data from this work. Right: Rotation measure of
the VLBI core between 4-15 GHz during 2006.32 (Hovatta et al. 2012).

4.4.3.3 Rotation Measure Between 10.45-235 GHz

Besides the RM estimation based purely on VLBI images, an independent method for
such estimation is to employ a large enough number of polarization-sensitive single-dish
measurements at different frequencies. The RM is determined using a linear regression
analysis via plotting the EVPA versus A? (see Fig. 4.16). For the case of OJ 287, we
combined measurements at 235 GHz by POLAMI, 10.45, and 8.35 GHz from the F-Gamma
project, combined with core measurements from the VLBI images, during the period March-
May 2014. For this, we compute the spatially integrated EVPAs of the VLBI core region
at 15, 43 and 86 GHz to be Xx15.core = —17.3 £2.4°, X43,core = —19.0 £1.1°, and X6 core =
—20.0 £ 1.2°. We resolve the n7 ambiguity following the work of Hovatta et al. (2012),
which resulted in a rotation of —m for the 1 mm data. The obtained plot is shown in the
left panel of Fig. 4.15. We report low RM value of — (439.4 & 111.3) rad/m?, which is
comparable to the values found in the pixel-based analysis. By applying the correction for
the external RM introduced by the intragalactic magnetic fields, the final rotation measure
value is — (408.1 + 111.3) rad/m?. The results of this work are in good agreement with an
independent core RM estimation based on simultaneous VLBI observations at 4-15 GHz,
during 2006.32 (right panel of Fig. 4.15, Hovatta et al. 2012).

4.4.3.4 Plasma Electron Density

The rotation measure can be expressed using the magnetic field and the electron density in

RM telescope n BH dl
——— =81x10° - — — 4.1
rad/m? 8110 /s (cm—3) < G ) (pc) (4.15)

ource

where n, is the number density of the thermal electrons between the source of the syn-
chrotron radiation and the telescope, B, is the line-of-sight component of the magnetic
field, and dl is the path length through the plasma from the source towards the observer. If
we assume that the jet is uniform, the B is an average magnetic field strength, the RM is the
same for all components and equal to 408.1 + 11.3rad/m?, and consider the mean angular
size of each component 6, (see Table B.1), converted into path length of the synchrotron
radiation through the jet, we can express Eq. 4.15 as
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n RM B\t /0,\ !
c ~12x1076( — m . 4.1
cm 3 x 10 <rad/m2> <G) (pc) (4.16)

The results for components C1 and C2, considering B = 0.2 G reveal a not very dense
electron population in the innermost jet. Specifically, for the knot C1 is estimated that the
electron density is 0.03+£0.01 particles/cm ™3, and for component C2 drops to 0.015 =+ 0.004
particles/cm 3.

4.4.4 The Nature of the Core Features of OJ 287

The VLBI core is defined as the most compact and brightest feature located at the upstream
end of the approaching flow (often showing the highest brightness temperature (Pushkarev
et al. 2012). Another characteristic of the VLBI core is that it exhibits a flat to inverted
spectrum. It has been postulated that the radio core of a blazar often is associated with
a standing recollimation shock (resulting from pressure imbalance between the jet and
the surrounding) several parsecs downstream of the central supermassive black hole of the
system or the unity opacity surface (e.g. Marscher et al. 2008; Cawthorne et al. 2013). In this
thesis, we showed that knots C1 and C2 exhibit similar properties, with the characteristics
of C1 to indicate that this is the core feature (that could be the 7 = 1 surface or just
another recollimation shock). We also note that C1 is more variable than C2 and has
higher brightness temperature. The space-VLBI image of OJ 287 at the extreme resolution
of 10 pas (see Fig. 4.6) reveals that the inner region exhibits a higher complexity in the jet
structure.

The nature of C2 is a matter of debate, as this feature is detected for the first time in
this work, so we cannot eliminate the possibility that it is a shock, propagating along the
jet, which was ejected in near past. However, the flat radio spectrum, the high brightness
temperature and the similar magnetic field strength with knot C1, suggest that this feature
can be a recollimation shock. In this case, one possible scenario of the origin of C2, is
that it could be related to a change in the jet direction. For instance, Hodgson et al.
(2017) and Agudo et al. (2010, 2012) report for the feature J6 (designated it as C1 and S
respectively) to exhibit higher flux density than the core feature since the present study.
The appearance of knot J6 is reported in 2004 by Agudo et al. (2012), accompanied by a
change in the projected direction of the innermost jet by almost 90°.

4.5 Conclusions

In this thesis, we present a complete picture of the radio morphology of the blazar OJ
287 during April-May 2014. We were able to constrain the spectral index evolution and
the magnetic field strength and topology along the jet. To achieve this goal, we employed
state-of-art VLBI observations from 15 GHz up to 86 GHz, along with space-VLBI data.
The results of this analysis can be summarized as follows:

e The VLBI imaging at 15, 43 and 86 GHz in combination with space-VLBI image at
22 GHz revealed that OJ 287 jet structure is characterized by a relativistic jet, which
bends from North-South to East-West direction. In this thesis, we present for the



Probing the peculiar jet kinematics in the blazar 3C 454.3 97

first time the source morphology at an extreme angular resolution of 10 pas (0.04 pc
projected distance).

e From the 2D Gaussian modeling of the flux density distribution of OJ 287, we report
the detection of a new feature, labeled as C2.

e The spectral decomposition from quasi-simultaneous VLBI observations allowed us
to estimate the magnetic field strength of the core components to be of the order of
~ 0.2G.

e The linear polarization analysis of the source showed that the jet is polarized, with
the most of polarized components located near its origin.

e The polarization structure of the jet at 22 GHz showed beside the main core polar-
ization structure, sub-components at the opposite edges of the jet. This polarization
structure could result from a helical magnetic field in the jet, which is in agreement
with the findings of Myserlis et al. (2018). Thus, from our analysis we confirm the
existence of a helical magnetic field in the inner jet region on scales of 0.1 pc projected
distance.

e A rotation measure analysis was also performed and revealed a marginal value of the
order of RM ~ -400 rad/m?. Moreover, we report that the magnetic field orientation
in the core region is perpendicular to the jet, an indication of a poloidal magnetic
field geometry.

e We suggest that the nature of the secondary core feature, C2, based on its spec-
trum, magnetic field strength, and brightness temperature, can be interpreted as a
recollimation shock.



Chapter 5

Probing the Peculiar Jet
Kinematics in the Blazar 3C 454.3

5.1 Introduction

The compact radio source 3C 454.3 is a well-known FSRQ (Lynds 1967), located at z=
0.859 (Jackson & Browne 1991) in the Pegasus constellation. The mass of the SMBH that
resides in its center is estimated to be within a the range of 0.5 — 1.5 x 10° My, (Woo & Urry
2002; Liu et al. 2006; Sbarrato et al. 2012), whereas it shows extreme variability across the

electromagnetic spectrum. For this, it is also knows as “crazy diamond” (Vercellone et al.
2009).

In late 2009, and during 2010, a series of
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mann et al. 2010; Vercellone et al. 2011; oformtn® 00 Hws el T kele]
Coogan et al. 2016), with the last one be- “ . | L ]
ing the brightest v ray flare ever observed in 0 v ““W . —
the sky (F=8.5+0.5 x 10~° photons cm ™2 TZ £ 0310 Kev i ' E
s~!, Abdo et al. 2011). Time series analysis o ;\"‘;‘_B. 4}\’. E
of high energy and broadband radio obser- 0b ’ ; b Y sy
vations revealed that the vy-ray variability = 15 Feam ] :
was also echoed in radio frequencies, and %0;: Y U R L . _:
in other bands as well (e.g., Jorstad et al. o S NN S -
2010). In Fig. 5.1 we illustrate the flar- == S i‘ k
ing activity of the source from + to radio 5wl E
regime. Based on monthly VLBI monitor- 58i "‘T‘N ™, ‘\MT-“"“" B -
ing of the source at 43 GHz, Jorstad et al. 5% " 77" R 'ﬁ’g. :
(2013) reported that these outbursts are as- 120 ff,":‘rf""x‘ oy e “'-..N_ ]
sociated with the appearance and the prop- Clemae™ L venI

5000 5200 5400 5800 5800

agation of two superluminal knots, labeled ID-2450000

as K09 and K10. The viewing angle of those FI1GURE 5.1: The remarkable, multi wavelength

features .iS mea81.1red to be very well aligned activity of 3C 454.3 during the period 2009-2011.
to our line of sight, with 1.35° and 0.4°, Plot credits: Jorstad et al. (2013).

respectively. The authors suggest that the

98



Probing the peculiar jet kinematics in the blazar 3C 454.3 99

Observer |
Cleon 1 mop. Array: BFHKLMNOPS {
22514158 at 15.365 GHz 2008 Jun 25

‘ B outer jet comlp.

Curved Jet \

(m

=

Y

Relative Declination

Blob Trajectory -

ey SN A
i

SMBH

. Accretion Disk

FicURE 5.2: Left: The arc-like structure, detected in the jet of 3C 454.3. Middle: A

cartoon of a physical model that explains such arc-like structures. Right: Conceptual

illustration of a possible jet geometry that can cause the observed quasi-periodic oscillating

activity in 3C 454.3. Image credits: Britzen et al. (2013), Zamaninasab et al. (2013), and
Sarkar et al. (2020) respectively.

(Stacked)

knots were ejected along different position angles with respect to the average jet axis,
implying the possibility of a precessing jet nozzle.

Britzen et al. (2013) reported another remarkable behaviour of 3C 454.3. The kinematic
analysis during the period 1995.57 to 2005.76, at 15 and 43 GHz, revealed the formation of
an arc-like structure at a radial distance of ~2mas, which can be seen in the left panel of
Fig. 5.2. This peculiar arc of VLBI components appeared to move with an apparent speed
of ~9 ¢ for more than 14 years. A possible physical interpretation for the formation of this
structure is suggested to be the ejection of an arc-shaped feature, which propagates along
the jet. An alternative interpretation of this structure is jet precession, in which the jet axis
points in different directions with time. In this model, the arc is the result of projection
effects and relativistic amplification. A third possible scenario is the existence of a helical
jet/magnetic field that is illuminated by a propagating shock, revealing extended and faint
regions of the jet. Zamaninasab et al. (2013), based on multifrequency polarimetric VLBI
imaging of the outflow postulated that an ordered helical magnetic field dominates the
parsec-scale jet of 3C 454.3. Magnetohydrodynamic simulations showed that the observed
jet structure could result from large-scale poloidal magnetic fields at the jet base that
evolve into a helical magnetic field further downstream. Based on these results, the authors
suggest that the arc-like structure started as “a sudden injection of energy” at the jet
apex. This disturbance moved downstream on the jet, illuminating the faint outer regions
(middle panel of Fig. 5.2). Other alternative scenarios, such as jet nozzle precession with a
period of ~14.5 yr was suggested by Qian et al. (2014). The driving force in such a system,
according to the authors, is a spinning SMBH in the center of the AGN, surrounded an
accretion disk. The jet precession in this model is caused by frame-dragging (Lense-Thirring
effect). Many studies also examined the scenario of a binary black hole system, which its
orbital motion causes the jet precession (Gu et al. 2001; Vol’Vach et al. 2008; Li et al.
2015). These scenarios, however, are affected by severe limitations, as they described by
many parameters and lying on many assumptions (Zamaninasab et al. 2013; Qian et al.
2014). Recently, Sarkar et al. (2020) reported the detection of quasi-periodic oscillation in
the v-ray and optical flux variability of 3C 454.3. Among the different physical models that
they tested, the most plausible interpretation of this quasi-periodicity is to be caused by
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the motion of a jet component along a helical path in a curved jet (see the right panel of
Fig. 5.2).

Next to the large scale morphology and the extreme flux variability, one of the most in-
teresting features of this jet is a quasi-stationary component at ~0.6 mas radial separation
from the core. The first report of the existence of this knot came by Pauliny-Toth et al.
(1987), who presented results of an extensive monitoring program of 3C 454.3, covering
about five years of observations at 10.7 GHz. In addition to moving features, the authors
report the presence of a pair of quasi-stationary components, one situated at 0.6 mas core
separation, and a second one at 1mas. Gdémez et al. (1999) few years later, attempted
to investigate the nature of this component by suggesting that it is either the result of a
jet bending towards our line-of-sight or a recollimation shock. Later studies confirmed this
feature and described its interaction with moving disturbances in the jet (e.g., Jorstad et al.
2001, 2005). To date, the real physical nature of this knot is still an active area of research.

In this work, we present a five-year structural and kinematic analysis of the source at
86 GHz, during the observing interval 2013-2017. Supplementary to the high-resolution
images, high cadence 43 GHz VLBI images were also studied. The combination of this data
enabled us to construct a detailed description of the morphological evolution, variability
properties, and intrinsic parameters of the radio jet, during a stage of lower activity (see Fig.
5.3). For our calculations, we adopt the following cosmological parameters: Qy = 0.27,
Q= 0.73, Hp = 71km s~ Mpc~! (similar to those used by Lister et al. 2016, and references
therein), which result in a luminosity distance Dy = 5.489 Gpc and a linear-to-angular size
conversion of 7.7 pc/mas for a redshift of z=0.859.
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5.2 Observations and Data Reduction

5.2.1 VLBI Observations

The VLBI data set we used for this work is comprised of observations at 43, and 86 GHz.
In total, 44 images were made to study the jet kinematics of 3C 454.3 during the period
2013-2017. The 86 GHz observations were obtained with the GMVA (see Sec. 2.1.4.1),
as a complementary part of the “Millimeter-wave Imaging of the Gamma-Ray Emitting
Regions of Blazar Jets” monitoring program at 43 GHz !. The VLBA 43 GHz data are
publicly available from the archive of the VLBA-BU-Blazar program, which includes regular
monthly observations of 24 radio bright AGN. We re-analyzed 36 epochs that cover a period
from 2013 to 2017, and which were observed during the time range covered by the 86 GHz
data. A summary of the individual VLBI observations is presented in Table 5.1.

5.2.1.1 VLBI Data Calibration and Imaging

The data reduction (total intensity and polarization calibration), the imaging and the
modelfiting was performed in the same manner as described in Sec. 2.2, 3.2, 4.2 and 4.2.3.
The a-priori calibration of the 43 GHz data was carried out by the BU team (Jorstad et al.
2005), whereas the imaging and the Gaussian modeling of the source was performed by
me. The resulting images are shown in Fig. 5.4 and Fig. 5.5, while the parameters of the
Gaussian components are reported in Tables C.1 and C.2 in Appendix C.

5.3 Data Analysis and Results

5.3.1 Source Structure and Jet Kinematics

Our imaging at 43, and 86 GHz shows that 3C 454.3 exhibits a very complex structure.
In all images, the compact regions in the inner jet, as well as faint structures of the jet
are visible (see Fig. 5.4 and Fig. 5.5). The most prominent features of the jet are the
core and a group of knots, located at 0.6 mas radial distance, along the eastern-western
direction. During the observing interval 2013-2017, the knots sometimes appear brighter
than the core feature. We determined the kinematics of the individual jet knots in a
similar manner, described in Chapters 3 and 4, by using the parameters of the Gaussian
components derived from the model fits of each data set. The component cross-identification
between the observing epochs (and frequencies) was done by comparing their positions, flux
densities, and sizes. The identified features are labeled in order of decreasing distance from
the core. The angular proper motion p of the components was computed through linear
fits of their radial core separation as a function of time. Lastly, the apparent speed, Bapp,
was computed by following Eq. 3.1.

43 GHz: Figure 5.4 presents the 43 GHz contour images with super-imposed circular Gaus-
sian model-fit components. At this frequency, the source is well modeled by a core com-
ponent (labeled as Core), which is present in all images, and a number of moving and
stationary features. In Fig. 5.6 we plot the core separation of the jet features. In the

"https://www.bu.edu/blazars/vlbidmm /index.html
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TABLE 5.1: VLBI Observational Parameters. Columns from left to right: (1) Observing
frequency, (2) Observing year, (3) Participating antennas, (4) Major axis of the convolving
beam, (5) Minor axis of the convolving beam, (6) Position angle, (7) Image peak flux
density, (8) Noise level, (9) Image total flux density. The sub-script to the VLBA indicates
the number of antennas that participated. @ : Fort Davis not participate. ® : North Liberty
not participate. ¢ : Ovro not participate. ¢ : Hancock not participate. ¢ : Los Alamos not
participate. f : Mauna Kea not participate. 9 : Hancock and Saint Croix have not 3mm

receivers.
Frequency Epoch Array Elements bimaj Dmin PA  Speax rms Stotal
(GHz) (yyyy-mm-dd) (mas) (mas) (deg) (Jy) (mJy/beam) (Jy/beam)
43 2013.56 VLBA§ 0.32 0.15 -4.2 4.84 0.58 6.36
43 2013.65 VLBAj 036 0.14 -9.2 531 0.73 6.47
43 2013.87 VLBA§j 036 0.14 -442 833 0.73 9.90
43 2014.15 VLBA§ 0.35 0.14 -6.07 9.95 0.84 12.07
43 2014.37 VLBAB 0.32 0.13 -6.07 12.71 0.76 18.03
43 2014.47 VLBAg 0.32 0.14 -1.51 21.1 0.69 32.04
43 2014.57 VLBAg 0.32 0.13 -4.08 8.30 0.96 15.01
43 2014.72 VLBA{ 037 013 -4.12 7.84 0.78 15.90
43 2014.99 VLBA1g 0.35 0.13 -6.95 4.64 0.23 13.54
43 2015.12 VLBA1g 0.57 0.18 24.6 6.76 0.59 14.11
43 2015.28 VLBA{g 0.41 0.18 13.1 7.46 0.99 16.18
43 2015.36 VLBAq 0.37 0.17 10.3 7.89 1.12 15.81
43 2015.44 VLBAg 033 0.14 -6.81 8.32 0.61 17.45
43 2015.58 VLBAg 036 0.14 -11.5 8.36 0.35 17.08
43 2015.73 VLBA{g 034 0.14 -8.67 8.07 0.70 16.57
43 2015.92 VLBA1g 0.39 0.15 -11.7 6.56 0.61 14.70
43 2016.08 VLBA1g 0.32 0.13 -6.26 5.71 0.42 14.24
43 2016.31 VLBA{g 0.31 0.13 -4.12 5.68 0.86 15.46
43 2016.44 VLBA g 0.35 0.14 -3.87 5.11 0.69 14.05
43 2016.51 VLBAg 0.35 0.14 -7.77 5.65 0.48 14.52
43 2016.68 VLBA{g 046 0.15 -19.6 6.87 0.86 18.54
43 2016.80 VLBAg 0.35 0.15 -4.33 4.05 0.89 13.90
43 2016.90 VLBA1g 0.33 0.14 -5.02 4.62 0.73 12.47
43 2016.97 VLBAg 0.37 0.13 -9.31 5.72 0.86 16.13
43 2017.09 VLBAg 0.38 0.14 -741 10.71 0.70 19.67
43 2017.29 VLBA g 0.34 0.14 -6.39 7.02 0.41 13.17
43 2017.37 VLBAg 0.32 0.13  -5.25 10.91 0.95 21.32
43 2017.60 VLBA{g 0.32 0.12 -9.48 6.98 0.45 15.57
86 2013.74 VLBAF+YS+PV+EB+ON 028  0.05 -11.8 4.36 0.64 5.50
86 2014.40 VLBA$g+EB+ON+PB 0.27 0.04 -455 4.28 0.79 11.72
86 2014.73 VLBA§{+PV+EB+PB+GB 028 0.05 -9.65 4.72 0.98 14.81
86 2015.38 VLBA?g+EB+ON+PB 0.28 0.05 -9.65 1.86 0.58 7.17
86 2015.73 VLBA?g+EB+ON+GB+KVN 0.28 0.07 -11.7 5.75 0.95 15.2
86 2016.39 VLBA§+EB 0.23 0.06 -10.9 2.70 0.70 9.70
86 2016.74 VLBAf7g+EB+ON+KVN+GB 0.21 0.05 -7.7 3.67 0.97 8.38
86 2017.25 VLBA§+EB+ON+PV+GB 0.28 0.05 -7.95 3.67 0.17 8.86

following, we describe the source kinematics in detail. At the beginning of the observed
sample time range, the source was characterized at 43 GHz by the core feature and the knots
J1 and J2, moving with an apparent speed of Bappj1 = 12.6 & 3.7 and Bappj2 = 6.1 £0.9
respectively.

In early 2014, a new component emerged from the VLBI core, labeled as J3. This new
feature shows a remarkable brightness enhancement during its propagation downstream of
the jet. During the same period, the core feature appears to flare (see lower right panel of
Fig. 5.6). The motion of J3 is characterized by an apparent speed of Sappj3 = 21.5 £0.5.
Gradually, in September 2014, the feature J3 becomes brighter than the core, and besides an
intermediate flux-density drop early 2015, it continues to be the brightest feature until late
2016. In December 2014, another new component appeared, designated as J4. This feature
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seems to follow a similar path as knot J3, with an apparent speed of Bappja = 24.6+£4.7. The
knot J4 appears to be considerably fainter than J3. The trajectory of J3 and J4 appears
to deviate significantly from the path of knots J1 and J2, with the latter to propagating
along a position angle of ~ -100°, whereas the newer knots at ~ -65°. The position angles
of the components paths are shown in Fig. 5.7.

A few months later, in May 2015, we report the ejection of yet another feature from the
VLBI core. The speed of J5 is measured to be Bappi5 = 19.2 £ 1.4. The position angle to
its trajectory is ~ -87°, different than the two previously detected trajectories. Prior to
the appearance of J5, the core component showed a moderate flux-density enhancement.
During the period June-August 2015, the knot J4 appears to exhibit a dramatic altering of
its position, by moving upwards of J3. Feature J3 on the other hand, appears to reach the
0.6 mas radial distance from the core (labeled as Region S) since April 2015, and stops there
until the ending of our observing interval. Furthermore, a new feature becomes visible in
this region, which is labeled as Al. The nature of this knot differs from the propagating
disturbances that we discussed until now, as it appears further downstream of the core and
shows negligible motion. In December 2015 we detected for the first time feature J6. This
jet disturbance appears to propagate with an apparent speed of Bappj6 = 26.1 &= 42. The
observation of J6 in only two epochs limits the accuracy of its speed determination.

Until April 2016, J6 has been blended with J4 and could not be detected afterward. In
the same epoch, J7 has emerged from the core. Its ejection position angle is similar to
the knots J3 and J4. In July 2016, the new feature J8 can be modeled at a distance of
0.15mas from the core and afterward is propagating downstream of the jet with a speed
of Bappis = 15.4 £ 5.1. Before its appearance, the core feature increased its flux density,
which dropped at the time of our 43 GHz observation. Knot J7 in this image is blended
with component J4. In November 2016 we detected knot J9. Similarly, with components
J5 and J8, the core exhibits again an increased flux density stage, which declines at the
time of the detection of the knot. The apparent speed of J9 is Bappjg = 14.5 5.1, whereas
its trajectory follows a similar orientation as the trajectory of J5.

Since February 2017, knot J4 cannot be modeled anymore. From our 43 GHz kinematic
analysis, we infer that J6 is the fastest component of the jet, moving with an apparent
speed of Bappis = 26.1 =42, whereas J3 is the second reliably fastest knot with an apparent
speed of Bappyz = 21.6 £0.5. We note that for all components, we perform a linear fit to
describe the motion of the knots.

86 GHz: Figure 5.5 shows the model-fit images of the source at the high resolution that
86 GHz VLBI observations can offer. The jet structure can be modeled by a compact core
that is continuously present. Besides this feature, we report the detection of one new feature
in every GMVA image. This suggests that the time sampling of the GMVA observations
is not sufficient to trace the rapid structural variability seen in 3C 454.3. The overall
morphology of the relativistic outflow is described by a straight jet up to ~0.25 mas and
afterward shows a gentle bending to the northwest direction until the region S.

In September 2013, the source appeared very compact and only the brightest parts of the
jet can be seen. Besides the core, knot J2 is visible too. The component J3 dominates
the source during the May 2014 GMVA epoch, with its flux density exceeding the core
flux density by 117%. Its trajectory follows a northwest direction in the jet. Half a year
later, knot J4 is resolved, whereas J3 propagates downstream of the jet. We point out that
along all the GMVA images, the flux density of the core, J3 and J4 show a very similar
variability pattern (see lower left panel of Fig. 5.6). In May 2015, J5 appeared to emerge
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FIGURE 5.6: Upper panel: Plot of the radial core separation of the idendified jet com-
ponents in 3C 454.3. Lower panels: Flux density evolution of the VLBI components at
43 GHz (left) and 86 GHz (right).

from the core, to a northwestern direction, significantly different than the direction of J3
and J4. Six months later, in September 2014, the bright region S can be decomposed into
a blend of 3 individual components, namely J3, J4, and Al. Also, we witness knot J6 to be
just detached from the core and moving with an apparent speed of Bappj6 = 19.6 £2.8. In
the next two epochs, knots J7, J8 and J9 appeared, whereas in April 2017, a new feature,
designated as J10, is ejected in the same direction as J3.

In summary, the source 3C 454.3 shows a complex jet and remarkable structural variability
during the period 2013-2017. We report the detection of 7 new jet components. The most
prominent component among them is J3, which appears to be often brighter than the core,
both at 43 GHz and 86 GHz. The moving knots J3 and J4 seem to become stationary, when
they reach region S. The ejection times for several jet components could be estimated and is
reported in Table 5.2. The component separation and flux density variability as a function
of time are presented in Fig. 5.6. The physical interpretation of the wide range of apparent
speeds and on the implications for the intrinsic jet parameters (e.g., Doppler factor and
viewing angle) will be discussed in Sect. 5.4.1.
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FI1GURE 5.7: Position angle evolution of all model-fit components versus time. The new
knots were ejected along different position angles, with respect to the average jet axis
(dashed line).

5.4 Discussion

5.4.1 Intrinsic Jet Parameters

The observed apparent speeds in 3C 454.3, as we discussed in Sec. 5.3.1, range from 8-
26 c. These measurements are in agreement between 43 & 86 GHz. In some cases, however,
sparse data at 86 GHz leads to a less accurate determination of S,p,. The physical cause
of such speed diversity is uncertain.

A first hypothesis that can explain such variations of the apparent speed is to be geometry-
dependent. In such a case, B.pp can appear to vary as a function of the line-of-sight
orientation. Indeed, Fig. 5.4 indicates that the lower speed values correspond to compo-
nents J1 and J2, where the highest apparent speed values are registered for knots that
are propagated upstream of this region. This observable indicates that the jet until region
S exhibits a smaller viewing angle. After this region, the jet alters its direction to point
slightly away from the line of sight. We also note that in blazar-type objects, owing to the
small viewing angle of the overall jet funnel, even small directional changes of the plasma
flow are significantly amplified in the observer’s frame (see Sec. 1.6). Jorstad et al. (2005)
reported beyond region S, trajectories of moving components separate into two different
groups. One in the northwestern part of the jet and the other towards the southwestern
jet direction. The position angle difference between those two projected trajectories was
estimated to be ~70°. The suggested interpretation of this diversity by the authors is that
the direction of the jet near the location of 0.5-0.6 mas lying very close to the line of sight,
thereby producing substantial differences in projected trajectories of moving components
beyond this region, even if the intrinsic trajectories are similar (see Sec. 5.4.3).
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TABLE 5.3: Cross-identification of jet features between this work and previous studies.

Knot
This work A1 Jg8  J2 1
Jorstad et al. (2017) C K16 B10 BI11
Gomez et al. (1999) St - - -
Cawthorne & Gabuzda (1996) K7 - - -
Pauliny-Toth et al. (1987) 2 - - -

Another explanation is that the Lorentz factor is not constant along the jet, but varies as
a function of core separation. In this case, the terminal Lorentz factor is reached on the
scales probed by cm-VLBI, where the faster apparent speeds are measured.

Ultimately, it is likely that both geometrical effects and intrinsic variations of the bulk
speed cause the observation of this wide range of apparent speeds in 3C 454.3. Based on
this premise and the results of the kinematic analysis, we estimate in the following some of
the intrinsic jet parameters, in a similar manner as in Chapter 3. We also note that speed
values are comparable between 43 and 86 GHz, which argues against frequency-dependent
jet stratification. Our findings are presented in Table 5.2.

As a final remark, we report that the newly detected features are ejected along different
position angles (see Fig. 5.7). This finding points towards more complicated ejection sce-
narios, for instance, jet precession (nozzle and/or accretion disk), or rotating jet instabilities

(e.g., Agudo 2009).

TABLE 5.2: Kinematic parameters of the identified jet components at 43, and 86 GHz.
Columns from left to right: (1) Component ID, (2) Observing frequency, (3) Number of
data points, (4) Proper motion, (5) Apparent speed, (6) Doppler factor, (7) Viewing angle,
(8) Ejection time. For components J9 at 86 GHz and J6 at 43 GHz the estimation of the
ejection time was obtained based on their appearance time in the VLBI images.

Knot Freq. N 7 Bapp ) 0 Ejection time
(GHz) (mas/year) (c) (°) (Years)
39 43 4 031+011 145 +£5.1 14.5 £ 5.1 394+ 14 2016.55 £ 0.13
86 2 0214+021 98+93 9.9 + 9.3 5.8 £5.8 >2016
I8 43 7 046 £ 0.07 214451 214 £ 5.1 27+ 1.2 2016.26 + 0.1
86 3 031+0.05 1454+ 23 14.5 £ 2.3 39+06 2016.01 £ 0.13
76 43 2 056 +£0.91 26.1 £42.0 26.2+41.9 22435 >2015
86 3 0424+ 0.06 19.6 £ 2.8 19.6 £ 2.8 29+04 2015.49+ 0.09
J5 43 3 041 4+003 191 4+14 192+14 3.0£0.1 2015.13 4+ 0.15
J4 43 14 0.52+011 24.7+47 247+47 236+ 045 2014.72 £ 0.07
86 4 0524+005 243+23 243423 24 +0.2 2014.73 + 0.08
13 43 19 046 £0.01 21.5+£0.5 21.5£0.5 2.7+ 0.1 2014.48 4+ 0.09
86 7 0414003 1914+14 192+14 3.0+ 0.2 2013.93 £+ 0.09
J2 43 11 017 +£0.02 81+£09 8.1+£0.9 81+1.1 2009.95 4+ 0.46
J1 43 5 025+£0.08 11637 11.6 £+ 3.7 4.5+ 1.3 2010.92 £ 0.29
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5.4.2 Comparison with Previous Studies

The quasar 3C 454.3 is an archetypal object, well known for its remarkable activity. Since
1987, the source structure is studied by Pauliny-Toth et al. (1987), who performed an ex-
tensive monitoring program at 2.8 cm. These observations revealed the existence of super-
luminal components, with apparent speeds ranging between 10 and 16 c. Quasi-stationary
components were also detected, to be situated at 0.6 (labeled as 2) and 1 mas radial distance
from the core, respectively. A few years later, Cawthorne & Gabuzda (1996) conducted
polarimetric imaging of the source at 6 cm, which confirms the existence of a stationary fea-
ture at about 0.6 mas, and they designated it as component K7. In the same year, Kemball
et al. (1996) presented the first polarimetric VLBI image of the source at 43 GHz. In the
image, three prominent components could be distinguished. The core, the stationary com-
ponent previously found by Pauliny-Toth et al. (1987) and Cawthorne & Gabuzda (1996),
and a new component located between them.

A few years later, Marscher (1998), based on eleven images at 43 GHz, reported the existence
of another stationary feature at about 0.2 mas from the core. The extensive kinematic study
of 3C 454.3 by Pauliny-Toth (1998) reveals apparent knot speeds of the order of 32¢ in
the outer jet region, whereas from 2 up to 4 mas in the core region. Gomez et al. (1999)
present three-epoch polarimetric images at 22 and 43 GHz, in which the source is described
by a core component and another prominent feature, labeled as St. The latter is situated
at 0.6 mas core separation. Knot St can be cross-identified with components 2 and K7
from Pauliny-Toth et al. (1987) and Cawthorne & Gabuzda (1996), respectively. Worth
mentioning that Gomez et al. (1999) reports that St is located at a different position angle
than previously reported, which can be an indication of an inner jet swing towards the
north. Another study that reported the existence of this feature came by Jorstad et al.
(2001). The authors report that besides the core component, are detected 3 additional
moving features, designated as B1l, B2, and B3, and a stationary component at 0.6 mas
radial distance, labeled as C. The apparent motion range of the moving components until
they reach the 0.6 mas radial distance seems to vary from 6.5 to 25 ¢, although they follow
similar trajectories. Jorstad et al. (2017), Jorstad et al. (2010) and Jorstad et al. (2013)
report also the existence of component C at approximately the same location.

In this study, we suggest that component Al can be identified with the stationary com-
ponent C. The two components are similar in flux, position and size among the studies
mentioned above. The fact that Al could not be modeled until J3 and J4 were well po-
sitioned in the region, can be explained by the fact that A1l during that period was faint
and bellow the detection threshold in our images. Moreover, Jorstad et al. (2017) reports
the existence of components B10 and B11. Here, we suggest that those features could be
identified with J1 and J2. Additionally, the new knot K16, which is reported by both at
Jorstad et al. (2017) and Weaver et al. (2019), can be identified with knot J8. We would
like to mention also the study by Coogan et al. (2016). The authors, based on correlation
analysis between 7-ray and radio flux variability during the period May-June 2014 (after
the appearance of knot J3 in our VLBI image), put constraints on the location of the emis-
sion region to be 1.3xRY}%:. This location is well outside of the broad-line region. The
combination of our findings with Coogan et al. (2016), point towards a scenario in which
shock-in-jet interactions of component J3 triggered the flaring activity of 3C 454.3 during
that period.

In Table 5.3 we summarize the component identifications from the aforementioned studies.
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FIGURE 5.8: Parsec-scale jet kinematics of 3C 454.3 at 15 GHz over a period of 25 years.
Credits: Lister et al. (2018) and Lister et al. 2020 in preparation.

5.4.3 The Nature of Region S

The behavior and the properties of this jet region remain elusive, since the first VLBI
image of 3C 454.3. In this work, the region S shows peculiar kinematics, ranging from
being too-faint-to-be-modeled at the end of 2013, to consist of 3 stationary features during
2015-2016. The apparent stationarity of components in this region could be caused due to
jet geometry or due to intrinsic jet physics.

A first hypothesis that can explain this unusual behaviour in region S is a local jet bend
toward the line of sight. Indeed, the jet of 3C 454.3 is already observed to bend toward the
northwest direction, further downstream, at about 4-5mas from the core (e.g., Lister et al.
2009a). Jorstad et al. (2005), base on VLBI polarimetric observation at 43 GHz presents
evidence that feature C is lying very close to our line of sight. The remarkable polariza-
tion levels of C that are reported in the aforementioned work also supports this scenario.
Remarkable is also the kinematics of the region, as moving knots that are detected beyond
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FIGURE 5.9: The two-component spectrum of region S.

C, appear to follow trajectories that correspond to two different groups, a northwestern
and southwestern. The projected difference between those trajectories is measured to be
70°. This particular result, is consistent with the scenario in which the direction of the
jet near C is lying very close to our line of sight. Such geometry can introduce substantial
differences in projected trajectories of moving components indeed, even if the intrinsic tra-
jectories differ only slightly. If this hypothesis is valid, a systematic change in the apparent
motion of all components that are passing this region would be expected to be seen in this
work too. Indeed, beyond region S the components become invisible. VLBI observations
of the large scale structure during the period 1995-2020 (see Fig. 5.8) show that during
this time-range, the outer jet faded already at 15 GHz, preventing detection of jet motion.
However, the hypothesis that the stationarity in region S is caused by geometry appears
unlikely, because we observe the components to reach region S with very high speed. Ad-
ditionally, the knots that reach this region, although appear to stop, get fainter. If the
viewing angle was coming close to zero, the Doppler factor would rise too. However, J3
and J4 light curves appeared to decline as they reach S, by a similar amount of -30%. This
contradiction leads us to conclude that a small viewing angle cannot characterize region S.

An alternative scenario that may explain the nature of region S, is that components merge,
and region S may be a recollimation shock. Gomez et al. (1999) supported this scenario
by postulating that the stationarity of component St (region S in this work), corresponds
to a recollimation shock. Based on the kinematic and flux density characteristics both
of the moving knot and the stationary one, the authors report that the apparent speed,
and the flux density of both correspond to a blending event of a moving feature that is
passing through a standing shock. This is consistent with the stationarity which we find
in our data. The second argument in favor of a recollimation shock is that the spectral
index of the region is relatively flat. A standing shock can be described as a high plasma
compression, where second-order Fermi acceleration is taking place. From such an emitting
region, we expect a flat spectrum of the order of -0.25 Kirk et al. (2000). To test this,
we sum up the fluxes of the existing components (in order to avoid possible problems
in the component identification due to blending). We present the spectrum of these two
components in Fig. 5.9. In our observational interval, the spectral index of the region
appears to be extremely variable, covering a range between 0 to -2, which is not consistent
with the simple hypothesis of a standing shock. Another observational signature of a
recollimation shock would be the existence of an ordered and parallel to the jet magnetic
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F1GURE 5.10: Polarization images of 3C 454.3 in September 2015. The contour level is

set at 0.5%, 1.0%, 2.0%, 4.0%, 8.0%, 16.0%, 32.0%, 64.0% of the total intensity peak flux

(see Table 5.1) and is the same for both plots. The restoring beam is common and equal
to 0.25x0.05 mas/beam at PA=-10°.

field. Polarization images of the source at 43 GHz and 86 GHz during September 2015 (see
Fig. 5.10), reveal that the EVPAs are ordered and parallel to the jet, indicating a strong
perpendicular magnetic field component, which support the recollimation shock scenario.

Alternative scenarios, however, can also explain the observables of region S. For instance,
local density enhancements can be triggered or caused by Kelvin Helmholtz of some MHD
instabilities. Such local density enhancements can have similar behaviour with what we
detect in this study. Nevertheless, plasma instabilities are mainly produce moving patterns,
which is in contrast with the observed stationarity that we observe.

Overall, we report that the nature of S cannot be determined throughout this analysis.
A more detailed understanding is needed of the complex jet kinematics. This can be
obtained with higher cadence 86 GHz data (e.g., a dense polarimetric GMVA monitoring)
in combination with sophisticated hydrodynamic or MHD jet modeling, which is in our
plans.

5.4.4 Trailing Components?

Agudo et al. (2001) and Aloy et al. (2003), based on relativistic hydrodynamic simulations,
reported the appearance of trailing features that are formed behind a major flow disturbance
that is propagating along the jet. The plasma simulations show that strong jet perturbations
interact with the underlying jet and the external medium as they propagate. This can lead
to the formation of shocks and rarefactions regions that follow the main perturbation and
are triggered by plasma instabilities. Observationally, such a type of knot appears to split
from the primary component and will not necessarily emerge from the core (see Fig. 5.11).

This scenario is in good agreement with the nature of component J4, and probably also J7,
as their kinematic properties match expectations for the above phenomenon. Indeed, the
J4 trajectory can be explained better as a result of splitting from component J3, whereas
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FIGURE 5.11: Numerical 2D and 3D hydrodynamic simulations of propagating distur-

bances in a jet. Left: Multiple conical shocks appear to form behind a strong shock-wave

which is propagating downstream of the jet. Right: A prominent disturbance was ejected

into a precessing relativistic jet, with a result the formation of trailing components in the

wake of the primary superluminal component. Credits: Agudo et al. (2001) and Aloy et al.
(2003) respectively.

J7 could be of the same nature, by following knot J6. However, for the latter component,
the lack of additional VLBI observations does not allow us to draw a conclusion.

The primary motivation for postulating that J4 and possibly also J7, are trailing compo-
nents results from two findings: i) their trajectories being very similar to the “leading”
components (J3 and J6 respectively), and ii) ejection at periods without preceding core
flare (see lower right panel of Fig. 5.6).

Trailing components behind dominant radio knots have been observed in the past for several
objects (Gomez et al. 2001; Jorstad et al. 2005). Nonetheless, the expected velocities of
the trailing shocks are often smaller than the velocity of the main perturbation. Radio
knot J4 does not appear to follow this apparent speed pattern. Additionally, the detailed
trajectory of J4 in Fig. 5.6 and Fig. 5.7, indicates a different slope between J3 and J4. This
behaviour can be an indication that J3 and J4 are two independent components, which are
ejected close in time. If there is no systematic error in our kinematics, this is a strong point
against the trailing component scenario of J4 and J7. In the case that J3 and J4 are two
different ejected components, the slightly different speeds and trajectories that could be an
indication that J4 is a component that is moving on the other side of a stratified jet.

An additional criterion that a trailing knot should meet is that it should exhibit different
polarization properties from those of the primary blob, as it is related to a conical shock.
The future continuation of this project will study in-depth the polarization properties of
each knot and will help to answer the question of the presence of trailing shocks.
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5.5 Conclusions

In this study, we presented a detailed description of the radio morphology and jet evolution
of the blazar 3C 454.3 during a 5-year period, which is a period of reduced activity after
a prominent flare of ~50Jy. For this purpose, we employed state-of-art VLBI observations
at 7mm, as well as, monitoring of the structural variations at 3mm (8 GMVA maps that
presented in this work for the first time). This unique data set allowed us to investigate
the kinematic properties of the jet structural evolution on sub-mas scales. Based on our
analysis we could draw conclusions about the jet orientation and witness new component
ejections. The results can be summarized as follows:

e In this work we present an image sequence of the innermost jet region of 3C 454.3
at the extreme resolution of 86 GHz (50 pas=0.22pc projected distance). The jet
morphology consists of a complex structure, with jet components that move on slightly
different trajectories in East-West direction.

e We report the appearance of 7 new VLBI components during the period 2013-2017,
which move with apparent speeds in the range of 8 — 26 c.

e Components J4 and J7 seen to follow the paths of their precursors J3 and J6, re-
spectively. This is consistent with the expectation for trailing jet features, which
corresponds to rarefaction regions behind a strong shock.

e We report the presence of a region (labeled as S) where moving features appear to
become stationary and merge. Better resolution and time sampling are needed in
order to follow the merging process in more detail. Until then, the physical inter-
pretation of the stationary region S remains ambiguous, with possible interpretations
involving local jet bending, standing shock or plasma instabilities, with the most
probable scenario, region S to be characterized by a superposition of more than one
phenomena.



Chapter 6

Concluding Remarks and Future
Perspectives

The existence of highly relativistic jets in AGN are an excellent example of the most power-
ful and extreme physical phenomena in the Universe. Accreting SMBHs, strong magnetic
fields and plasma accelerated to relativistic speeds are some of the fundamental cosmic
ingredients to create jets. However, several crucial processes are not yet fully understood.
As we describe in Sec. 1.3.1, the only chance that astronomers have to study these spectac-
ular objects is through the light that they emit. This emitted radiation carries information
about the processes, as well as the location where these events happened. In this thesis,
we focus on our analysis on three mm-bright targets, namely TXS 20134370, OJ 287 and
3C 454.3. All three objects are members of a particular class of AGN, called blazars. The
main characteristic of a blazar is its high variability across the electromagnetic spectrum,
which is enhanced by an orientation almost “face-on” to Earth. This geometrical coinci-
dence gives us the unique opportunity to probe very small variations in the jet outflow,
which are magnified, due to relativistic amplification and aberration. Data obtained via
very-long baseline interferometry at cm- and mm- wavelengths were employed. Notably,
the GMVA data at 86 GHz enabled us to make images with an ultra-high angular resolution
of ~ 50 pas. In addition, data from space-VLBI with the RadioAstron satellite, provided
us with jet images characterized by a world recorded angular resolution of up to ~ 10 pas
at 22 GHz.

The science goal of this work is to shed some light on a number of open questions related
to AGN and blazar physics. Specifically, in this thesis, we provide information for the
following key physical aspects:

e The location of the blazar zone of gamma-ray production and the origin of the seed
photons reservoir.

e The nature of the mm-radio core.

e The topology of the magnetic field and its strength close to the jet apex, in the region
where jets are launched.

e The nature of moving and standing features, which are observed on sub-pc scales in
these AGN jets.

115
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The study of the blazar TXS 2013+370 aims towards a better understanding of the first
question. A combination of broadband radio variability data, together with ~-ray vari-
ability and a 10-year, multifrequency VLBI monitoring of the source, allowed us to put
constraints on the location of the high-energy emission. The primary mechanism of y-ray
production in blazars is via inverse Compton scattering, where photons are up-scattered
by relativistic electrons. Current scenarios which address the location of the blazar zone
discuss whether the IC photon field is externally or internally to the jet. The first case is
based on the framework of external Compton processes (EC), which suggest that the 7 rays
are produced using up-scattered photons from the accretion disk, photons of the BLR, or IR
photons from the molecular torus (e.g., Donea & Protheroe 2003; Costamante et al. 2018).
In these scenarios, the high-energy production region is located below the outer radius of
the molecular torus (~100 pc for a clumpy torus, Alloin (2006)). The alternative scenarios,
which use jet-internal effects, postulate that v rays can be produced several parsecs down-
stream from the SMBH, e.g. when a moving knot interacts with the underlying plasma flow
inside the jet. In this case, the seed photons for the y-ray production are the synchrotron
photons from the jet itself. In this work, we found, based on a 10-year data sam-
ple, that in TXS 2013+ 370, the blazar zone is located <2 pc downstream of the
jet apex. This location indicates as v-ray mechanism the EC process, with a
possible photon reservoir from the BLR or the photon field from the torus. On
top of this, we report a geometrical transition of the jet width from parabolic
to conical shape at about 4 pc projected distance downstream from the jet apex.
Worth mentioning that Beskin & Nokhrina (2006) predict that such a transition should
take place at the location where the kinetic energy flux of the jet plasma becomes equal
to the Poynting energy flux. The cross-correlation analysis of the broad band variability
of the flux density, as well as quasi-simultaneous VLBI images of the source at different
frequencies, revealed no strong core-shift. The core of a jet could be either the 7=1 surface
of the jet at a given frequency, or a standing, conical recollimation shock, which is situated
downstream of the jet (Marscher 2008). Our data suggest the latter, though we cannot rule
out higher order combinations of the aforementioned effects. In any case, the VLBI core
in most blazars is usually the brightest and the most compact feature, which is present in
the jet (Pushkarev et al. 2012). In some sources, however, this is not always true. One of
these exceptional cases is the blazar OJ 287, which we summarize in the following section.

With the study of one of the best candidates of a super-massive binary black hole (SMBBH),
0J287, we were able to address the second and third blazar research topic in the afore-
mentioned list. Utilizing the extreme angular resolution from space-VLBI at 22 GHz, in
combination with the high resolution and opacity penetration depths from mm-VLBI (both
at 86 GHz and 43 GHz), we imaged the inner core region and detect a secondary core fea-
ture, that dominates the image. By super-resolving the 15 GHz and 43 GHz images a bit,
we were able to model this feature also at lower frequencies. We investigated the nature
of this knot, as well as the nature of the fainter, innermost core component. Luckily, dur-
ing our observing interval, a prominent flare took place. This event allowed us to study
the brightness temperature evolution of each component. This showed that the southern
most jet feature exhibits the highest value of all other jet components. The spectral de-
composition of both features, as well as their polarization signature and the magnetic field
strength, suggests that both are probably recollimation shocks. Additionally, the 10 pas-
resolution image showed that the core region of OJ 287 is characterized by a more complex
fine structure, comprising several sub-components. Thus, the core region of OJ 287 is
characterized by a number of sub-components, in which the brightest of them
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does not correspond to the innermost one. The nature of these features is prob-
ably related to recollimation shocks that are located in front of the unity opacity
surface. Another significant outcome of this analysis is the polarization structure of the
jet at 22 GHz. The linear polarization image of the source showed beside the main core
polarization structure, sub-components at the opposite edges of the jet. Based on similar
observational studies in other blazars (e.g., Gabuzda et al. 2014), this polarization structure
could result from a helical magnetic field in the jet. In such a magnetic field configuration,
the pitch angle of the helix, in combination with the viewing angle of the jet and the sky
projection of the field, can appear transverse near the jet axis and longitudinal near the
jet edges. This scenario is in agreement with the findings of Myserlis et al. (2018), who
also suggested the presence of helical fields from polarization variability data of this source.
Thus, from our analysis we confirm the existence of a helical magnetic field in the
inner jet region on scales of 0.1 pc projected distance.

The third part of this project focuses on the structural evolution on sub-parsec scales of the
blazar 3C 454.3. This source, which recently was named “crazy diamond” (Vercellone et al.
2009), is an archetypal blazar that was always at the center of the astronomers’ attention
due to its very prominent flux variability across the whole electromagnetic spectrum. Here
we studied the source during a relatively quiescent stage, which, however, still revealed
a rich kinematics. During the observing period 2013-2017, we report the appearance of
7 new jet features. However, the trajectories of the new knots appear to be unusual,
in the sense that their motion appears to stop when they reach a region at ~ 0.6 mas
separation from the VLBI core. This specific region, is known as quasi-stationary since
1987 (Pauliny-Toth et al. 1987) and has been in the focus of earlier studies. During our
observing interval, we report that the new, superluminal jet components decelerate and
blend when they reach this jet region and vanish beyond. From the study of the spectral
index evolution, the kinematics and the flux density evolution, we finally conclude that this
region is unlikely to be a simple stationary recollimation shock. Although the polarization
properties suggest a magnetic field orthogonal to the jet, which in principle could be due to
shock compression, the flux density variability and spectral properties point more towards
a plasma instability. Hence, we suggest that the nature of the 0.6 mas region is a
superposition of more than one effect (local jet bending, recollimation shock,
MHD instability). Another important finding in the study of the source kinematics is
the detection of trailing components. These are features, which are formed in the wake of
the leading superluminal plasma disturbance. In this study, we found indications that
two of the newly detected components are trailing components, or that they are
ejected contemporaneously/simultaneously, with a more prominent leading jet
feature.

A future continuation of all the projects mentioned above it is necessary. Nevertheless, it is
also mandatory to improve the quality of the research’s milestone, the data set. The first
step towards this direction is to enrich our sample with higher cadence mm-VLBI images.
For instance, a monthly basis VLBI observations at 86 GHz with the GMVA will lead us
to achieve a more accurate tracing of the jet kinematics. In the same vein, observations
with higher sensitivity are highly desired too. A better array sensitivity can lead us to
obtain higher fidelity VLBI images and ultimately to a more accurate determination of the
physical phenomena that are taking place in jet regions close to the launching point and
to the central engine. One way that higher sensitivity can be achieved is to add more and
more sensitive VLBI antennas. For example, the addition of the ALMA produces a factor
~2 improvement in the north-south resolution and a factor >3 improvement in sensitivity.
These improvements are essential for resolving the transverse structure of the innermost
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jet region, in particular for sources, which are close to the celestial equator or at southern
declination. Also, nowadays, an upgrade of the IF chains and VLBI recording equipment
at the GMVA telescopes is performed, which aims at a further increase of the observing
bandwidth (for GMVA currently 500 MHz). This equipment upgrade will be a key factor
in future mm-VLBI observations. Another significant step that should be taken in order
to take the projects one step further is to observe the sources at higher frequencies. VLBI
observations at 230 GHz with the EHT (or in the near future also at 345 GHz) can enable us
to resolve fine structures and spatial scales near the BH that have never be seen before. Of
course, a combination of VLBI observations at multiple frequencies is highly recommended,
to facilitate a better determination of the spectral index of the VLBI components, the RM
and the magnetic field strength and topology. For this, one needs coordinated and close in
time VLBI campaigns, in order to overcome limitations set by the source variability. To
date, steps in this direction are taken by East-Asia researchers, where new radio-telescope
receivers are being developed, which operate multiple frequencies simultaneously (e.g. Vera:
22/43 GHz; KVN: 22/43/86/128 GHz). In the more distant future also space VLBI may
become available at mm-wavelength (e.g., Millimetron; Kardashev et al. 2014), which will
further increase the angular resolution. For VLBI observations in the sub-mm regime (at
345 GHz and above), even missions are now discussed, which operate without ground-arrays
(e.g. Roelofs et al. 2019).



Appendix A

A.1 Relevance of Interstellar scattering

As mentioned in Sec. 3.1, TXS 20134370 location close to the Galactic plane raises concerns
that observations of this source may be effected by interstellar scattering. The interstellar
scattering can introduce a wide variety of observational effects. Hence, we attempt to ascer-
tain the effect, if any, the intervening dust has on our VLBI observations. The broadening of
the apparent angular size of an object is one of the scattering effects, can be approximated
by a v~ size dependence. For examining the existence of such a size-frequency dependence,
we created a common data set, combining the VLBI data with size measurements from the
publicly available RadioAstron database (Pushkarev & Kovalev 2015). The uncertainties
of the component angular sizes are set to 10% of the FWHM.

Following Lazio et al. (2008)(and references therein) , we fit the data using the relation:

O = (B5122)% + (%)%, (A.1)
where 60, is the scattered and 6; is the intrinsic source size. The values of 6, and 6; are
obtained using a minimum x? fitting approach. The results of the fit are presented in
Table A.1 For the shake of completeness, we considered two cases for the power-law index
of the intrinsic angular size. The value of k = 0 corresponds to a frequency-independent
intrinsic size of an FSRQ (Blandford & Konigl 1979), whereas k = —1 is adopted as a
typical frequency scaling for an inhomogenous synchrotron source Kellermann & Pauliny-
Toth (1981). Again, we choose as the most accurate value, the one that is characterized
by the lowest 2. The fitting results are presented in Table A.1 and in Fig. A.1. The
results show that the data below 10 GHz, are most affected from angular broadening. This
outcome is in a good agreement with the earlier findings of Spangler et al. (1986) and Fey
et al. (1989). However, for frequencies higher than 10 GHz, the intrinsic source size begins
to dominate, showing the expected slope for an SSA jet.

Another phenomenon that might be induced by interstellar scattering is the so-called ‘intra-
day’ variability (IDV, Heeschen 1984; Witzel et al. 1986), which is present in 30 — 50 %
of all flat-spectrum quasars and BL Lac objects in cm-wavelengths (Quirrenbach et al.
1992; Lovell 2008). We note that TXS 20134370 was observed in several IDV monitoring
campaigns with the 100m telescope at Effelsberg at 5 GHz, as part of the coordinated
ground support for the RadioAstron space-VLBI experiments (Liu et al. 2018). According
to x2-tests, the source did not show significant fast variability over ~ 3 days. This can be
explained by quenched refractive interstellar scintillation (Narayan 1992), with a source size
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FicURE A.1: Display of size versus frequency relation for the blazar TXS 20134-370. Left:

Considering a power-law index k = 0. Right: Considering a power-law index k£ = —1. In

both plots, blue circles represent the FWHM angular size of the core component, whereas

the solid dashed line represents the best fit to the data. The red color corresponds to the
inferred scattering size, and the green for the inferred intrinsic size.

TABLE A.1: Fitted scattering and intrinsic sizes and x2. Columns from left to right: (1)
Power-law index, (2) Observed angular size, (3) Intrinsic angular size, (4) Chi-square value.

k65 (mas) 0; (mas) X2
0 4824103 (3.6 £1.0) x1072 56.9
-1 371430 2.4 4+ 0.1 3.5

larger than the scattering size at 5 GHz. The Scattering Measure (SM) in the Cygnus region
varies by a factor of 2 —5 on angular scales of only a few degrees. Although TXS 20134370
is scatter broadened, it shows a much lower SM than some other prominent AGN in the
same region, like e.g., 20054403, which is separated by only ~ 4° (c.f. Fig. 6 in Fey et al.
1989). We, therefore, conclude that for TXS 20134370, interstellar scattering is not very
strong and is dominant only at the longer cm-wavelengths. Thus it should not affect the
mm-flux density and imaging significantly.

A.2 Image and model-fitting parameters of TXS 2013+370
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TABLE A.2: Model-fitting parameters at 15 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

1D Epoch  Freq. S r PA FWHM
(vears) (GHz) (Jy) (mas) ) (mas)
2002.51 15 2.630 + 0.263 - - 0.12 + 0.01
2003.04 15 1.71 £ 0.17 - - 0.11 £ 0.01
2003.24 15 2.10 + 0.21 - - 0.11 + 0.01
2005.35 15 2.31 +0.23 - - 0.19 £+ 0.02
2005.39 15 2.13 £ 0.21 - - 0.18 £ 0.02
2005.44 15 2.09 + 0.21 - - 0.20 £ 0.02
2005.99 15 1.95 4+ 0.20 - - 0.24 £+ 0.02

Core 2006.00 15 1.91 £ 0.19 - - 0.19 4+ 0.02
2006.36 15 0.95 + 0.01 - - 0.25 + 0.03
2008.41 15 3.32 + 0.33 - - 0.22 4+ 0.02
2008.75 15 2.79 + 0.28 - - 0.19 £+ 0.02
2009.15 15 3.81 £ 0.38 - - 0.23 4+ 0.02
2010.46 15 1.91 £ 0.19 - - 0.17 £ 0.02
2011.53 15 1.43 £ 0.14 - - 0.16 4+ 0.02
2012.48 15 3.41 £ 0.34 - - 0.20 £ 0.02
2002.51 15 2.21 £ 0.22 0.153 £ 0.118 -156.8 &= 0.7 0.22 £ 0.02
2003.04 15 1.78 £ 0.18 0.27 £ 0.12 -1475+ 04 0.22 + 0.02
2003.24 15 1.41 £ 0.14 0.24 £ 0.11 -147.0 £ 1.2 0.18 &£ 0.02
2005.35 15 0.015 +£0.002 0.43 £0.10 -156.5 + 0.3 0.20 & 0.02
2005.39 15 0.12 £ 0.01 0.26 £ 0.23 -169.1 £ 0.7 0.32 £ 0.03
2005.44 15 0.18 £ 0.02 0.26 £0.12 -169.1 £0.4 0.30 & 0.03
2005.99 15 0.05 + 0.01 0.43 +£0.12 -161.2 = 0.3 0.20 + 0.02
2006.00 15 0.024 £+ 0.002 0.52 £0.14 -1574 4+ 0.3 0.17 &£ 0.02

C3  2006.36 15 0.21 £+ 0.02 0.21 +£0.12 -158.2 £ 0.5 0.30 + 0.03
2008.41 15 0.11 £ 0.01 0.26 £ 0.12 -160.2 = 0.4 0.15 £ 0.02
2008.75 15 0.040 £+ 0.004 0.27 £0.12 -151.1 £ 0.3 0.19 4+ 0.02
2009.15 15 0.28 £ 0.03 0.31 £0.11 -161.0 £ 0.3 0.11 £ 0.01
2010.46 15 0.77 + 0.08 0.31 +£0.12 -155.1 £ 0.4 0.23 + 0.02
2011.53 15 0.82 £ 0.08 0.21 £0.12 -151.0 £ 0.5 0.17 £ 0.02
2012.48 15 0.47 £ 0.05 022 £0.12 -131.4+£0.5 0.16 £ 0.02
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TABLE A.2: Model-fitting parameters at 15 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

ID Epoch  Freq. S r PA FWHM
(years) (GHz)  (Jy) (mas) ©) (mas)
2002.51 15 0.19 £0.02 0.76 = 0.12 -143.0 = 0.2  0.42 £ 0.04
2003.04 15 0.13 £0.01 099 +£0.12 -146.2 £0.1 0.61 £ 0.06
2003.24 15 0.25 £0.03 0.63 = 0.11 -142.8 £ 0.7 0.35 £ 0.04
2005.35 15 0.24 £0.02 1.174+0.12 -1473 +£0.1 0.52 £0.05
2005.39 15 0.24 £0.02 1.154+0.23 -147.1+£0.2 0.50 £ 0.05
2005.44 15 0.24 £0.02 1.16 £0.12 -148.1 +£0.1 0.55 £ 0.06
2005.99 15 0.19 £0.02 1.234+0.19 -1486 £0.1 0.98 £ 0.10

C2 2006.00 15 0.14 £ 0.01 129 4+0.14 -151.24+ 0.1 0.64 £ 0.06
2006.36 15 0.13 +£0.01 1.39 +£0.17 -149.7+ 0.1  0.83 £ 0.08
2008.41 15 0.022 + 0.002 2.00 £0.12 -143.1 £ 0.1  0.58 &+ 0.06
2008.75 15 0.05 £0.01 221 4+0.17 -146.2 £0.1 0.83 £ 0.08
2009.15 15 0.026 + 0.003 2.19 £0.14 -145.8 £ 0.1  0.70 £ 0.07
2010.46 15 0.044 + 0.004 2.89 £0.23 -1474+0.1 1.17 +0.12
2011.53 15 0.041 + 0.004 3.40 £ 0.22 -148.10 = 0.03 1.11 4+ 0.11
2012.48 15 0.031 £ 0.003 3.57 £0.20 -147.91 £ 0.03 0.98 + 0.10
2002.51 15 0.11 £0.01 2,77 £ 0.25 -157.24 £ 0.04 1.27 £+ 0.13
2003.04 15 0.07 £ 0.01  3.02 £ 0.16 -156.00 + 0.04 0.82 + 0.08
2003.24 15 0.09 +£0.01 3.084+0.28 -155.2 +0.2 1.40 £+ 0.14
2005.35 15 0.06 + 0.01  3.31 +£0.20 -156.30 + 0.03 1.01 £ 0.10
2005.39 15 0.06 £0.01 3.384+0.25 -154.8 £0.1 1.25 £ 0.13
2005.44 15 0.06 £0.01  3.34 = 0.25 -154.28 = 0.04 1.23 £ 0.12
2005.99 15 0.004 £ 0.004 3.89 £ 0.16 -155.21 £ 0.03 0.82 + 0.08

C1 2006.00 15 0.06 £ 0.01  3.54 &+ 0.19 -154.23 = 0.04 0.94 £ 0.09
2006.36 15 0.06 £ 0.01  3.40 & 0.28 -154.41 = 0.04 1.41 £ 0.14
2008.41 15 0.09 £0.01  3.55 + 0.27 -155.74 £ 0.03 1.34 £ 0.13
2008.75 15 0.07 £0.01  3.72 £ 0.23 -156.74 £ 0.03 1.14 £ 0.11
2009.15 15 0.08 £0.01  3.55 + 0.26 -156.04 = 0.03 1.28 £+ 0.13
2010.46 15 0.06 £ 0.01  4.15 £ 0.25 -158.20 = 0.03 1.24 £ 0.12
2011.53 15 0.041 + 0.004 4.41 £0.25 -158.85 + 0.03 1.24 + 0.12
2012.48 15 0.06 £ 0.01 448 +0.26 -158.65 = 0.03 1.30 £ 0.13

Al 2011.53 15 0.18 £0.02 0.57 & 0.12 -57.5 £ 0.2 0.38 4+ 0.04
2012.48 15 0.13 £0.01 0.64 +£0.12 -159.9 £0.2 0.60 £ 0.06
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TABLE A.3: Model-fitting parameters at 22 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

1D Epoch  Freq. S r PA FWHM
(vears) (GHz) (Jy) (mas) ) (mas)
Core 2012.82 22 1.63 £ 0.16 - - 0.12 + 0.01
N1  2012.82 22 0.90 £ 0.09 0.11 +£0.03 -81.9 4+ 0.3 0.09 + 0.01
C3  2012.82 22 0.410 £ 0.004 0.26 +£0.03 -121.9 £ 0.1 0.07 £+ 0.01
Al 2012.82 22 0.19 £ 0.02 0.57 +£ 0.06 -133.7 +£0.1 0.29 + 0.03
N 2012.82 22 0.11 £ 0.01 0.71 &£ 0.03 -153.4 £ 0.04 0.17 &£ 0.02

TABLE A.4: Model-fitting parameters at 43 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

ID Epoch  Freq. S r PA FWHM
(years) (GHz)  (Jy) (mas) ©) (mas)
2007.81 43 3.05 £+ 0.31 - - 0.05 £+ 0.01

Core 2008.79 43 2.46 + 0.25 - - 0.05 £ 0.01
2009.21 43 5.00 + 0.50 - - 0.05 £+ 0.01
2009.86 43 1.38 £ 0.13 - - 0.05 £+ 0.01
2007.81 43 0.023 + 0.002 0.11 £ 0.08 -103.0 £ 0.3 0.023 + 0.002

A9 2008.79 43 0.015 + 0.002 0.12 +£ 0.08 -104.0 £ 0.3 0.06 + 0.01
2009.21 43 0.25 +0.03 0.12 £0.08 -119.0 £ 0.3 0.06 £+ 0.01
2009.86 43 0.95+0.09 0.14 +£0.03 -123.9+ 0.2 0.10 + 0.01
2007.81 43 0.23 £ 0.02 0.17 £ 0.08 -172.6 £ 0.2 0.09 £+ 0.01

Al 2008.79 43 1.19 + 0.12 0.21 £ 0.08 -152.9 + 0.1 0.13 £ 0.01
2009.21 43 1.51 + 0.15 0.24 £ 0.08 -157.1 &= 0.1 0.13 £ 0.01
2009.86 43 0.42 +0.04 0.30 + 0.05 -154.6 + 0.11 0.20 £+ 0.02
2007.81 43 0.10 £+ 0.01 0.32 £ 0.08 -160.5 = 0.1 0.22 £+ 0.02

C3  2008.79 43 0.033 + 0.003 0.37 +£ 0.03 -166.4 £ 0.1 0.038 + 0.004
2009.21 43 0.020 + 0.002 0.37 £ 0.03 -164.2 £ 0.1 0.027 = 0.003
2009.86 43 0.07 £+ 0.01 0.46 + 0.05 -163.4 + 0.1 0.14 £+ 0.01
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TABLE A.5: Model-fitting parameters at 86 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

1D Epoch  Freq. S r PA FWHM
(years) (GHz)  (Jy) (mas) ) (mas)
2009.35 86 2.04 + 0.20 - - 0.037 + 0.004
Core  2009.77 86 1.58 £ 0.16 - - 0.013 + 0.001
2010.34 86 2.07 £ 0.21 - - 0.030 + 0.003
2009.35 86 0.31 £ 0.03 0.08 +0.04 -117.9 +£0.2 0.05 £+ 0.01
A2 2009.77 86 1.72 £0.17 0.09 £0.04 -1259 + 0.2 0.012 £+ 0.001
2010.34 86 0.072 + 0.002 0.06 + 0.06 -119.9 + 0.1 0.037 £+ 0.002
Al 2009.35 86 0.83 £0.08 0.25+0.09 -159.8 +£0.1 0.18 £ 0.02
2009.77 86 0.25 £ 0.03 0.30 £ 0.05 -171.6 £ 0.1  0.10 £ 0.01
A1+C3  2010.34 86 0.29 £ 0.03 040 £ 0.09 -155.7£0.1  0.17 £ 0.02
N 2010.34 86 0.71 +£ 0.07 0.16 + 0.08 -134.5 + 0.1 0.16 £+ 0.02
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B.1 Image and model-fitting parameters of OJ 287

TABLE B.1: Model-fitting parameters of OJ 287 during April-May 2014. Columns from left
to right: (1) Component ID, (2) Observing frequency, (3) Flux density, (4) Radial distance
from the core, (5) Position angle, (6) Component size, (7) Brightness Temperature.

Knot Freq. S r PA FWHM Ty
GHz Jy mas (deg) mas 1010 K
15 224 £0.22 - - 0.022 £ 0.002  195.83 + 0.43
C1 22 0.52+£0.05 - - 0.038 £ 0.004  36.59 £ 8.46
43 3.07 £ 0.31 - - 0.031 £ 0.003  84.96 + 18.67
86 293 £0.21 - - 0.021 £ 0.002 553.21 £ 88.92
15 0.65 = 0.07 0.04 £0.14 -44.1 £1.3 0.047 £ 0.005 49.61 £ 16
2 22 0.81+0.10 0.05+0.01 -11.3+£1.2 0.063 £ 0.006 20.73 &+ 4.85
43 1.53 £0.15 0.06 £ 0.05 -184 + 1.2 0.028 & 0.003 51.90 + 12.23
8 1.05+0.11 0.07+0.02 -85+1.1 0.017 £ 0.002 67.41 £+ 16
15 0.20 £0.02 0.16 £0.14 -63.4+0.4 0.065 £ 0.007 10.34 £ 2.45
6 22 0.25 £ 0.02 0.19 £0.01 -46.5+£0.6 0.122 £ 0.012 1.70 £ 0.47
43 068 £0.07 0.19+0.05 -53.9+0.7 0.134 £0.013  1.01 £+ 0.22
8  0.74 £0.07 0.14 £0.02 -52.3 £0.8 0.089 £ 0.009  0.62 £ 0.13
15 0.48 £ 0.05 0.32 £0.14 -58.7£ 0.4 0.150 £ 0.015 4.66 + 1.05
I5 22 0194+0.02 0.53+£0.01 -522=+0.3 0.3154+0.032 0.19 £ 0.04
43 0.21 £0.02 043 £0.05 -51.1 £0.3 0.177 £ 0.018 0.17 + 0.04
8  0.08+0.01 043 +£0.02 -62.4+0.3 0.122+0.012 0.035 £ 0.008
15 0.26 £0.03 0.86+0.14 -84.4+0.2 0.625+0.063 0.14 £+ 0.03
J4 22 0.12 £ 0.01 1.056 £0.01 -84.1+£0.1 0.436 £ 0.044 0.06 £ 0.01
43 019+ 0.02 1.02+0.05 -84.5+0.3 0.534 +0.053 0.02 + 0.003
J3 15 0.06 £0.01 159+014 -983+0.1 0.103 £ 0.01 1.23 £ 0.31
J2 15 0.04£0.01 224+0.14 -101.3£0.1 0.191 £0.019  0.23 £ 0.08
J1 15 0.06 £0.01 3.30£0.14 -125.5+ 0.1 0.758 £ 0.076 0.022 £ 0.006
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C.1 Image and model-fitting parameters of 3C 454.3

TaBLE C.1: Model-fitting parameters at 43 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance

from the core, (6) Position angle, (7) Component size

1D Epoch  Freq. S r PA FWHM
(years) (GHz)  (Jy)  (mas) (°) (mas)
2013.56 43 5.13 £ 0.51 - - 0.05 £ 0.04
2013.65 43 5.59 £ 0.56 - - 0.05 £ 0.04
2013.87 43 8.90 + 0.89 - - 0.05 £ 0.04
2014.15 43 11.05 + 1.11 - - 0.05 + 0.01
2014.34 43 16.08 + 1.61 - - 0.08 £ 0.01
2014.47 43 23.60 + 2.36 - - 0.11 + 0.01
2014.57 43 5.74 + 0.57 - - 0.10 + 0.01
2014.70 43 6.29 &+ 0.63 - - 0.10 + 0.01
2014.99 43 4.95 + 0.50 - - 0.10 + 0.01
2015.12 43 7.36 & 0.74 - - 0.10 + 0.01
2015.28 43 4.79 + 0.48 - - 0.14 + 0.01

Core 2015.36 43 2.11 £ 0.21 - - 0.11 + 0.01
2015.44 43 1.84 £ 0.18 - - 0.06 £ 0.01
2015.58 43 2.25 +0.23 - - 0.06 £ 0.01
2015.99 43 1.94 £ 0.19 - - 0.07 £ 0.01
2016.08 43 2.98 + 0.30 - - 0.07 £ 0.01
2016.31 43 3.16 +£ 0.32 - - 0.06 £ 0.01
2016.51 43 2.10 + 0.21 - - 0.05 + 0.01
2016.68 43 4.46 + 0.45 - - 0.06 £ 0.01
2016.80 43 4.60 £ 0.46 - - 0.07 £ 0.01
2016.90 43 3.74 £ 0.37 - - 0.04 £ 0.003
2016.97 43 6.23 £ 0.62 - - 0.06 £ 0.01
2017.09 43 10.66 + 1.07 - - 0.04 £ 0.006
2017.29 43 8.15 + 0.82 - - 0.08 £ 0.01
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TaBLE C.1: Model-fitting parameters at 43 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance

from the core, (6) Position angle, (7) Component size

ID Epoch  Freq. S r PA FWHM
(years) (GHz) (Jy) (mas) ) (mas)
2016.90 43 1.17 £ 0.12 0.05 + 0.04 -143.13 + 0.76 0.07 £ 0.01

39 2016.97 43 1.11 £ 0.11 0.13 £ 0.04 -108.43 +0.34 0.11 £ 0.01
2017.09 43 2.01 £0.20 0.15+0.04 -89.62 +0.28 0.17 4+ 0.02
2017.29 43 0.94 + 0.09 0.19 £0.04 -99.46 + 0.21 0.15 + 0.02
2016.51 43 226 +£0.23 0.15+£0.04 -81.87+0.29 0.07 +£0.01
2016.68 43 2.84 £0.28 0.21 +£0.04 -74.05 £ 0.21 0.09 &+ 0.01

J8 2016.80 43 1.82 £ 0.18 0.21 +0.04 -78.69 + 0.20 0.15 £ 0.02
2016.90 43 141 £0.14 0.23 +£0.04 -85.03 £0.19 0.20 £ 0.02
2016.97 43 1.68 £ 0.17 0.34 +0.04 -74.29 + 0.14 0.22 £ 0.02
2017.09 43 1.13 £ 0.11 0.40 &£ 0.04 -101.11 4+ 0.08 0.15 £ 0.01
2017.29 43 1.77 £ 0.18 0.49 + 0.04 -92.34 + 0.08 0.19 £ 0.02

J7 2016.31 43 2.10 £ 0.21 0.18 £ 0.04 -66.37 £0.24 0.19 4+ 0.02

36 2015.99 43 258 +£0.26 0.19+£0.04 -75.26 +0.20 0.22 + 0.02
2016.08 43 2.024+0.20 0.24 +£0.04 -65.56 £0.16 0.22 4+ 0.02
2015.36 43 2454+ 0.25 0.12+0.04 -114.44 £ 0.35 0.11 £ 0.01

J5 2015.44 43 281 +£0.28 0.16 £0.04 -86.42 +0.28 0.09 + 0.01
2015.58 43 2.65 £ 0.27 0.21 +£0.04 -87.27 £0.21 0.11 +£0.01
2014.99 43 3.71 +£0.37 0.16 £ 0.04 -104.04 £ 0.37 0.08 + 0.01
2015.12 43 297+ 0.30 0.17 £0.04 -64.98 +£0.31 0.14 £ 0.01
2015.28 43 1.85 £0.19 0.25 +0.04 -75.26 +£ 0.25 0.18 £ 0.02
2015.36 43 1.30 £ 0.13 0.33 £ 0.04 -79.38 +£0.13 0.21 £ 0.02
2015.44 43 3.83 £0.38 0.40 £0.04 -76.55 £ 0.09 0.20 £ 0.02
2015.58 43 329+ 033 0.53£0.04 -64.86+0.08 0.12 £ 0.01
2015.99 43 262 +£0.26 0.58 £0.04 -63.43 £ 0.07 0.15 %+ 0.02

34 2016.08 43 282+ 0.28 0.58 £0.04 -63.43 +£0.07 0.17 + 0.02
2016.31 43 277 £0.28 0.57 £0.04 -62.53 £0.08 0.22 £+ 0.02
2016.51 43 290 +£0.29 05+0.07 -63.95+0.09 0.33 +0.03
2016.68 43 321 £032 0.55£0.04 -69.93 £0.08 0.20 £ 0.02
2016.80 43 1.01 £ 0.10 0.53 +0.04 -56.61 £+ 0.08 0.21 £ 0.02
2016.90 43 212 +£0.21 0.57+£0.04 8591 +£0.08 0.14 +£0.01
2016.97 43 1.51 £ 0.15 0.61 +£0.04 -66.8 £0.08 0.22 £ 0.02
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TaBLE C.1: Model-fitting parameters at 43 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

ID Epoch  Freq. S T PA FWHM
(years) (GHz)  (Jy) (mas) ©) (mas)
2014.47 43 6.53 £ 0.65 0.08 £0.004 -35.54 £ 0.45 0.02 £ 0.002
2014.57 43 744 £0.74 0.12+0.04 -65.56 £0.35 0.06 = 0.01
2014.70 43 879 £0.88 0.17£0.04 -61.93+0.26 0.07 £ 0.01
2014.99 43 495+ 0.50 0.31 £0.04 -65.10+0.21 0.11 £ 0.01
2015.12 43 350 £ 035 0.37+£0.04 -68.20=+0.14 0.06 £ 0.01
2015.28 43 8.98 +0.90 042+ 0.04 -67.69 +0.12 0.12 + 0.01
2015.36 43 9.34 £093 048 £0.04 -73.07 £0.09 0.10 £ 0.01
2015.44 43 759 +£0.76 0.53 +£0.04 -70.20 £ 0.08 0.08 &+ 0.01
2015.58 43 8.01 £0.80 0.58+£0.04 -69.68 £ 0.08 0.10 £ 0.01

J3  2015.99 43 5.09 £ 0.51 0.62 +0.04 -75.07£0.06 0.06 = 0.01
2016.08 43 4.7 £ 048 0.59 £0.04 -75.26 £ 0.07 0.04 £ 0.004
2016.31 43 4.24 + 042 0.60 +£0.04 -79.44 + 0.07 0.06 + 0.01
2016.51 43 337£034 059 +£004 -7432+0.07 0.08+£0.01
2016.68 43 492 £049 0.59 £0.04 -84.19 +£0.08 0.08 £ 0.01
2016.80 43 3.17+0.32 0.60 £0.04 -75.50 = 0.07 0.11 + 0.01
2016.90 43 261 £0.26 0.60+0.04 -76.43 £0.07 0.10 £ 0.01
2016.97 43 3.81 £0.38 0.58+0.04 -82.01 £0.08 0.10 £ 0.01
2017.09 43 4.80 £ 048 0.57 £0.04 -78.89 £0.08 0.16 £ 0.02
2017.29 43 1.76 £ 0.18 0.55 £ 0.04 -70.91 £ 0.07  0.16 &+ 0.02
2013.56 43 0.58 £0.06 0.39+0.05 -91.43+0.11 0.25+ 0.03
2013.65 43 0.72 £0.07 040 £0.08 -93.90 £ 0.09 0.40 £ 0.04
2013.87 43 0.58 £ 0.06 0.41 +£0.06 -91.40 +£0.11  0.31 £ 0.03
2014.15 43 0.67 £0.07 041 +£0.09 -96.34 £0.09 0.47 £ 0.05
2014.34 43 1.20 £ 0.12 0.36 £ 0.05 -101.69 +£ 0.14 0.24 4+ 0.02

J2 2014.47 43 1.45 £ 0.15 0.39 £0.06 -102.34 £ 0.12 0.28 £ 0.03
2014.57 43 0.34 +£0.03 0.49 £ 0.09 -105.46 + 0.09 0.44 + 0.04
2014.70 43 0.50 £0.05 0.50 £0.06 -100.41 £0.09 0.29 £ 0.03
2014.99 43 0.14 +£ 0.01 0.54 £ 0.05 -104.04 + 0.12 0.26 £ 0.03
2015.12 43 0.33 £ 0.03 0.63 £ 0.09 -122.54 + 0.08 0.45 + 0.05
2015.28 43 0.26 £ 0.03 0.68 £0.05 -89.17 £ 0.07 0.23 £ 0.02
2013.56 43 0.49 £0.05 0.69 £0.10 -102.5+0.06 0.49 £ 0.05
2013.65 43 0.14 = 0.01  0.79 £ 0.05 -102.44 + 0.06 0.27 £ 0.03

J1  2013.87 43 0.36 £ 0.04 0.76 £0.09 -106.05 £0.06 0.46 £ 0.05
2014.05 43 0.09 £0.01 0.86 £0.03 -104.04 £0.05 0.16 £ 0.02
2014.15 43 0.11 £0.01 0.88 £0.07 -103.09 £ 0.05 0.34 £ 0.03
2015.58 43 215+ 0.22 0.52+0.03 -85.60£0.08 0.17 & 0.02
2015.99 43 228 £0.23 054 +£0.04 -87.88£0.07 0.21 £ 0.02
2016.08 43 1.58 £ 0.16 0.52 £0.04 -93.30 £ 0.08  0.18 &+ 0.02
2016.31 43 2.89 £0.29 0.56 +£0.04 -91.02 + 0.08 0.15 4+ 0.02
2016.51 43 3.69 £037 0.59 £0.04 -88.06+0.07 0.08 £ 0.01

Al 2016.68 43 2.16 £0.22 0.55 +0.04 -97.25 + 0.08 0.11 + 0.01
2016.80 43 259 +£0.26 0.57 +£0.04 -93.01 £0.07 0.15 £ 0.02
2016.90 43 0.89 £0.09 049 +0.04 -63.43+0.09 0.18 £ 0.02
2016.97 43 1.39 £ 0.14 0.58 £0.04 -101.89 £ 0.08 0.19 £ 0.02
2017.09 43 0.71 +£0.07 0,59 +0.04 -71.11 +0.10 0.13 + 0.01
2017.29 43 0.31 + 0.03 0.142§i 0.04 -53.97 + 0.11  0.16 £+ 0.02




Appendiz C

TABLE C.2: Model-fitting parameters at 86 GHz. Columns from left to right: (1) Compo-
nent ID, (2) Observed epoch, (3) Observing frequency, (4) Flux density, (5) Radial distance
from the core, (6) Position angle, (7) Component size

1D Epoch  Freq. S T PA FWHM
(years) (GHz) (Jy) (mas) () (mas)
2013.73 86 5.01 £+ 0.50 - - 0.03 £+ 0.003
2014.39 86 5.29 + 0.53 - - 0.04 £+ 0.004
2014.72 86 5.05 £ 0.51 - - 0.03 £+ 0.003
Coro 2015.37 86 1.03 £ 0.10 - - 0.04 + 0.004
2015.72 86 2.28 + 0.23 - - 0.04 £+ 0.004
2016.38 86 0.94 £+ 0.09 - - 0.03 £+ 0.003
2016.74 86 3.98 + 0.40 - - 0.03 £+ 0.003
2017.24 86 4.01 + 0.40 - - 0.03 £+ 0.004
J10  2017.24 86 3.39 £ 034 0.05+0.04 -68.20 4+ 0.43 0.04 + 0.002
79 2016.74 86 0.54 £ 0.05 0.05 £ 0.04 -117.57 £ 0.40 0.02 &+ 0.007
2017.24 86 0.62 £ 0.06 0.15+0.04 -97.59 +£0.16 0.07 £ 0.01
2016.38 86 0.14 +£ 0.01 0.06 +£0.04 -111.8 +0.38  0.02 4+ 0.002
J8  2016.74 86 0.80 £ 0.08 0.21 £0.04 -81.87 £0.10  0.08 £+ 0.01
2017.24 86 0.22 £ 0.02 0.33 £0.04 -61.93 +£0.07  0.09 £+ 0.01
J7  2016.38 86 0.50 £ 0.05 0.17 £0.04 -75.96 £ 0.13  0.08 £+ 0.01
2015.72 86 0.66 £ 0.07 0.08 £ 0.04 -84.81 £ 0.07  0.08 £+ 0.01
J6  2016.38 86 0.20 + 0.02 0.41 £0.04 -69.78 +0.05  0.12 + 0.01
2016.74 86 0.40 +£ 0.04 0.50 £0.04 -64.98 +0.04 0.18 £+ 0.02
J5 2015.37 86 0.95 + 0.09 0.11 £ 0.04 -105.26 = 0.21 0.11 £+ 0.01
2014.72 86 2.85+0.29 0.08+0.04 -82874+0.29 0.07 £ 0.01
4 2015.37 86 0.84 £ 0.08 0.39 £0.04 -70.14 +£0.06  0.15 4+ 0.01
2015.72 86 277+ 0.28 0.62 +£0.04 -68.03 + 0.04 0.11 4+ 0.01
2016.38 86 0.83 £ 0.08 0.59 £0.04 -69.10 £0.04  0.15 £ 0.02
2014.39 86 6.17 £ 0.62 0.10 £ 0.04 -41.19 £ 0.21  0.04 + 0.004
2014.72 86 6.70 + 0.67 0.21 +£ 0.04 -64.65 4+ 0.11 0.05 4+ 0.01
2015.37 86 3.58 £0.36 054 +0.04 -69.19 +0.04 0.08 £+ 0.01
J3  2015.72 86 447+ 045 0.63 £0.04 -76.40 £ 0.04 0.03 £ 0.003
2016.38 86 1.01 £ 0.10 0.62 £ 0.04 -81.61 £+ 0.04 0.05 £ 0.005
2016.74 86 2.05+0.20 0.61 £0.04 -77.57 £0.03 0.13 £ 0.01
2017.24 86 1.47 £ 0.15 0.50 &+ 0.04 -90.23 + 0.05 0.14 + 0.01
J2 2013.73 86 0.22 + 0.02 0.42 £+ 0.04 -88.64 + -88.64 0.16 &+ 0.02
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