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CHAPTER 1

Introduction

Black holes are among the most fascinating objects in theewseg - in any case intriguing

enough for me so as to become an astronomer. It is today digreereepted that black holes are
located in the center of most galaxies. One particular sgeuf galaxies is that of the so-called
Active Galactic Nuclei (AGN) which display energetic phemena in their central region that
are comparable to or even exceed the energy emitted by dlleofalaxies’ stars by orders of
magnitude. The first group of AGN with high central surfacgbiness, that was observed in
the optical in the early 1940s by Carl Seyfert, had not beersidered significant until 1955

when the AGN were identified as radio sources. In the late 4956 first radio surveys were
performed which enabled an identification of the strongesdiar sources with their optical

counterparts which were usually galaxies, but sometimpsated to be star-like objects. This
consequently led to the term quasi-stellar radio sourcaiasigstellar object which later turned
into 'quasar’ or 'QSQO’. Only the discovery of Schmidt (1968)at the optical spectrum of the
star-like object 3C273 is in fact highly redshifted and heen€ cosmological origin, enabled an
efficient identification of quasars.

In order to put this thesis into a larger context, | shall fighte an introduction to the
large variety of AGN and part of their characteristics oneththis work is based.

1.1 Active Galactic Nuclei and Relativistic Jets

The radio structure of AGN can generally be referred to deeeixtended, i.e. spatially resolved,
or compact, i.e.unresolved at the corresponding obseirvaguency. In the radio bands, the
extended structure is usually double in nature showing talee’s’ on either side of the central
source. These structures can reach up to megaparsec dim&n3ihe lobes are connected to
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the central region via relativistic jets, i.e. plasma gstieavhich seem to transport particles and
energy to the outer lobes with relativistic speeds whilettng synchrotron radiation (e.g.,
Begelman et al. 1984, see also 2.3.1).

Up to the present, numerous work has been done on the salgiaperties of AGN and
their evolution. But very important questions, such as thtited process of jet formation,
still remain unanswered. However, the knowledge about whgbing on in the small central
regions of those active galaxies has improved considedniyng the past decades. Today we
are familiar with a large variety of subclasses of AGN, onembich areSeyfert Galaxies
named after their above mentioned discoverer. Seyfertx@aaare lower-luminosity AGN
with a quasar-like nucleus, the host galaxy still being itjedetectable in the optical bands.
They can be divided into two subclass&eyfert type 1galaxies show narrow emission lines
referring to low-density ionised gas as well as broad emisnes which can be attributed to
high-density gas. Irseyfert type 2galaxies, only the narrow lines are present. In polarised
light, however, also the broad lines become visible. It isjabfully understood what causes
the diference between Seyfert type 1 and type 2 galaxies. One hegstbays that the two
types are intrinsically the same exhibiting both broad aadaw emission lines, however,
Seyfert 2s are probably observed from #atient viewing angle such that the broad line region
is hidden by a circumnuclear torus. The radio luminosity eyi8rt Galaxies is only moderate
compared to other more active AGRuasars, on the other hand, the most distant objects
in the universe, are most luminous at every wavelength athwvthiiey have been observed,
with bolometric luminosities in the range of 40to more than 1ffergss!. They display
time-variable continuum flux and broad emission lines aridro& large ultraviolet (UV) flux
specified as UV excess. Their high redshift indicates thasgts emerged in an early phase of
the universe which makes them an important cosmologicdl@rdne distinguishes between
radio-loud and radio-quiet quasars, the latter originatiferred to as QSOs (quasi-stellar
object). Today the terms 'quasar’ and QSO are virtually esmjent.

Radio Galaxies are usually found to be giant ellipticals showing millionm@s brighter
radio luminosity than normal galaxies, although some otihghtest radio galaxies host in fact
guasar-like nuclei. The bulk radio emission is concentratehe core and the afore mentioned
radio lobes. Fanafb& Riley (1974) classified the radio galaxies according tartherphology
into FRI sources with weaker radio flux being brightest in the cermtedFRIl sources which
have well-defined jets and are more luminous and limb-beigéd, i.e. they show hot spots
in their radio lobes. The transition specific luminosity weén the two classes is defined
as L,(1.4GHz)~ 10*? ergs'Hz! (Bridle & Perley 1984). Furthermore, we can distinguish
between broad-line radio galaxieBLRG) and narrow-line radio galaxielNLRG) as the

1The term ’quasar’ originates from their appearance as ai-gteltar radio source.
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radio-loud analogs to Seyfert galaxies of type 1 and 2.

The main target of this work, 094624, belongs to the class @&lazars, which subsume
a group of radio-loud, core-dominated flat-spectfuradio sources consisting of BL Lac
objects, named after the prototype BL Lacertae, and thealeecoptically violent variable
(OVV) quasars. They have in common that they are extremeliabie on all time scales
and in all bands of the electromagnetic spectrum and tendve high polarisation of up to
a few percent (in contrast ta1% for most other AGN). Besides, their jet is pointing almost
directly towards us enclosing only a small angle with the lirfi sight. Aside from that, BL Lac
objects do have no or only weak spectral line emission andrpbsen features compared to
the continuum, which often impedes a redshift detectiondllg z < 2), whereas OVVs have
broad emission lines as long as the continuum is not at ightest £ > 0.5). It has become
generally accepted that within the blazar class highlyalde quasars are related to intrinsically
powerful FRII radio galaxies, and BL Lac objects are relatetbwer luminosity FRI galaxies.
This distinction explains the flerent emission line properties.

The above described types are the most common classes. thegeare partly divided
into subclasses according to their overall spectral endigfyibution or emission line types, it
has been found a more general distinction betwigpa 1 AGN (showing both broad and narrow
emission lines) antype 2 AGN (only narrow emission lines), anddio-quiet andradio-loud
objects. The term ’'radio-loud’ refers to the ratio R of radliooptical emission at 6 cm and
4400 A and is generally in the range 10—-1000 for radio-louyeaib (Kellermann et al. 1989).

1.1.1 Unified Scheme

One of the main achievements in AGN research is the idea abaatfication of the various
different types of AGN, the characteristics of which | will sipgummarise in the following.
Since it is assumed that the above described properties &f &8 mainly depending on the
orientation towards the observer and are less due to reaiqaiydiferences like, e.g., the
luminosity, it was attempted to find a kind of morphologicabael which is able to describe
AGN with as few parameters as possible (see, e.g., Urry Z208rson 1997).

The black-hole paradigm states that AGN host a "centralrezigionsisting of a supermassive
black hole (16-10'°M,,) encircled by an accretion disk, in which gravitationalgital energy

is converted into radiation (ranging from radio to X-ray)ur®unding this is the broad-line
region (BLR), consisting of high velocity gas, followed thetlower density and lower velocity
gas of the narrow-line region (NLR). Around the unresolvemponents of an AGN there
lies an optically thick obscuring torus that permits the A@Miation to escape only along the

2Source flux density S depends on observing frequencgyia v* with power-law index > —0.5
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Figure 1.1 Schematic of an AGN according to Urry & Padovani (1995); adew to the orientation, this
would be a radio-loud AGN.

torus axis, which leads to observable large-scale iomsatbnes. Relativistic jets, formed
within <100 Schwarzschild radii of the black hole (most likely dué¢hte existence of a toroidal

magnetic field), extend outwards along this torus axis fastef kpc up to Mpc in some

cases (see Figure 1.1 for a schematic illustration). Thgnaient of the toryget axes seems

to be independent from the rotation axis of the host galage,(e.g., Schmitt et al. 2002 and
references therein).

Apart from intrinsic variations in the black hole mass, sizensity, luminosity, etc., the

above basic description is apparently valid for all AGN -twédin exception being the relativistic
jets. These are found in most radio-loud AGN but witlffeliences concerning their kinetic
powers. In contrast to the powerful radio jets that expamdrto the intergalactic medium,

weaker jets deccelerate relatively close to the centrahengvhich can be even within the host
galaxy. It is not yet well understood why only 5-10% of the A@i¢ radio-loud.

Local obscuration has been studied by Antonucci & Miller 88 who found that the
distinction between type 1 and type 2 AGN seems mainly to ke tduthe orientation with
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respect to the line of sight, at least locally. Another quesis, though, why the fraction of type
2 AGN found at higher redshifts $2) is much less than that of type 1 AGN.

It appears that there are in fact two separate unification elsobtly orientation, one is

based mainly on optical observations describing the poesenabsence of the BLR depending
on the direction of the obscuring torus, the other is mairdgdal on radio data explaining
the core-dominated (flat-spectrum) versus lobe-domingezkp-spectrum) radio-loud AGN

according to the alignment of the jet axis with respect tditineof sight.

1.1.2 Galactic Evolution

From a cosmological viewpoint, AGN belong to earlier statesosmological galaxy formation,
thus being far away but still observable due to their highlearcactivities. The observed
redshifts range from z 0.0018 for the radio galaxy Centauru$ @erived from radial velocity

measurements, Graham 1978) to the currently farthest krzow6.43 for the quasar CFHQS
J2329-0301 (Willott et al. 2007).

Remains the question, where these supermassive black (®MBH), that are supposed
to constitute the central engines of AGN, stem from and hosy tbould develop in such a
— cosmologically — comparatively short time. One assunmpigthat SMBHs are formed
during mergers of two (or more) galaxies (see, e.g., Sclexwel®86; Barnes & Hernquist
1992; Kadfmann & Haehnelt 2000). Collisions and mergers are thoughetoesponsible for
various phenomena such as the triggering of star formatintlae fueling of nuclear activity
in quasars, or the formation of disk galaxies (Robertsor. &Q96). Galaxy encounters show
higher activities in the UV, the near-infrared, in opticahission line strength and in radio
emission; besides observations indicate théfietent types of AGN like Seyfert galaxies or
guasars sometimes exhibit signs of past mergers (seeSamchez et al. 2004 and references
therein).

Ultraluminous infrared galaxies (ULIRGS), a class of objewith luminosities above 8.

in the Far Infrared, are known to be interacting or mergingteys revealing intense starburst
processes (Sanders et al. 1988b; Sanders & Mirabel 1996hefmore, a significant fraction
of the ULIRGs also shows evidence for AGN activity (Genzedlett998). These ultraluminous
infrared galaxies may represent an important stage in ttmedon of quasi-stellar objects and
powerful radio galaxies: ULIRGs are thought be the progeaiof AGN. Sanders et al. (1988a)
suggested a scenario for the formation of ULIRGs throughntleeger or strong interaction of
two molecular gas-rich spirals. Molecular gas clouds amméled towards the merger nucleus,

Swhich is, however, not indicative for its distance due toggheximity of Cen A and the significant superposition
of the proper motion of the galaxy within its group and itsroo¢ogical velocity
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which could be responsible for both nuclear starburst antll &&ivity. In a transition phase the
AGN might be obscured by the surrounding star forming re¢see, e.g., Komossa et al. 2003),
becoming visible later as an optical quasar after the starhbgtivities have begun to fade. Even
though for QSOs the observational results are not coheitesgems likely that at least part of
the AGN developes from a preceding ULIRG which has been fdrimea merger of galaxies
(Canalizo & Stockton 2001).

The coalescence of SMBH binaries is supposed to be one ofrihany sources of very
low frequency gravitational waves (see, e.g., Volonteale2004; Wen et al. 2008), which is the
main target of the new generation Laser Interferometer Spantenna (LISA - planned to be
launched around 2019-2020) and thus makes these objetdsthesuitable for future studies.

1.2 Variability in AGN

The flux density variation of compact extragalactic radiorses is known to occur on long
(years to decades) as well as on shaxéeks) time scales over the whole frequency band not
only in the continuum but also in the broad emission linesiammblarised light. Optical contin-
uum variability was already observed before the redshifth® identified optical counterparts
were fully understood (Matthews & Sandage 1963). The vanatwere found to be on the
order of 0.3-0.5mag over time scales of a few months. But semueces showed even faster
variations on time scales of only a few hours. Due to caysaffjuments that the speed of light
is limited, it was concluded that much of the radiation corinesh a region of the order of light
hours (light travel time argument). This, however, implikeat the size of the emitting region
should be as small as the Solar System radiating as muchyesesn entire galaxy!

A further probe of the innermost regions of the AGN accretiiac are the strong vari-
abilities at X-ray energies on time scales of a few hundred Qb seconds (see McHardy
1988). On longer time scales (days or longer), there appedrs a correlation between X-ray
continuum and UYbptical variations being simultaneous to within a few day¢ess. The IR
continuum shows the same variations as thgdptical continuum but with a significant time
delay. This indicates, that the IR emission comes from degibns far away from the central
engine, being of thermal nature.

In the 1960s two astronomers were independently looking varability in the radio
regime, when they both discovered longterm variations ama $cale of 100 days (Sholomitsky
1965) and 1000 days (Dent 1965), respectively, which sugdesmall source sizes. In the
meantime, even faster variations have been found. Onenglisthes between fiierent types
of variability (see, e.g., Wagner & Witzel 1995), among thisrflickering which is a synonym
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for a change of the flux density with small amplitudes on a tsoale of a few days to weeks
(Heeschen 1984) and could be explained by Refractive betts Scintillation (RISS - see
Chapter 2.2, Heeschen & Rickett 1987). The variability tywhich is subject of this thesis, is
calledIntraday Variability (IDV) and describes variations on time scale$ofirs to days. The
nature of these variations is still not clear and has beemr@egrsially discussed during the
years since its discovery in 1986 (Witzel et al. 1986; Heencét al. 1987). A more detailed
description of the phenomenon of IDV and its physical intet@tion is given in Chapter 2.2.

Variability in blazars is an important probe for the origif the continuum radiation and
the underlying physical processes. The strength of tharaunin variability is correlated with
the apparent luminosity and the degree of polarisationclwBirongly favours a non-thermal
origin (Edelson 1992). Moreover, the observation of vdligton short time scales classifies a
source as ultra-compact and most energetic. Hence, Viésiabudies enable to find the smallest
resolvable objects in our universe. This was one of the maasans for the development
of Very-Long-Baseline Interferometry (VLBI), a high-rdaton observing technique which
provides angular resolution down to the submilliarcseclavel. VLBI uses the principle of
aperture synthesis (see Ryle & Hewish 1960) which is a typetefferometry that combines
signals from multiple telescopes spread over a large ar@aouce images having the same
angular resolution as an instrument with the size of this.aréoday, numerous VLBI facil-
ities operate worldwide such as the Very Long Baseline Aaligcated across the US (see
Figure 1.2), with which the larger part of the observatioas been performed that are part of
this thesis, the European VLBI Network (EVN) or the Global AviaBI Array (operating at a
wavelength of 3 mm), which combines VLBA and EVN telescoped thus can provide high
angular resolution (up to 50 micro-arcseconds) and highanya range (of a few hundred)
images of compact radio sources.

For the future, even larger instruments with increased itehs are planned or already
under construction such as the Low Frequency Array (LOFARY,Atacama Large Millime-
ter/submillimeter Array (ALMA), the VLBI Space Observatory Bramme 2 (VSOP-2) or the
Square Kilometer Array (SKA). This next generation of tetgses should be able to see even
further back in time to probe the early Universe.

1.3 Obijective and Structure of this Thesis

Working as a researcher in natural science is by and largeaahle to working on a jigsaw.
Each scientist tries to add a small piece of the puzzle to itheisture. The objective of this
thesis is to add another portion to the understanding ofivegdhenomenon as well as having
a closer look to the kinematic and polarimetric behaviouA@Ns. This is done by means of a
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Figure 1.2 Montage of all VLBA telescopes; Image courtesy of NRAOI and Earth image courtesy
of the SeaWiFS Project NAS&SFC and ORBIMAGE.

detailed inverstigation of the intraday variable quasa08#7+624 (furthermore referred to as
09174624).

0917624 was known to show prominent IDV behaviour from the timevds first stud-
ied as a short-time variable source by Heeschen et al. (198ganwhile, however, its
variability ceased and yet the reason for that is not cleair(@nbach et al. 1989b; Kraus et al.
1999). The working hypothesis for the observations, on Wwhiee main part of this thesis is
based, was that structural changes of the variable paredddbrce have caused the variability
decline. These changes could be revealed using high resohibserving techniques, namely
VLBI. As there have been numerous explanations of VLBI gples and the required data
analysis steps in the past, | will not go into detail here l&fiérto more precise descriptions
where appropriate. Details can be found, e.g., in Thompsaa. 2001) or in the A.S.P.
Conference Series Volume 180 (edited by Taylor et al. 1989, an overview concerning the
data reduction has been given in my diploma thesis (Friedr2003).
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The following chapters are going to give an introduction k@ tphysical processes that
are associated with IDV and describe the IDV phenomenontarmmbgsible causes as well as the
currently prevailing doctrine. In Chapter 3, | will give a neadetailed introduction to the quasar
0917624. Chapter 4 reports about flux density observations ostluece with the Eelsberg
100m radio telescope. The subsequent chapters preserdadiiésrof the VLBI observations
of 0917624, which were analysed in the scope of this work. | shalit stith the source
kinematics on VLBI scales (Chapter5) and introduce a ptsdimary black hole scenario
for 0917624 based on the kinematics of one specific trajectory. Inp@&n®, the results of
the polarimetry analysis are described. Each chapter ic@négashort introduction to the data
analysis. Chapter 7 will join the results from single disld AfiL.BI observations and give an
interpretation in terms of Intraday Variability. The thesioncludes with a final summary in
Chapter 8.






CHAPTER 2

Theoretical Basics

2.1 Compact Radio Sources

The radio spectra of compact sources in the center of AGN aird.®., the broad-band SED is
defined asS, « v* with power-law indexx > —0.5. Hence, the radiation is usually expected
to come from several emission regions of non-thermal syotobm emission (see Chapter2.3.1
for a more detailed description of the synchrotron spectruhime spectral indices are close to
flat but gradually steeper at higher frequencies witfiedent regions becoming optically thick
at different wavelengths because of radial gradients in the miagindtd and particle density
within the source. Flat spectra are regarded as a supequosftseveral structural components
(Kellermann & Pauliny-Toth 1969). In the radio unificatiocheme, there are many indepen-
dent observational evidences for relativistic motion ia tores of flat-spectrum radio-sources
because of high brightness temperatures, superluminabmon parsec scales, predominant
one-sided jets due to Doppler-boosting, or the strongeadggr depolarisation on the counter-jet
side. These points will each be briefly addressed to in tHeviiahg sections.

2.1.1 Brightness Temperature

In the previous chapter, the small source sizes were alrgahtioned, which were derived
using causality and the light travel time argument. The hosity of these small regions is
therefore extremely high. This leads to high brightnesgenatures and photon densities being
the main ingredients of the underlying physics.

The emissivity of a radio source at a certain frequemcgan be derived from its flux
density S, and the angular source size The blackbody equivalent temperature, i.e. the
temperature the source would have if it was considered tateadike a blackbody, is called
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brightness temperaturés. In the Rayleigh-Jeans approximation, the relation betwiiex
density and brightness temperature is given by

S = i—l;ffTB(e, 0)dQ (2.1)

with Boltzmann constark and wavelengtid. In convenient units and for a Gaussian brightness
distribution this gives

Tg =1.22. 1olzi|< (2.2)

62v2

whereS, is given in Jy,0 in mas and the frequenaoyin GHz. The brightness temperature is
equal to the kinetic temperature for an optically thick thal source Tz is less than kinetic
temperature in the optically thin region). There is an ugipett for the brightness temperature
of 10'%K, the so-called inverse-Compton (IC) limit, for the followg reason: ifTg rises —
i.e., the radiation energy density is increased by synobmotadiation — until it exceeds the
energy density of the magnetic field, the electrons stariterse-Compton scatter up their own
synchrotron photons (synchrotron self-Compton - SSC) éoXkray andy-ray regime. This
runaway process is called the Compton catastrophe andvid@®a fast cooling of the plasma
to a point where the IC losses are of the same order as thersyrarhlosses, which limits the
brightness temperature Tg ~ 10'? K (Kellermann & Pauliny-Toth 1969).

Variability studies have revealed that the IC limit appetysbe violated in IDV blazar
cores if one assumes a source intrinsic origin of the vdiigbiFor instance, Romero et al.
(1994) refer an extreme case of brightness temperature isttbngly variable IDV source PKS
0537-411 of ~ 107K, the same was found for PKS 040385 by Kedziora-Chudczer et al.
(1997). Tyul'Bashev (2005) reports about brightness teatpees in four IDV sources of the
order of several 18 to 10'°K (in the case of 091¥624). Even higher values of 10to 108K
for 09174624 were found by Quirrenbach et al. (1989b) and Kraus efi@89). This discloses
severe problems in the theoretical interpretation of stiore variability. Considerations of how
to overcome this brightness temperature problem will bdiexed in the following as well as
in section 2.2.

2.1.2 Superluminal Motion, Relativistic Beaming and Doppér Boosting

Since flat spectra and fast flux density variability of compadio sources are indicative of small
source sizes, these sources always have been subject toousnwd.Bl observations. In order
to explain the high apparent brightness temperatures wiawle been deduced from variabil-
ity studies, Rees (1967) theoretically predicted superahmotion where the bulk relativistic
motion in a jet displays a transversal velocityyc towards an observein excess of the speed

1y = 4/1-p2?is the Lorentz factor.
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of light. This prediction could be verified observationdtyer by means of VLBI (e.g., Cohen
et al. 1979). Sources showing this property usually haveeasiohed jet structure and the rela-
tivistic jet points towards the observer at a small angléhtline of sight (Blandford & Konigl
1979). The plasma velocities within the jet typically rarfgem 1 to 40c (see, e.g., Zensus &
Pearson 1987; Kellermann et al. 2004; Jorstad et al. 200&¢eBret al. 2008). The spectra of
many flat-spectrum sources suggest that they are composay@fal components which have
different turnover frequencies. If one of these componentssngaown the jet with a velocity
v and at an anglé to the line of sight, it has a transversally directed velpoctmponent,,, =
Bape Which is related to the true velocity= Sc by

Bsing
1-Bcosd

A maximum value of,p, is obtained for co8 = y™* and thus si® = /1-52 = y~1. This
maximum excesses the speed of light yo % (e.g., Eckart 1983). From the apparent speed,

one can derive a minimum value for the Lorentz factgs, = /1 +52

Bapp = (2-3)

pp’

In a relativistically approaching source the observed flexgity S is an amplification of
the true flux densitys, via

S = S5 (2.4)

wheres = [y(1-p cosh)] 1 is the Doppler factor and the spectral index. This so-called Doppler
boosting applies only for a single component. For a contisuet, the exponent reduces to
(2- ) for geometrical reasons (Scheuer & Readhead 1979). Thddnsity of the approaching
components is amplified, whereas the flux density of the ragesbmponents is attenuated. The
flux density ratio between je§() and counter-jet$%,) can be determined as

(2-a)
R - S (1 +,8cos@) (2.5)

~S, \1-pBcosh
Assuming small angles to the line of sight, the estimatiorDoppler factors usually yields
values of up to 20 (Ghisellini et al. 1993). For small viewamples § — 0), the Doppler factor
approachesay = 2y.

2.2 Intraday Variable Sources

In the previous chapter, the variability of AGN has alreaégt addressed. Flux density flares
on time scales of weeks to months over the whole continuure baen observed, which are
often followed by the ejection of new VLBI components in there region of these sources.
Relativistic shocks emanating from the core and propagatmwn the jet are thought to be
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responsible for such kinds of observations. While in theaaegime low frequency variability
(LFV - below 1 GHz) and flickering can be explained by scatigmrocesses in the interstellar
medium (see, e.g., Altschuler 1989; Bondi et al. 1996 for LA¥eschen & Rickett 1987 for
flickering), the question about the origin of the IDV seenhia tm-radio bands is still not solved
unambiguously. The models that are under consideratioof @ither source-intrinsic or extrinsic
nature and will be briefly presented in the following (seemaldagner & Witzel (1995) for a
review; Cimo 2003; Fuhrmann 2004; Marchili 2009).

2.2.1 The IDV Phenomenon

Variability - if assumed to be intrinsic to the observed s®ur suggests the size of the com-
pact component that is responsible for the variations dukddight travel time argument (see
Chapter 1.2). The spatial resolution of the variable soigeestricted ta < c- At with At the
variability time scale. As the sources are redshifted, ithe scale of the source is related to the
observer’s time scale Vit = Atops/ (1 + 2). The variability time scale is defined by means
of the flux densitySand its time derivative via

S ¢
AAtOSbJ 1+z
(see, e.g. Marscher & Gear 1985; Rybicki & Lightman 1979)e TV behaviour is classified
according to the variability time scateinto long-term variabléype | (t > 50hours in the
observer’s frame) and short-term variabtpe 1l (t < 50 hours) sources (Heeschen et al. 1987).
The first order structure functid®F () is used to dier between the two types (Simonetti et al.

1985).

IDV is mainly observable in compact, core dominated flatetjpen radio sources that
contain~ 80% of their total flux in the central unresolved region. Qliagons of a large source
sample taken from the S5-radio catalogue (Kuhr et al. 1@8Tavealed that about 30% of
compact blazar cores show type Il IDV (e.g., QuirrenbacHh.e1302, Wagner & Witzel 1995,
Kedziora-Chudczer et al. 2001; Lovell et al. 2003, 2008 ofiwhich is the quasar 091624
(z=1.446), that is subject of this thesis. Compactness and stesling angles seem crucial
ingrediences in order to show IDV behaviour.

The maximum angular extend of a variable component can bwedein terms of the
variability durationAt via

_(1+27°
=B
whereD, is the luminosity distance for flat cosmologies with cosngatal constant according

0 CAt (2.7)
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to Pen (1999), equation (1). Together with equation 2.2 @mederive a variability brightness
temperature for this variable component which displays»xavariationAS using

D\
At(1 + 2)?

with flux densityAS given in Jy, wavelengtil in cm, luminosity distanc®,_ in Mpc, and time
scaleAt in days.

Tg =45- 101°AS( (2.8)

Radio IDV is characterised by pronounced variations inltets well as in linearly po-
larised flux density. The variability is frequency and seudependent. An important measure
to describe the source variability is the so-called modgueindexm%] = 100- ==, where

os is the rms flux density variation andS> the time-averaged flux density. Variations in
total flux density usually range between 5-10% (e.g., Qobaeh et al. 2000; Kraus et al.
2003), whereas variability in linear polarisation is uspatronger and faster by up to a factor
of two. Total and polarised flux density variations often wrceither correlated, as is the
case for 0716714, or anti-correlated as in the case of 098Z4. The variability timescale
has been found to appear as quasi-periodic oscillationsirimge at constant amplitudes,
e.g., in 091#624 and 0716714 (Wagner & Witzel 1995), but also seems to vary as has
been observed, e.g., in 0ABL4 (Quirrenbach et al. 1991) when a transition from a daily

to a weekly variability mode had occured simultaneousiyertadio and optical frequency band.

The most 'extreme’ cases of IDV sources known today are PKS85, PKS 1257-326
and J1819384 (see Kedziora-Chudczer et al. 1997; Bignall et al. 2@ nett-Thorpe &

de Bruyn 2000). Their very rapid~(0.5 hours) and pronounced variations suggest that these
objects might perhaps form an entirely new class of IDV sesirclt is, though, not yet clear
whether the cause of this extraordinary variability is thme as for the classical IDV sources.

Variations of the polarisation angle are of the order of a tewa few ten degrees (e.g.,
Kraus et al. 2003). However, polarisation angle swings dF I&ve also been observed in
the case of 091#624 (Quirrenbach et al. 1989b) or 111 (Kochenov & Gabuzda 1999).
A possibility to explain polarisation IDV is the assumptitimat the observed radio source
exhibits a multiple component structure in its core regidhe sub-components seem to be of
different compactness, polarisation intensity and oriemtatfdhe polarisation angle. This is in
good agreement with results from VLBI polarimetry obseivas. In contrast to flux density
variations, polarisation IDV could be directly related tioustural changes in the source on
VLBI-scales (see, e.g., Gabuzda et al. 2000b,c; Bach 20Bwever, the component sizes
suggested from IDV timescales are much smaller than thelangesolution that can presently
be achieved with ground and space-based VLBI observatiof2 (has). Daily polarisation
variations have been reported in the VLBI structure of saveources also in the VLBI jet
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(0716+714, Gabuzda et al. 2000a), suggesting that polarizativiolEzurs frequently in at least
some IDV sources.

2.2.2 Intrinsic Explanations

As already addressed in section 2.1.2, riéativistic jet model was introduced in order to ex-
plain the high brightness temperatures which were derrad fariability studies. In this model,
knots are moving relativistically in a collimated plasmawflachere synchrotron radiation is
beamed on small angles to the line of sight towards an obs@landford et al. 1977). This im-
plies that the synchrotron radiation gets Doppler boosteripbserved frequency appears higher
and the variability time scale shorter (see above). The sawalid for the observed brightness
temperature. It is related to the true brightness temperaia

I L 2.9
® _(1+z)' ® (29)

Based on the violation of the IC limit, where apparent brgss temperatures up to2iKR
have been deduced from variability studies, it becomeseetithat Doppler factors in the range
of 100 - 1000 are needed in order to reduce the brightnessetatupe below the IC limit of
10'2K. A lower limit on the brightness temperature in the range~-of0*'K, as was derived
from equipartition arguments by Readhead (1994), wouldirecgeven higher Doppler factors.
However, even the fastest apparent speeds observed asagf (g, ~ 40c, Marscher et al.
2000) only hold for moderate Doppler factors. Since Dopptawsting is not sfficient in order

to explain the occurence of extremely high apparent brigggtemperatures in variable sources,
further theories have been developed to overcome thisgmbl

Shock-in-jet models describe the afore mentioned knots in terms of a shock wasgs-pa
ing through an adiabatic, conical, relativistic jet (eBlandford et al. 1977; Marscher 1978).
The flux density increases at times when the relativisijoa¥panding jet collides with inho-
mogeneities of the surrounding medium. The evolution ofahetted synchrotron spectrum
follows three stages due to (i) Compton, (ii) synchrotroml 4im) adiabatic (non-radiative)
losses. In the first two stages the flux density is expecteda®ase, whereas adiabatic losses
become dominant in the last stage and the flux density debddgss¢her & Gear 1985). The
outburst is expected to occur at higher frequencies firsé shtock-in-jet models are successful
in explaining the dterent timescales and spectral evolution of observed csthurBesides
they are able to interpret polarised flux density variatiagslue to the compression of random
magnetic fields in the jet caused by the propagation of thelsivave (e.g., Hughes et al. 1985).
The often observed faster and stronger variability in pséat flux density compared to total
flux density is attributed to two (or more) closely separatkdck waves (Hughes et al. 1989).
Furthermore, rapid variations of the polarisation anglggest a helical structure of the magnetic
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field where the orientation of the shock wave changes withe@so the jet direction (Konigl &
Choudhuri 1985).

In order to explain IDV in terms of a shock-in-jet model, veahin shocks are required to
explain flux density variations on timescales of one day. sThiowever, implies negligible
radiation losses in contrast to the existing radiationdess the radio regime (Marscher 1992).

The geometry of the jets also can play an important role, whsc explicated in several
geometrical models For instance, Camenzind & Krockenberger (1992) introdbeeso-called
lighthouse &ect where non-axisymmetric bubbles of jet plasma are prajpagalong relativis-
tic magnetised jets. Taking into account the rapid rotatibplasma near a rotating black hole,
they relate the observed quasi-periodic outbursts to thddmental period of the rotating jet
plasma provided the jet is well-colimated with an openinglar 0.1°.

The lighthouse #ect in combination with the shock-in-jet model is used by Qet al.
(1991) in order to explain the fast variations observed it@®%24. Gopal-Krishna & Wiita
(1992) suggest a model where the direction of the shocksagatng down relativistic jets
slightly changes. This simple model can reproduce the ebdganti-)correlations between the
varying total and polarized flux densities as well as the tiags reported between the extrema
of these quantities.

The high brightness temperature problem could also be owercby adopting a éierent
radiation mechanismcoherentanisotropicemission(e.g., Melrose 1991) which could replace
the prevailing picture of incoherent radiation in synchoatjets. Coherent emission can be
produced by the scattering of energetic electron streamrggions of plasma turbulence as
is prevailing in relativistic jets. The mechanism can be tanhore dficient than synchrotron
radiation (e.g., Weatherall & Benford 1991). For instanicesch & Pohl (1992) suggested a
model, in which electron beams emanate from magnetic rexgiimm zones above the accretion
disk which are accelerated to relativistic energies. Theetedbn beams cause instabilities
in the plasma and subsequently excite Langmuir waves. Haidsl to coherent emission of
electromagnetic waves by inverse Compton scattering.

Although laboratory experiments have shown that coherenissson is able to enhance
synchrotron emission by factors of1(f (e.g., Benford & Tzach 2000), there is no evidence that
this mechanism allows to explain all IDV related phenomdetalone whether it operates in
AGN at all. Besides, it is not understood how the large scaleeent emission can be sustained
that is required for distant extragalactic sources to haggyaificant éfect on the total flux
density. On the other hand, recent detections of circuldarization (e.g., Aller et al. 2003;
Macquart 2003) might be interpreted as a confirmation of ttistence of coherent emission
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in AGN since it was predicted to occur for coherent mechasishh was, e.g., suggested by
Begelman et al. (2005) that circular polarisation (CP) dooé caused by cyclotron maser
emission from relativistic jets.

2.2.3 Extrinsic Explanations

The radiation emitted by compact extragalactic sourcepggates through the interstellar
medium (ISM) on its way to the observer and is exposed to tarmes or inhomogeneities
in the electron density distribution of the ISM. To simplifyatters, a thin layer in the ISM is
considered as a so-called scattering screen. If the scsemvoving with respect to the observer,
the phase of an incoming wave is changed due to fluctuatiomeofetfraction index. This leads
to spatial variations in the observed flux density. The meidma is comparable to the twin-
kling of starlight due to scattering in the atmosphere ofEagth and is known akhterstellar
Scintillation (ISS). One discriminates between strong and weak ISS depend the Fresnel
scale

AD
e =1/ — 2.10
F o (2.10)
where is the wavelength of the incoming radiation abds the distance between screen and

observer (Narayan 1992). Thefiuactive scale

A
Zﬂgscatt
is the transverse separation over which the phase fluchsatice coherent and considered to
be constant within 1 rad, wherg., is the angular size associated with the electron density
distribution that causes the scattering. A source onlytdlates if its apparent size is smaller
thanfs.ae FOrweak interstellar scintillation (WISS)rgig > rg; and the timescale of WISS is
consistent with the Fresnel timescéle= rg/v with v the screen velocity relative to the observer.

raif = (2.11)

With increasing wavelengtil or distance D, one approaches the transition between weak
andstrong interstellar scintillation where the diractive and Fresnel scales are approximately
the same. This transition is expected to occur between 1 &idz5(e.g., Walker 1998). A
further length scale is introduced in the strong scatterggme, the refractive scale

r2

lef = -+ > [yig- (212)
I difr

If a source size is smaller thags andrs, rqig IS dominating which is denoted affractive
interstellar scintillation (DISS) with the related timescatggs = rgig/v. DISS until recently
had only been observed for pulsars, i.e. very small and pigimtsources. In contrast IDV
sources, although being very compact, are slightly exteéradel their angular extend merely
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has to be smaller thafy .t = ret/D with the related timescalgs = r.s/v. This is referred
to asrefractive interstellar scintillation (RISS - see Figure 2.1 for an illustration of the strong
scintillation length scales). However, Macquart et al.0@0observed short-time variations in
the 21 cm lightcurves of the quasar J183885 which they interpret in terms of DISS from an
extremely compact region of the source.

I’F>> lqiff

Figure 2.1 Diagram of the scintillation scales; DISS appears in thémegvherersoyrce < i, RISS
occurs for gig < rsource< fref (Friedrichs 2003).

If the scattering screen is located beyond the solar systainf@ar observational frequency
<1 GHz, the source size is always much larger than the Fresakd and the amplitude of the
variations is quenched. The typical variability timescalestretched by the large size of the
source (Beckert et al. 2002).

Since the angular size of variable sources is typically En#éhan the Fresnel scale, RISS is
certainly causing short-time variability in the source flikoreover, polarisation variability can
also be interpreted in terms of interstellar scintillat{®ickett 2001; Rickett et al. 2002a,b; Qian
et al. 2002). Even the 18&wing of the polarisation angle observed in some souroglsl & ex-
plained by means of multi-component models within the ISt (e.g., Qian et al. 2006, 2007).

Within the RISS scenario, thannual modulation model describes a seasonal change of
the variability timescale due to the Earth’s orbital motemound the sun (Bondi et al. 1994).
The modulation is caused by changes of the transverse tyetifdinhe Earth with respect to the
scattering medium and depends on thre®edeént parameters: the orbital motion of the Earth,
the Sun’s motion towards the solar Apex and the motion of ta¢tering screen relative to the
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Local Standard of Rest (LSR). The annual modulation scer@uld successfully be applied
for several IDV sources already, e.g., for J183845 (Dennett-Thorpe & de Bruyn 2003), PKS
1257-326 (Bignall et al. 2003), or 112892 (Gabanyi et al. 2007).

It was also proposed thahicrolensing could initiate short-time variability. The deflec-
tion of the light of extragalactic objects caused by the ga#ional field of a foreground galaxy
is known as gravitational lensing. Chang & Refsdal (1978ppsed that thisféect could also be
due to a single star from a foreground galaxy close to thedfrségght. The amplification factor
of the lense could vary because of the relative movementdsztvgource, star and observer
which consequently would lead to flux density variationsefEhare, however, several arguments
against this scenario (see, e.g., Wagner 1992): for inetahe variability timescale defined by
microlensing requires relativistic velocities for therdtansverse to the line of sight which is in
contrast to the observed velocities of stars. Besides,amicsing &ects are achromatic, i.e.,
the caused variability should be frequency-independeitiwnil, however, not the case.

Interstellar scintillation in the meantime has become thmeadlly accepted predominant
explanation of the IDV phenomenon. It is for example regdrttebe the main cause of the
extreme IDV cases previously described. Owing to the fadtibV sources are found to be very
small in size (typically smaller than the Fresnel scalels @&lmost certain that they do vary due
to ISS. But someféects remain that cannot simply be explained by means of ISfaiticular,
scattering in the ISM cannot account for the quasi-peribdibat has been observed in some
sources. The radio-optical correlation in the variabifiigttern of 0716714 and 0954658
(Wagner et al. 1996, 1993) is not explicable in terms of 138eegj as towards higher frequencies
(optical regime) ISS is virtually non-existent. The obszhbrightness temperatures which
have been derived for IDV sources from ISS theory are somelehar compared to intrinsic
explanation models, and scale only linearly with the Dopfdetor. Nevertheless, brightness
temperatures in excess of the IC limit (0" - 10*%) continue to be observed within the ISS
scenario (e.g., Rickett et al. 2002b). Therefore, a highdbapboosting ¢ 10" to 1F) is still
necessary depending on the adopted distance of the scgtsereen.

2.3 Polarisation Properties of AGN

2.3.1 Magnetic Fields and Synchrotron Radiation

As previously mentioned, magnetic fields are thought to sggponsible for the emergence and
existence of the jets of AGN. In fact, the observation of dirflg polarised radiation furnished
proof that the radio emission of AGN is actually (non-thebnsgnchrotron radiation stemming
from energetic electrons spiraling around magnetic figlddi While the electrons gyrate in the
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magnetic field, they are accelerated and emit synchrotrotopl in a collimated radiation cone.
The emission frequency of the photon is directly relatedhéospeed of the electron. The Larmor
or cyclotron frequencw of an oscillating electron is defined as

eB
w, = —
MeC
with magnetic fieldB, electron charge, and electron masse. In the relativistic case this results

in the synchrotron frequenay = y?w,_ Wherey is the Lorentz factor. The relativistic electron
radiates in a collimated narrow cone with width of ordgr ih the direction of motion.

(2.13)

The energy distribution of an ensemble of electrbifg)dE is described as a power-law

N(E)dE « E~SdE (2.14)

with spectral index of the electron energywhich produces a synchrotron spectrum that is also
a power-law distribution

S() o v (2.15)

with spectral index of the synchrotron emissien= 1—55 Thus, we can derive the spectrum
of the electron energy distribution s from the spectral inde At lower frequencies the spec-
trum declines at the so-called turn-over frequency and dliece appears optically thick due to
synchrotron self-absorption. The turn-over frequencyeingd as (Kellermann & Pauliny-Toth

1969)

C 2S,
Vn =

= o= (2.16)

with the solid angle of the sourae, brightness temperatuiis in K, Boltzmann constank,
flux density at turn-oves, in Wm= Hz™!, and redshifz. The spectrum of a homogeneous
synchrotron component is characterised by an opticalbktpart (optical depth >1 andv < v,)
with a spectral indexx = 2.5, and an optically thin partr(<1, v < v,) with a close to -0.5.
Knowing the spectral shape of a source and the size of théiegniegiond, allows to calculate
the magnetic field strength (in Gauss) via

626

_ 5
B= 10" g, 5

(2.17)

with Doppler factors, source flux density, in Jy, andb(a) a tabulated value of the spectral
index according to Marscher (1983).
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2.3.2 Polarisation and Stokes Parameters

Synchrotron radiation exhibits a high degree of polarisgtparticularly in the optically thick
part. If relativistic electrons are located in an orderedynaic field, which is supposed to be
the case in relativistic jets of AGN, they will produce limiggoolarised radiation. The degree of
linear polarisation (LP) is defined as

s+l

- s+7/3
For a typical spectral index of the electron enesgy 2, this results in a polarisation degree of
about 70%.

(2.18)

In the following, a brief mathematic summary on polarisatioharacteristics is given.
More details can be found, e.g., in Friedrichs (2003) or Sask1975). In general, a monochro-
matic electromagnetic wave is elliptically polarised. §ban be described by the superposition
of either two linearly polarised or two circularly polarts&vaves. Regarding the case of two
circularly polarised waves, it is

E(x,t) = (,E, + e E_)g<> et (2.19)

with complex orthogonal unit vectoes, and complex amplitudes, ;. = a,,_€%-. §_ -4, is
the phase dierence between the two circularly polarised waves. $tukes parametersare
defined via

| = a®+a (2.20)
Q = 2a,a cosf_-96,) (2.21)
U = 2a,a sin(@_-94,) (2.22)
V = a-a (2.23)

| describes the total intensit§) andU taken together identify the LP, andispecifies the CP of
the wave. The polarisation angle results from

X = %arctar(%). (2.24)

A monochromatic wave is completely polarised which implies

12 = Q%+ U2+ V? (2.25)

whereas in the case of a superposition of multiple wavekeStparameters averaged over time
have to be considered. Hence, the wave is not completelyipetband it is

12> Q%+ U? +V? (2.26)
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Extragalactic radio sources usually exhibit LP in the oroea few percent, while mostly CP
< 0.1% (e.g., Weiler & de Pater 1983; Komedéret al. 1984), which is generally below the
detection limit. Hence, CP is considered to be negligbléiswork and only LP is regarded.

There was a large temporal gap between early integrated Ci#surements carried out
from the 1970s to early 1980s and the high-resolution VLBAasugements that started in the
mid 1990s. Recently, however, several observations yield¢éhe detection of CP in a number
of extragalactic radio sources (e.g., Homan & Wardle 199&r/Aet al. 2003, 2006a,b; Homan
& Lister 2006; Gabuzda et al. 2008), which could not least thkbated to the improvement
of facilities (Rayner et al. 2000, Australia Telescope CantpArray - ATCA) and techniques
for deriving CP information on parsec scales (Homan & Wad$89). Aside from CP being
produced as an intrinsic component of the emitted synabmatrdiation, another more favorable
mechanism is the Faraday conversion of linear polarizaitibm circular during propagation
through a magnetised plasma (Jones & Odell 1977; Wardle & &08003). Faradayfiects
will be briefly addressed to in the following section.

2.3.3 Faraday Rotation and Depolarisation

If a linearly polarised wave travels through a magneto@plasma it will experienc€&araday
rotation. The incident wave is decomposed into two circularly pakedirays which propagate
at different speeds which causes a rotation of the polarisatide:ang

Ax = RM - A2 (2.27)

where RM is the rotation measure that is determined by tlegjrat of the electron density and
the dot product of the magnetic field and the path length atbedine of sight. Knowing the
RM should in princple enable to back-extrapolate the oleskpolarisation angle to the true
intrinsic one viay(1) = yo + RMA?. Two problems occur in the determination of the Faraday
rotation. One is the polarisation angldfewing from a 180-ambiguity which could be overcome
by observing at two dierent frequencies, wherg, = V21, as was suggested by Reuter &
Klein (1996). The other diiculty is a source-intrinsicféect where single source components at
different frequencies make multiple contributions to the di/ecairce polarisation. This cannot
be resolved in single-dish observations and could mimicdatitianal rotation.

A further dfect is theFaraday depolarisation of polarised waves. This is caused by dif-
ferent electron densities or magnetic field strengths wiingle patches of the magnetised
medium meaning that the polarisation angle is rotat@@mdintly in each patch. If those patches
are too small to be resolved by the telescope beam, the @usenlarisation vector will be
the sum of numerous states of the according patches whichtmagult in a smaller degree of
polarisation following
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P(1) = P(0) exp(const - RM? - 1%) (2.28)

according to Burn (1966). This also applies to the afore mart intrinsic depolarisation where
the superposition of several components within a sourceatdoe resolved by a single tele-
scope. VLBI measurements, however, due to their highedutisn enable to observe single
components in some sources with considerably higher degrepolarisation (e.g., Gabuzda
et al. 1992).

2.4 Precession of the Jet Base

From kinematic analyses of long-term VLBI observationsais bheen deduced that an increasing
number of sources displays a regular or irregular swing efitimermost jet structural position
angle in the plane of the sky (e.g., in BL Lac, Stirling et &003; in OJ 287, Tateyama &
Kingham 2004; in 3C 345, Lobanov & Roland 2005; in S5 0¥18, Bach et al. 2005; in 3C
273, Savolainen et al. 2006; in 180884 Kudryavtseva et al. 2006; in NRAO 150, Agudo et al.
2007). The reported time scales range typically betweerd2laryears and structural position-
angle oscillations show amplitudes betwe&®%* and 45. This precession of the base of the jet
is not yet understood but it seems to be related to jet-curgair helical structures that have been
observed in the jets of AGN also on larger scales, in the sévadehe triggering mechanism is
supposed to be the same in both cases. A regular precesdiom atcretion disk is often cited
as one possible explanation. Mathematical descriptiontkeprecessing jet model have been
given previously, e.g., in the case of 3C279 (Carrara et2@31Abraham & Carrara 1998) or in
the case of 3C345 (Qian et al. 1992; f&a et al. 1995; Qian et al. 1996a). Various theories exist
that are trying to shed light on the cause of this interegpimgnomenon, e.g.:

e Binary Black Holes Scenario: As already explicated in Chapter 1.1.2, it appears likely
that in the course of galactic evolution galaxies regulargergo merging events. The
central black holes of the two interacting systems will mieethe center of the newly
formed system and eventually coalesce. But before they favensingle supermassive
black hole, there will be a period in which the two bodies esleieach other. Provided one
(or both) black hole(s) fare surrounded by an accretion disk and emit(s) jets alogig th
rotation axis, the accretion disk(s) will experience grawonal torques which will finally
lead to twisted jets. This scenario has already been prddoseseveral sources such as
3C345, 0J287 or PKS 0420-014 (Klare 2003; Klare et al. 2005anov & Roland 2005;
Valtonen et al. 2008; Britzen et al. 2001). An example forlihmary black hole model and
its mathematical application to VLBI data is described irp&pdix C according to Roland
et al. (2008). In the framework of this thesis, the model wasiad to one selected dataset
that resulted from the kinematic analysis of the VLBI obs¢ions of 0914624. The
result is presented in Chapter 5.2.5.
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¢ Kelvin-Helmholtz Instabilities can emerge when velocity shear is present within a con-
tinuous fluid or, when there is fiicient velocity ditference across the interface between
two fluids. The theory can be used to predict the origin ofah#ity and transition to
turbulent flow in fluids of diferent densities and speeds and was applied to model helical
structures in relativistic jets (e.g., Hardee 2003; Peowetal. 2006).

e Lense-Thirring Effect: Also known as rotational frame-dragging, the Lense-Thiref-
fect is a prediction resulting from general relativity in et the rotation of an object
would alter space and time, dragging a nearby object out sitipa. The &ect was first
predicted by Austrian physicists Joseph Lense and Hansiidnin 1918. Relativistic jets
may furnish proof for the reality of frame-dragging. Grawitagnetic forces produced by
the Lense-Thirring #ect within the ergosphere of rotating black holes combingh the
Penrose mechanisniPenrose 1969) have been used to explain the observed pespEr
relativistic jets. Williams (1995, 2004) proved this theoo be able to extract relativistic
particle energy and subsequently showed that it is a p@ssibthanism for the formation
of jets.

2The Penrose mechanism is a process theoretised by Sir Regerse in which energy can be extracted from a
black hole.






CHAPTER 3

The Quasar 0914624

Extragalactic compact flat spectrum radio sources are krtowse highly variable and about
30% of them show intra-day variability (IDV) (e.g., Quirteach et al. 1992, Wagner & Witzel
1995, Kedziora-Chudczer et al. 2001). 098624 is a type-ll IDV quasar at a redshift of
z=1446. The source used to be strongly variable on timescalés5oto 1.6 days with
modulation indicesm of 3 to 5% at cm-wavelengths from 1985 to 1998 (Heeschen &08l7,
Quirrenbach et al. 1992, Kraus et al. 2003). Moreover, inpblarised flux, as well as in the
polarisation angle, even faster variability was detectéd modulation indices ranging between
15 and 30 %; the polarised flux usually being anti-correlatéti the total flux (Quirrenbach
et al. 1989b, Kraus et al. 2003). Figure 3.1 shows a typicahmte of lightcurves for total
and polarised intensity and polarisation angle changesglar 2.5 days observation with the
Effelsberg 100m telescope in June 1993. A visual inspectieadyr reveals the afore mentioned
anti-correlation between total and polarised intensiip @nd middle panel respectively).

On milliacrsecond-scales, the source structure consisiscompact core with a jet emerging
in north-western direction at a position an@e~ —60°, and after about 0.5 mas pointing in
northerly direction @ ~ -30°). 1.45GHz-maps from the archive of the Very Large Array
(VLA) reveal that on arcsecond-scales the source is mainiytike showing a jet-like feature
developing 15 arcsecs to the south-west. Standke et al6YE@wed a VLA-map at 8.4 GHz
that displays some weak source structure 4 arcsecs fromotieeat a position angle of about
-135 at the % level which needed to be confirmed according to their estonatHowever, this
feature was observed earlier by Murphy et al. (1993) as wieken altogether, this indicates
that there is a strong misalignment between the jet on theriand outer kpc-scales (see also
Figure 3.2).

Im[%)] = 100- Z&, whereos is the rms flux density

<S>
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Figure 3.1 5 GHz lightcurves of 091#624 observed with the 100mfielsberg telescope in July 1993,
courtesy of A. Kraus. Panels show from top to bottom totadnstty, polarised intensity, and polarisation
angle plotted versus time (J.D. in days).
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In 1989, Quirrenbach et al. (1989b, 2000) observed & J®farisation angle swing event
in 0917624 within one day (J.D. 2447526). They interpreted thisweue terms of a helical
jet model where potentially a relativistic shock propagaong the jet, which illuminates the
jet’'s helical magnetic field by enhanced synchrotron emrssiThis is an interpretation of a
model proposed by Konigl & Choudhuri (1985) concerninggpiziation angle swing events
on timescales of months or years, applied to intraday tiadesc Their model is based on the
effects of relativistic aberration when the transverse corapbaf the magnetic field constantly
rotates along the jet.

In the subsequent years, the polarization angle swing evasitbeen subject to numerous
attempts of interpretation. For instance, Qian et al. (129D2) suggested a two-component
model within a relativistic shock-in-jet model with one atly polarized component and another
one produced by the shock, which is variable in in its degrekaagle of polarisation. The vec-
tor combination of both components could then produce tiseied polarisation angle swing
where the variations of the shock component only need toramtsmall scales. Gopal-Krishna
& Wiita (1992) proposed thin relativistic shocks moving digistly bent trajectories causing
correlated as well as anti-correlated variations in total polarised flux in IDV sources. In
this case the shock component would change its degree dfisadlan because of relativistic
aberration #ects.

Although Rickett et al. (1995) tried to explain the variaoin intensity and polarisation
of 0917624 within a scintillation model, they could not account fbe polarisation angle
swing event and suggested, it could be due to low-levelnsiti variability. However, it
remained unclear to what extent RISS and intrinsic vaiitgiiave to work together in order to
produce the polarisation angle swing of 18&imonetti (1991) attempted to explain the swing
event in terms of refractive focussing-defocussing by dargtellar shock passing in front of
the source. Within this model, the source is supposed to tvewegolarised components with
their polarisation angles filering by~ 90°. As the shock is passing the line of sight, the first
component is strongly focussed, inducing a rapid increagetal and polarised intensity such
that the overall source polarisation angle will be closentt bf the first component. With the
postshock passing in front of the source, the first compoisedefocussed again, showing a
rapid decrease in its total and polarised intensity and diece polarisation angle is dominated
by that of the second component. However, this assumptioronly account for a 180ump
and not for a continuous variation, as has been observed loye@Qbach et al. (1989b), and
Simonetti (1991) suggested that some intrinsic mechanisimcossing by another cloud might
be responsible for that. Besides, the rapid increase in fiota density, as proposed by the
refractive focussing-defocussing model, had not been uned<ither.
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It has been only recently, that approaches have been madéetpret short-term polarisation
angle swings in terms of RISS by a continuous medium or rifi@éocussing-defocussing by
interstellar clouds. For instance, Kochenov & Gabuzda 9)98ported a polarisation angle
swing event observed in the source QSO H&IP, which was interpreted by Qian et al. (2006)
in terms of refractive focussing-defocussing by intetatetlouds serving as a plasma-lens,
assuming a 3-component model. The angle swing event in-+824 was also explained in
this sense, but here a 4-component model, consisting of ongalarised and three polarised
components, was necessary in order to substantiate thelyingghysics not only concerning
the angle swing but also the variations in total and poldristensity (Qian et al. 2007).

In September 1998, Kraus et al. (1999) discovered that thiel rariability had stopped and
instead a slow, monotonic increase of 7% in total flux densig observed during the 5-day
observing session. Observations made in February 1998lesléhat 0917624 was varying
again on a time scale of 1.3 days. However, since Septemférth@ variability of the source
has ceased again, showing only moderate modulation indidég order of~ 0.5% until April
2002 (see Fuhrmann et al. 2002, Fuhrmann 2004).

The question whether the origin of IDV is source extrinsie, i due to scintillation in the
Interstellar Medium (ISM), or intrinsic, is still not solde The shock-in-jet model has, for
instance, been proposed in the case of @®BPA by Qian et al. (1991, 1996b). It is expected,
though, that IDV blazar cores feature micro- or even narsmnend angular sizes and therefore
must scintillate through the ISM, as has also been suggdete0917+624 (e.g., Rickett
et al. 1995; Jauncey & Macquart 2001). Qian et al. (2002)eurea combination of extrinsic
and intrinsic &ects, which could appropriately explain results obtainednf multifrequency
polarisation observations. After the subtraction of sitation-induced €&ects, an additional
variable component remained which was subsequently irgg in terms of a shock model.
Whether it be extrinsic or intrinsic, possible explanasiéor the reduced IDV activity could be,
e.g., that the scintillating medium has changed (e.g.ngtreof turbulence, distance), or the
flux of the scintillating component(s) has now decreasedkmmbme less dominant. Another
possibility is a general change in the alignement of the@®tglative to the line of sight owing
to the precession of the footpoint of the jet, which has beepgsed in the cases of 074614
(Bach et al. 2005) and 188384 (Kudryavtseva et al. 2006). The size of the VLBI core ¢jean
with time due to its changing orientation towards the linsight.

A possibility to explain the behavior of 094824 within an ISS model was given by
Rickett (2001) (see also Jauncey & Macquart 2001). Theyestgd that the observed change
in the variability time scale depends on the time of the yeak thus reflects the orbital motion
of the Earth relative to the ISM. Fuhrmann et al. (2002) fertimvestigated the applicability of
this so-called annual modulation scenario (see page 199br+624 by means of a one-year
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0917+624, Epoch: 2002-06-15, 15.4 GHz
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Figure 3.2 0917624 maps observed atttéirent frequencies showing the strong misalignment between
the jet on kpc and pc-scales; a) VLA-map at 1.45 GHz, June, 183m (5.344.41) mas; b) 15 GHz map

of 09174624 observed in June 2002, taken from the MOJ&RAM Survey Data Archive; 43 GHz map
taken from the Radio Reference Frame Image Database (RRFID)

6cm-flux monitoring program with theftelsberg telescope. This could, however, not confirm
the model predictions. Instead, the source showed a radi@ige in its IDV behaviour by
reducing its variability (see above). Meanwhile thouglgerg studies by Marchili (2009)
with the Chinese Urumqi 25-m radio telescope seem to supperapplicability of an annual
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modulation model in the case of 094624 provided that the scattering screen is much closer
to the earth £ 50pc) than previoulsy concluded by Rickett et al. (1995gkRit (2001) of the
order of 170 - 200 pc.

The earlier slow-down of 091624 in September 1998 was interpreted by Kraus et al.
(1999) as probably due to either a disappearance of theileting compact component or
an increase in its angular size, which could be caused byjdotian of a new jet component
(see also Krichbaum et al. 2002). The ejection could tenrppiaad to a core size exceeding
the Fresnel scale defined by the scattering medium. Constguenly strongly quenched
scintillation is observed. When the component moves furdogn the jet, it will separate from
the core at some point whereby the size of the scintillatmmgmonent decreases again. At that
time, the variability is expected to reappear. Howeves tas not been the case - at least until
April 2002. Given that the variability ceased again in 2086@¢n more than one component
should have been emitted since. In order to test this segnag analysed several epochs of
VLBI observations of 091¥624 over a period of eight years (1999 to 2007) which werdypart
performed at dterent frequencies. The analysis and results are descnl@hdapter 5.



CHAPTER 4

Effelsberg Flux Density Monitoring of
0914624

As 0914624 has established to be a prominent IDV source, it is - anodingr sources - fre-
guently monitored with the feelsberg 100-meter radio telescope of the Max-Planckitndtir
Radioastronomie in Bonn (see Figure 4.1). A monitoring progwas set up in order to test
the reliability of the annual modulation model and to sedocinew IDV and calibrator sources.
The available Helsberg data of 091624 observed after 2000 were so far only reduced in to-
tal intensity - that is in terms of variability analyses (Fuann et al. 2002, Fuhrmann 2004).
Hence, | continued the data reduction focussing also ondtegipation characteristics. My aim
was to investigate the polarisation variability behaviooider to further complement our current
knowledge about the source in this parameter space. Theseaf the total intensity data was
carried out in left hand circular polarisation only whiclstdll a suficient approximation to the
results for total polarised intensity since the total iisignis defined as = %(LL + RR) whereR
andL denote the right and left hand circular feeds of the recgigystem. The observing tech-
nique and data reduction steps for thi&elsberg 100m telescope have already been described
in detail in previous works (see, e.g., Quirrenbach et aB989 Kraus 1997, Fuhrmann 2004,
Fuhrmann et al. 2008). Hence, | will merely give a brief sumntan the applied methods.

4.1 Observations and Data Reduction

From the available data that have been obtained with theldberg telescope at 4.85 GHz, |
took a subsample observed between March 2001 and Decenten®(ich has a dticient ob-
servational duration of at least 24 hours up to 80 hours. &bp®chs with single measurements
were added, which were observed during the VLBI experimdetcribed in Chapter5. The

llsitassumed that ~ 0, i.e.LL ~ RR
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Figure 4.1 The 100-meter telescope of the Max-Planck-Institut fidiBastronomie located in a valley
near Htelsberg, Eifel region.

appropriate epochs are listed in the first column of TableAlthough various sources had been
observed, | am only concentrating on the results for @&P4. Other - non-variable - sources
included in the observations for calibration purposes werg., 0836710 and 0951699 for
gain and time-dependent corrections (see below) and sthfida density calibrators such as
3C286, 3C48, and NGC7027.

The observations were carried out with the 4.85GHz receiret is mounted in the tele-
scope’s secondary focus. It consists of two horns enaldiofivare beam-switching’ (Emerson
et al. 1979): by means of a second horn, which is directed teette source position, the
atmospheric contribution to the measurements can be deurand subtracted from the source
signal in the subsequent data reduction process. It is adngh system, the frontend consisting
of two dewars, each of them containing one horn, a cooledtitrgal coupler, circular (RHC
and LHC) transducer and 2 High Electron Mobility TransigteEMT) amplifiers. The backend
comprises a ZF-polarimeter and delivers both total powelr fafi polarisation information of
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the received signal.

The measurements were done using cross-scans in azimutblaration across the source
position, which results in Gaussian profiles with an ampktproportional to the measured flux
density. The cross-scan method is best suited for shog-tianiability observations since the
compact and bright sources appear point-like within thesadpe beam. From thefiidirence
between real target position and observed maximum theipgioffset can be determined and
be corrected. The number of sub-scans and duration depentle source brightness at the
observed frequency and in the given case was usually eigttdcstronger sources (L Jy) and
12 for the weaker ones with a duration of 20-30 seconds péer. Sdee scan length is equivalent
to 4-5 times the half power beamwidth (HPBW) of the telescbgam, which is necessary to
determine the noise level and baseline left and right haridecource. In the case of a 4.85 GHz
observation, the HPBW corresponds to 144”.

4.1.1 Data Reduction Steps

e CONT2: For a start, the Gaussian fit is applied to the observed sigad) the program
CONT2 which is part of the MPIfR’s software package TOOLBQe standard fels-
berg data reduction package. The fit results in the signaliardp as a measure for the flux
density of the source, the pointingeet from the center position and the measured HPBW.
Afterwards, poor-quality sub-scans have to be removed tl@data. For IDV measure-
ments, this procedure is based on the following criteria:amplitude should deviate less
than 5% from the mean; the pointing error shoulffetiless than 10 % from the HPBW
and the measured HPBW should lie within 10 % of the averaggevadior the polarisation
analysis, the Stokes paramet@andU have to be fitted in a similar way. However, since
the polarised signals are generally very weak, the subssiceone driving direction are
first averaged using fixed position and HPBW. This implieat the amplitude remains the
only free fit parameter and makes a pointing correction rddon

e Pointing Correction: The following steps make use of the software which A. Kraus de
veloped in the scope of his thesis (Kraus 1997). In order fdyajpe pointing correction,
first of all the mean deviation from the center position of #tans in azimuth and el-
evation and the average HPBW are determined. Assuming alimensional Gaussian
profile, one can now calculate the deviation of the measunaglitude S from the cen-
ter position in one direction by means of the pointirfEset in the other direction. As an
exemplification, the correction in elevation is given by

X2
O = Sgy - exp(4 - In2 - f) (4.1)

az
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whereXg; is the pointing éfset andd,, is the HPBW in azimuth. By means of the aver-
age values, a correction factor is determined and appliedl sub-scans in azimuth and
elevation respectively. Afterwards, all sub-scans areamed using a weighted mean.

Gain Correction: In general, the heavy construction of radio telescope mdiatishes
leads to gravitational deformation of the dish surface witlanging elevation. Corre-
spondingly, the surface accuarcy changes and the focal igashifted which influences
the sensitivity of the telescope. Thef&@sberg 100m dish was constructed according to
the principle of ’homologous deformation’ meaning that awgational distortion of the
dish always transfers into another paraboloid. Hence, arstdent of the focus in three
axes during changes in elevation always keeps the receivbeifocal plane. However,
the sensitivity is a function of changing elevation due te thstortion of the surface, be-
ing highest around 35and decreasing towards higher and lower elevation. Besides
atmospheric absorption increases with decreasing ebevatihis is usually corrected for
separately (so-calletlcorrection), especially in case of higher frequencieS GHz). To

be able to compensate for thegkeets, secondary non-variable calibrators are frequently
observed additionally to the target sources, ideally dagea great part of the whole ele-
vation range. The normalised amplitudes plotted versusgt: can best be represented
by a second-order polynomial ('gain curve’) which is usedeimove the distortionféects
from the data. In case of the present observations,98886 and 0951699 were regularly
observed for this pupose and some other sources were addedawailable.

Time-dependent Corrections: Additional efects on the flux density result from changes
in weather, thermal expansion of the telescope dish leadifgcus changes, fluctuations
in the receiving system, etc. These time-dependent sysithtan also be removed by
means of a mean correction curve fitted to the secondaryraitfluxes over the complete
observing time range.

Finally, the measured amplitudes of all sources have to hestadl to the absolute flux
density scale (Baars et al. 1977, Ott et al. 1994) using tinegpy calibrator measurements
which were frequently monitored.

It turns out that the errors according to error propagatibthe applied corrections are
generally smaller than the uncertainties remaining froengtatter of the secondary cal-
ibrators. Hence, the resulting errors from the uncertaintif the calibrator sources are
assigned to the final error values. This leads to error measemts below one percent,
under good observing conditions eve®.3%.

Corrections for Polarisation: The polarisation data are calibrated according to the
method of Turlo et al. (1985). The observed signal is reghatea vector consisting of
the three Stokes parametér®, andU (ommitting small circular polarisatiow). The true
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(source intrinsic) flux densities can now be described uaig3 matrix, called Miiller
matrix M;;:

S, Q,U) = [IM;[IS™(1, Q, U) (4.2)

with i,j=1,2,3. The Muller matrix can be decomposed into a makrdescribing the in-
strumental &ects (D-terms) and a matr containing the parallactic anglg)(rotation:

Jobs Tu Te Tis) (1 0 0O e
QObS = T2 1 T22 T23 0 COSZ)/ Si n2’}/ Qtrue (43)
U obs T3y T3 Ta3 0 -s n2’)/ COSZ’}/ ytue

It is necessary to frequently observe calibrator sourcdsofvn high polarisation (such
as 0836-710), i.e., covering an utmost large range of the paratiaatigle, in order to
determine thd matrix. The use of data from unpolarised sources (e.g.,096a) further
helps to improve the analysis, in particular for the adjwsthof the matrix elements,;
andTs;, which describe the instrumental polarisation. With kn@if and the measured
quantitiesS°*® and parallactic angle, one can derive the elemeritg by means of three
least-square-fits, one for each Stokes parameter. Now thection can be applied by
inverting Equation4.3. Since in practice the influence dapsed flux density on total
flux density is usually negligible (regarding matrix elertee;, and T,3), only Stokes
parameter§) andU are corrected for usinigys

[ obs

{ Qtrue } :{ 09527/ —Sin2)/ }{ 1:-21 Tzz 1:-23 } Qobs (4_4)
Utrue S|n2'y COSZ’y T31 T32 T33 Uobs

Wherefij denotes for the inverted correction matfix!. The uncertainties are again esti-
mated by means of the secondary calibrators as in the cas&birttensity.

The final calibration of the polarisation data is done by nseahthe calibrator source
3C286 which has proven to be non-variable in the cm regimd..88 GHz, the values are
11.0 % for percental polarisation and°38r the polarisation angle (Kraus 1997 and ref-
erences therein). The individual measurement errors aieaiyy AP ~5 % for polarised
intensity andAy= 1-3° for polarisation angle. In case of highly polarised soutbeser-
rors are even lower. A gain and time-dependent correctimone for total intensity, is
usually not applied foQ andU.

2|f circular polarisation has to be taken into account, thérinaas to be generalised to x4 matrix.
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4.1.2 Tools for IDV Analysis

The observed time dependent flux density variations yieitha series which is characterized
using the following basic parameters.

e Modulation Index m gives the strength of the observed variability as a functibmean
flux density(S) and its standard deviatiars:

Os
<S>
External éfects, such as changing weather conditions or receivelbifits, are respon-
sible for systematic changes in the variability pattern.né¢g it is useful to compana
to the average modulation index of the non-variable caitsreources. This leads to the
definition of the variability amplitude (Heeschen et al. I9Quirrenbach et al. 1992):

Y[%] = 3,/m? — g (4.6)

with my the mean modulation index of the secondary calibrators. abe ®fm<m, the
variability amplitude of the fiected source is set to zero.

m[%] = 100- (4.5)

¢ Variability Amplitude

The modulation indices for the polarised quantities arévddiin a similar way. For the polarised
intensityP, we use

op
<P>

Yo[%] = 3(Jm2 — m,, (4.8)

For the polarisation angeit is defined as follows:

mp[%] = 100- 4.7)

m[°] = o, (4.9)

Y []=3 o202, (4.10)

So far, only the statistical variance of the data has beeridered. In order to regard the indi-
vidual measurement errors, one has to apply a further method

e They?-Testis an established method to test hypotheses (see, e.gngdeni& Robinson
1992). In order to probe the variability of a source, in fduet hypothesis of stationarity is
tested, assuming a constant source flux. The light curveeaktpective source is fitted by
a constant functioS) as follows (cf., e.g., Heeschen et al. 1987; Quirrenbach &082;
Kraus et al. 2003):
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n 2
2 (—S‘_ <> >) (4.11)

X i—1 AS
whereS; denotes the individual flux densities an8; their errors. A division of? by the
degrees of freedom (here N-1, N number of measurements) tegfl (reducedy?). Only
sources, for which the probability not to be modeled by a tamdgunction is>99.9%, are
considered to be variable. The probability can be verifieddyparing the results of the
x?-test to relevant collections of tables from the literat(eg., Bronstein & Semendjajev
1989).

To analyse the dierences in IDV behaviour between total and polarised flusidgra time scale
analysis was performed using the correlation function.

e TheCorrelation Function p(r) measures the correlation of two signals dfetent times
(see Edelson & Krolik 1988 for more details) as

Ps1.5,(7) =< Syt + 1) - S(t) >¢ (4.12)

In case ofS; = S, this results in an auto-correlation function of a time senehich

is a measure for the self-similarity of a time-dependenmaig Here, however, | am in-
terested in the correlation between total and polariseshsity and therefore apply the
cross-correlation function. Maxima and minima in the crosgelation function denote
correlations and anti-correlations, respectively, of tnelerlying data sets. In case of a
complete correlation or anti-correlation, values+df or -1 are expected. If maxima ap-
pear at diferent times, this denotes the time lag between the two déta Serrelation
codficients below 0.6 are considered to be insignificant.

4.2 Results

The resulting plots of total and polarised intensity lighirnees and polarisation angle are
displayed in Appendix A except from epochs March 2002, JW9Z2 and April 2004, where
only single measurements were available.

An inspection of the flux density plots (Figures A.1 - A.6, epanels) shows that the
total intensity variability is only marginal throughout apochs compared to its former activity
(cf. Fig. 3.1). This becomes especially evident when loglkinthe right axis, which displays the
normalised flux density. It is not feasible to identify anguéarities or (anti-)correlations with

polarised intensity or polarisation angle by eye. On thesottand, the polarisation intensity
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is varying quite fast on a seemingly regular time scale of@%days. The polarisation angle
variations, however, are also less pronounced than befmging from modulation indices of
0.5 to a maximum value of 1°7n contrast to earlier observed values between 7 andKi&us
et al. 2003).
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Figure 4.2 Cross-correlation function between polarisation angief 09174624 and 0716714 (left
panel) and 0917624 and 0954658 (right panel) in epoch 2001-03-24; the left panel showgstematic
correlation for every 0.5 days whereas the right panel ajgo&n anti-correlation within the same period.

The results of the variability analysis for the IDV data orl@9624 are listed in Table 4.1. The
upper part of the table displays the total intensitgsults, whereas the lower part contains the
findings for polarised intensitly and polarisation angle. The first column gives the observing
epochs; stars mark the epochs which have already been adatytotal intensity in Fuhrmann
(2004). The second column shows the number of measuremgmsfdimed in each epoch. N
sometimes diers for polarisation measurements (bottom part of the }alie to the removal of
poor quality scans. The upper part further gives total fluxsitg (column 3), modulation index
for total intensitym, and for comparison mean modulation indaxof the secondary calibrators
(0836+710, 095%699) in columns 4 and 5. The resulting variability amplitodis listed in col-
umn 6; column 7 displayg? followed by the reduceg? (column 8) that results for a stationarity
probability of 99.9 % from the given number of measuremantbe respective epoch. The same
arrangement holds for polarised flux dengtand polarisation angle (columns 8 to 13) in the
lower part of the table. The last column of the upper partaimstthe fractional polarisatiéip

of 0917624 for each epoch.

Sfractional poIarisatiorp:@ [%], whereP is the polarised anbthe total intensity.



Table 4.1 Results of the Eelsberg 4.85 GHz observations

Epoch N | [Jy] m[%] mo[%] Y[%] x? X P[%]

2001-03-24 57 1.4120.012 0.87 020 253 2.803 1.6868 3.85

2001-05-04 65 1.3830.007 047 020 129 3.598 1.6362 4.23

2001-08-03 138 1.4380.007 051 020 141 4108 14187 4.42

2001-10-20 82 1.4160.006 043 020 114 3.689 1.5566 5.01

2001-12-26 38 1.44@0.005 0.38 015 1.04 3.220 1.8742 458

2002-03-27 1 1.322:0.002 - - - - - 455

2002-04-12 15 1.31%0.011 079 030 223 7.674 25802 4.62

2002-07-13 2 1.2140.001 - - - - - 468

2003-04-10 1 1.05%0.006 - - - - - 482

2003-11-14 47 0.880.008 1.14 022 3.37 17.508 17696 3.54

2004-07-16 46 0.8040.007 0.90 021 2.64 12471 1.7795 2.90

2004-08-12 112 0.7%0.005 0.68 021 193 6.652 14689 2.90

2004-12-19 32 0.7690.004 053 015 152 5984 1.9709 3.15

Epoch N P [Jy] mp [%] Mo [%] Yp[%] 47 X1 mll moll Y, [T ¥ Xéao
2001-03-24 55 0.0580.0015 2.75 150  6.92 2.63144.00 094 050 237 3.151 1.7017
2001-05-04 65 0.0590.0015 250 120 657 2.88943.27 065 030 173 3.759 1.6363
2001-08-03 137 0.060.0016 2.42  2.00 - 1.251/ 4045 0.60 050 1.00 5588 1.4187
2001-10-20 84 0.0740.0015 2.07  1.00 543 28023958 065 040 153 3.331 1.549(
2001-12-26 38 0.0660.0012 1.87  1.40 - 1.316/ 41.52 053 050 - 0962 1.8742
2002-03-27 1 0.0660.0010 - - - - 4475 021 - - - -
2002-04-12 15 0.0640.0015 2.41 150  6.42  3.1014561 091 050 2.67 10.438 2.5802
2002-07-13 2 0.05#0.0010 - - - - 4324 012 - - - -
2003-04-10 1 0.0480.0001 - - - - |4568 006 @ - - - -
2003-11-14 47 0.0340.0013 4.19  1.00 1220 101.024499.19 1.09 050 2.90 109.946 1.7696
2004-07-16 46 0.028.0013 574  1.60 16.55 10.58854.92 1.25 050 3.45 5124 1.7795
2004-08-12 107 0.028.0013 555  1.30 16.19 16.99852.89 1.74 050 501 9.382 1.4817
2004-12-19 32 0.0240.0014 578 170 1656 8.19250.26 1.57 0.30 4.63 22.162 1.9704

)

*Number of measurementgptal intensity also analysed in Fuhrmann (200%),Bl-epochs (see Chapter 5¥ractional polarisation

S)nsa8y ¢’y

14%
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Figure 4.3. Cross-correlation function between polarisation angtef 0917624 and the unpolarised
secondary calibrator 095699 in epoch 2001-03-24; weak systematics of 0.5 days cayddimciple be
interpreted from this plot (cf. Figure 4.2 and text).

Remarkably, the modulation index of the polarised flux alimoples from below 2 to almost

6% between 2002 and December 2004, whereas at the samenfiroely slightly increases

and m, marginally rises until the end of 2003 to a maximum value d426 (being approx.

one-third of former values) and then drop® again. Still, the variability in polarisation is as
well far below the formerly observed modulation indices afreithan 15 %. As an example for
the calibration accuracy we show in Figure A.1 (right parnle® flux density of the secondary
calibrator source 0836710 plotted versus time.

To rule out whether the deduced polarisation variations dare to some residual gain ef-
fects of the telescope, which are usually not corrected fothie polarisation analysis, |

calculated the cross-correlation function betwgeaf 0917624 and other polarised sources
(0836+710, 0716-714 and 0954658) since these gain systematics should afBechthe data

of the other sources. The cross-correlation analysisypgitlded positive results in some
epochs, two example plots are given in Figure 4.2. A systermath a half-day period in the

cross-correlation of the polarisation angles is cleargible, and the same is valid for polarised
intensity (not displayed). Even the cross-correlatiomieeiny of a polarised and an unpolarised
source results in some, however, weak (anti-)correlatehn Figure 4.3). These systematics
might be induced by the changing elevation due to the eat#tion leading to quasi-sinusoidal
pattern in the light curves of the sources. Therefore, wpdoted the behaviour of the Stokes
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parameter§) andU of the target source and of some polarisation calibratorcesuwith respect
to elevation after the final polarisation calibration waplagd to the data. In four epochs we
found that, while the calibration of the Stokes parametékly a flat curve for the calibrator
source as expected, there still remain residti@ots in the data of the target source. Plotting
the Stokes parameters versus parallactic angle reveateldsresults in terms of a sinusoidal
pattern in the calibrated data of the target source whichreeat able to explain at this point.
In Figure 4.4, an example plot is given where the normal@ethdU values of 091#624 and
0836+710 are plotted versus time.

— Q_0917+624
— Q_0836+710

N
o
(o)
o

— U_0917+624
—— U_0836+710

U/<U>

20 30 40 50 60 70 80
Elevation [degree]

Figure 4.4 Normalised Stokes parametépsandU of calibrated 091¥624 and 0836710 data plotted
versus time for epoch 2004-08-12; a residual pattern is/&ible in the data of the target source.

Hence, we have to be careful in interpreting the polarisatariability as real. As the variations
for 0917624 are less pronounced than before 2000, it might well biethleavariability pattern

we see is dominated by systematiteets which we usually do not see when the source is much
brighter and the residual variations appear less pronalince
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Figure 4.5. Cross-correlation function between total and polarisexi diensity of epoch 2001-10-20.

The correlation function analysis did not reveal any sigatiiit correlations between the vari-
ability pattern ofl andP. For an example, the cross-correlation function of epod1200-20 is
plotted in Figure 4.5.

Total and polarised flux density of 094824 decreased between 2001 and 2004 which is dis-
played in the upper panels of Figure 4.6 . The bottom paneabawmnthe fractional polarisation
p. The latter shows a slight increase towards the end of 2@ foughly 4 to 5% where the
total intensity remains rather constant and the polariseddlislightly increasing. The fractional
polarisation then decreases until the end of the obsenanigg (to a value around 3 %) since
the decline in polarised flux is stronger compared to theigkeah total intensity. As can be seen
from Figure 4.7 op is nearly constant throughout the observations as oppased twhereas
total and polarised flux density both decrease. Hence,usisfied to plot the modulation indices
of I andP and directly compare them, as is done in the same Figureofbqgitinel). During the
4 years of observations, the orientation of the polarisediogle made an overall change~df4°
between 40 and 54Figure 4.6, third panel), witly andm, following the same fluctuations as
mp (See bottom panel of Figure 4.7).
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Figure 4.6. Panels display from top to bottom: total flux density I, piad flux density P, polarisation
angle P.A. of 091¥624 observed with the fEelsberg telescope at 4.85 GHz between March 2001 and
December 2004; bottom panel: fractional polarisation p.
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CHAPTER 5

e Kinematics of 0914624 between 1999
d 2007 at Dfferent Frequencies

As already pointed out in Chapter 3, in September 1998, Keaas (1999) discovered that the
rapid variability of 0914624 had stopped and instead a slow, monotonic increase oh 784l
flux density was observed during the 5-day observing ses€iaservations made in February
1999 revealed that the source was varying again on a time s€dl.3 days. However, since
September 2000 its variability has ceased again, showihgmaderate modulation indices of
the order of~ 0.5% (see Fuhrmann 2004, Fuhrmann et al. 2002 and Chapterdjo alate the
source has not restarted its former activity.

Furthermore, the earlier slow-down of 094624 in September 1998 was interpreted by
Kraus et al. (1999) as due to a possible increase in the angjai&of the scintillating compo-
nent, which could be caused by the ejection of a new jet commiofsee also Krichbaum et al.
2002). The ejection could temporarily lead to a core sizeedmg the Fresnel scale defined by
the scattering medium. Consequently, only strongly queddintillation would be observed.
When the component moves further down the jet, it will sefgafiaom the core at some point
whereby the size of the scintillating component decreagama At that time, the variability
is expected to reappear. Given that the variability ceagmihan 2000, even more than one
component should have been emitted since. In order to iesgtdénario, several epochs of VLBI
observations of 091624 were analysed which were partly performed &edent frequencies.
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Table 5.1 Observing epochs and participating antennas

# epoch notation | frequency [GHz] array comments

1 | 1999-11-20| 1999.888 5,15 VLBA +EB! +Y?2

2 | 2000-03-06| 2000.183 5,15 VLBA + EB+Y BR3 flagged at 15 GHz

3 | 2000-11-30| 2000.915 5,15 VLBA + EB+Y

4 | 2001-12-26| 2001.988 5,15, 22 VLBA + EB no IF2 for EB

5 | 2002-03-27| 2002.241 5, 15, 22 VLBA + EB KP* flagged at 22 GHz

6 | 2002-06-15| 2002.458 15 VLBA

7 | 2002-07-13| 2002.536 5,15, 22 VLBA + EB PT° flagged at 15 GHz

8 | 2003-04-10| 2003.277 5,15, 22 VLBA + EB no IF2 for EB, MK® flagged
no IF2 for SC at 22 GHz

9 | 2003-06-15| 2003.458 15 VLBA

10 | 2004-02-15| 2004.124 24 VLBA

11 | 2004-12-14| 2004.955 24 VLBA

12 | 2005-02-05| 2005.097 15 VLBA

13 | 2005-06-15| 2005.458 15 VLBA

14 | 2005-09-19| 2005.719 15 VLBA

15 | 2006-08-09| 2006.608 15 VLBA

16 | 2007-06-03| 2007.425 15 VLBA

17 | 2007-09-06| 2007.683 15 VLBA

1Effelsberg telescopél antenna of the Very Large Array (VLAJVLBA-Kitt Peak, “VLBA-Brewster,
SVLBA-Kitt Peak, 8VLBA-Mauna Kea
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Figure 5.2 5GHz maps of all epochs of 094824; numbers denote epochs as given in Table 5.1; map
parameters are listed in Table 5.2; contours are given pssie2.

5.1 Observations and Data Analysis

The data were obtained fromftérent VLBI observing campaigns. The main emphasis is lying
on VLBI observations of 091#624 at 5, 15 and 22 GHz during 4 epochs from December 2001
until April 2003, in the following called epoch 2001.988 [Récember 2001), epoch 2002.241
(27 March 2002), epoch 2002.536 (13 July 2002) and epoch.20@310 April 2003), hereafter
referred to as 'core campaign’. The observations were ezhrout with the antennas of the
Very Long Baseline Array (VLBA) together with thefielsberg 100m telescope and lasted 12
hours, respectively. A detailed description on the prilesmf radio interferometry and aperture
synthesis and the methods of image reconstruction can Ipe faue.g., Thompson et al. (2001).

Three previous epochs between November 1999 and Novemi@€r ®6re taken from an
observing campaign of the target source NGC3079 with the A/BBd one antenna of the Very
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Table 5.2 Parameters of the 0918624 maps produced by Difmap.
epoch o Beam bpd Peakflux lowest contours
[Byl  [mas] [1 [Jy/beam]  [mJybeam]

5GHz

1999.888 1.49 1.76x0.75 -44.3 1.04 0.9
2000.183 1.41 1.25x0.88 -50.0 1.03 1.2
2000.915 1.36 0.87x0.79 -38.1 0.88 0.45
2001.988 1.36 1.10x0.86 3.7 0.925 0.6
2002.241 1.23 0.98x0.86 -31.1 0.81 0.35
2002.536 1.13 0.97x0.84 -17.2 0.711 0.5
2003.277 0.98 1.02x0.85 -26.2 0.589 0.4
15GHz

1999.888 1.20 0.57x0.28 -48.2 0.601 15
2000.183 1.12 0.48x0.24 -53.4 0.518 0.6
2000.915 1.06 0.28x0.27 -20.5 0.354 15
2001.988 1.03 0.36x0.29 10.7 0.405 1.2
2002.241 0.89 0.33x0.27 -41.1 0.353 1.2
2002.458 0.87 0.67x0.53 -71.4 0.497 1.3
2002.536 0.83 0.34x0.26 -26.9 0.276 0.9
2003.277 0.66 0.34x0.26 -18 0.202 0.6
2003.458 0.66 0.56x0.51 -72.9 0.311 1.8
2005.097 0.81 0.77x0.70 53.7 0.644 1.0
2005.458 0.92 0.62x0.48 10.8 0.746 11
2005.719 1.02 0.59x0.48 -50.3 0.856 1.2
2006.608 1.05 0.54x0.51 17.5 0.832 15
2007.425 1.04 0.58x0.52 -65.2 0.715 1.8
2007.683 0.98 0.56x0.54 -22 0.615 1.2
22/24 GHz

2001.988 0.82 0.26x0.19 -24.7 0.242 1.2
2002.241 0.65 0.23x0.18 -37.8 0.169 1.2
2002.536 0.55 0.29x0.16 -33.7 0.166 0.9
2003.277 0.56 0.25x0.17 -21.6 0.171 0.7
2004.124 0.56 0.59x0.27 -4.6 0.366 5.0
2004.955 0.61 0.38x0.31 67.6 0.469 4.0

1Beam Position Angle
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Large Array (VLA) plus Hfelsberg at 1.6, 5 and 15GHz in which 09624 was used as a
calibrator. Seven additional epochs were chosen from thedM@&* (Lister & Homan 2005)
and 2cm Survey (Kellermann et al. 2004) programs observiedblea June 2002 and September
2007 at 15GHz. Finally two further epochs were received ftbemRRFID (Radio Reference
Frame Image Database) observed at 24 GHz in February andribec004. The afore listed
epochs are in the following referred to as 'additional emach

In Table5.1 we summarise the experiments analysed and uastdsi thesis. In column 2
we show the observing epochs, column 3 gives the mean frettabserving dates denoting
their further notation within this work. Column 4 lists thbserving frequencies and column 5
the participating antenna arrays. The last column confaitiser information on problems that
occured during the individual experiments and flagged araeue to poor data quality.

The data reduction of the core campaign was done using theONR#étronomical Image
Processing System (&) for the apriori calibration. Afterwards the resulting @atere exported
in (u, v)-fits format and further processed in Difmap (Shepherd etl@94), a part of the
Caltech VLBI analysis programs (Pearson & Readhead 198#indp uses the Gan algorithm
(Hoegbom 1983) andebrcaL procedures for phase and amplitude self-calibration. Hia df
the additional epochs were already fully calibrated andaviz as (, v)-fits files. Figures5.1,
5.2 and 5.3 show the resulting maps of all epochs for tiferdint frequencies respectively. The
related image parameters are listed in Table 5.2 where coRimives the total flux density,
columns 3 and 4 list the size of the beam and beam positiore aregpectively. The peak flux
density is given in column 5 and the lowest map contours at-te8ef are listed in column 6.

A good description of the principles of radio interferonyetdata calibration and imag-
ing can, for instance, be found in Klare (2003). A brief list the standard proce-
dures for the apriori calibration in 8 is given in Bach (2004). More useful infor-
mation concerning the application of the analysis prograsiscontained in their so-
called CookBooks which can be found http://www.aips.nrao.edu/cook.html and
ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html.

To investigate the jet kinematics of 094624, a number of circular Gaussian components
was fitted to the calibrated visibilities in order to deseritne brightness distribution of the
source with as few parameters as possible. For each epocheapency we cross-identified
individual model components along the jet using their disear from the VLBI core, the flux
density S and size (full width at half maximum - FWHM). In thdentification scenario, we
assumed that the VLBI core remained stationary. The modtiaefiivas done repeatedly to verify

Monitoring of Jets in Active galactic nuclei with VLBA Expienents
20 is the residual noise of the map after subtraction of the hode
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Figure 5.3 22 GHz maps of all epochs of 094824; numbers denote epochs as given in Table5.1;
parameters are listed in Table 5.2; contours are given pssie2.

the consistency of the number of components, and additjotied results were compared to the
adjacent epochs. Literature research gave no results 884624 exhibiting a counter-jet.
Hence, the outermost eastern component was assumed tsawepthe VLBI core (i.e., the
footpoint of the jet) and its position was fixed to (0,0). Itpaared, that this component was
not necessarily the brightest one. The positions of theratbmponents were measured with
respect to the core component which was assumed to be stigtion

The assumption of the stationarity for the VLBI core is basedthe following considera-
tions: since the observations were not carried out in phefegencing mode, the information
about the absolute source position got lost. Thereforefinlaémodel fitting results for all fre-
guencies of the simultaneously observed epochs were cechpad inspected for position shifts
due to opacity ffects (Lobanov 1998; Kovalev et al. 2008). Since the posiidset between
higher and lower frequencies is 0.15mas at its maximum, thBl\¢ore was considered to be
stationary.

For the flux density, the measurement error was derived frocemtainties of the ampli-
tude calibration as well as formal errors of the model fit pahae. The position errors were

calculated according to Fomalont (1989) ia « £X8E where SNR is the signal-to-noise
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ratio. This, however, tends to underestimate the errorse o very compact small components
because the resulting error lies below the cell size of the.mln that case an additional

minimum error according to the map cell size was includedctvtuorresponds to 0.5mas in
case of the 5 GHz data, 0.05mas at 15 GHz and 0.04 mas in ca&bi2

In the following | will first describe the kinematic result®rf each individual frequency

separately before directly comparing them in the subsdmemtion. The chapter closes with
the introduction of a model calculation for a possible bynlalack hole scenario in the case of
0917A4624.

Table 5.3 Results for the fit on the core separation of the modelfit carepts at 15 GHz; given are the
annual separation rage apparent velocityap, and time of zero core separatignfor each component.

ld'  u [magyear] Bapp [€] to

J11 0.04-0.003 2.760.17 2003.21.3
J10 0.140.01 10.540.59 2004.52.1
J9 0.12-0.01 7.280.35 2000.41.5
J8 0.130.01 7.9%0.29 1998.21.2
J7 0.130.01 8.12.0.64 1996.£1.2
J6 0.12-0.01 7.680.86 1995.11.5
JS 0.14-0.01 9.06-:0.53 1992.40.8
J4 0.2@0.02 12.331.10 1990.@1.8
J3 0.0%0.01 0.380.54 -

J2 0.3%0.04 19.2@1.66 1983.21.9

L|dentification of the individual components

5.2 Results and Discussion

5.2.1 Source Kinematics at 15 GHz

The available VLBI data consist of 15 observing epochs at Hz Govering a period of almost
eight years from December 1999 until September 2007 (sele 3al). This enabled a more
detailed kinematic analysis as for the 5 GHz and 22 GHz dagdh@resolution of the individual
epochs was slightly éfierent due to the presence or absence of the longest posadsénes
(i.e., observations with or without theffélsberg telescope), the data were weighted accordingly
during the model fitting process to achieve an utmost simagisolution for all epochs. Figure 5.5
presents the resulting maps from the model fitting procedtoeeach epoch we cross-identified
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the individual model fit components along the jet using tli&stance from the VLBI core, the
flux density and FWHM. Table B.1 in Appendix B contains theresponding fit parameters.

Guided by a graphical analysis, which is presented in Figute we obtained an ade-
guate identification scheme for the kinematics in the jeta#f@ 624 at 15 GHz. This scenario
consists of 11 (superluminal) components in total, appnaxely moving linearly away from
the core, the innermost 7 of which are displayed here. Theehigumbered components are the
ones that were expelled last.

To describe the component motion, the function=f(g+b*t was fitted to the trajectory of
each component. The linear regression was calculated lbynasg that the uncertainty; is
associated with the distance of each component from the \ddBé. The results of the fits
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Figure 5.4 Relative core separation of the innermost modelfit comptsnainl5 GHz. Colors denote for
different components, dashed lines give the result of a lingaession analysis. The horizontal dashed-
dotted line indicates the estimate of the scattering siz&({7 mas, Rickett et al. (1995)).
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are presented in Table 5.3 which gives for each componehtrnfeol) the separation rajein
milliarc-seconds per year in column 2, the apparent vefanitolumn 3, and the time of zero
core separation in column 4.

For the calculation of the apparent velocity we adopted tiamdard cosmological param-
eters measured by the Wilkinson Microwave Anisotropy ProdAP) following Spergel

et al. (2003): a Hubble constant ofgH71hkms*Mpc? or (expressed in masw) of
15.83<103hmasyr?, a dark energy density &, = 0.7, and a pressureless matter content
of Qn,, = 0.3. We adopt the analytical fit to the luminosity distance fat ffosmologies with
cosmological constant according to Pen (1999), equatipri-r the transformation of apparent
angular separation ratganto spatial apparent speeglg,, we use

_ pdy
Bapp = c1+2 (5.2)
following Pearson & Zensus (1987). Applying the redshift 2446 of 0914624, one
milliarcsec at the source distance corresponds to a sca8l® pt.

From the slope of the linear fit to the path of the componehtsjrdividual apparent velocities
can be calculated. The results are listed in Table 5.3. Tinerioomponents J10, J9, J8, J7, J6,
J5 move with an apparent speeddaf, = (7 — 10) ¢ which is in good agreement with previous
findings (Krichbaum et al. 2002). Moreover, a back-extrapoh of the fitted line to the time
axis delivers an approximate ejection date, i.e. time ob zere separation for the respective
component (see Table 5.3). For component J8, the ejectienlida around 1998.2, which is in
the range of earlier results found by Krichbaum et al. (2G0®) Fuhrmann (2004). This event
corresponds to a high level of variability. The modulatindex lies at-5% and decreases in the
aftermath to~1.5% (see bottom panel of Figure 5.14). That was about thewiren the size of
the core and the emitted component exceed the typical dogttaze of the medium (indicated
by the dashed-dotted line in Figure 5.4), presumably riegpih strongly quenched scintillation.
Considering the succeeding increase in the modulatiorximdearly 1999, the behaviour of J8
would in principle confirm our working hypothesis that theliea variability decline was caused
by the ejection of a new component.

Component J9 was emitted around 2000.4, which overlaps witperiod of very low

variability according to the modulation indices aroundtttime. Two more components were
ejected during 2003 or 2004 as can be seen from the modelfitseofast epoch in 2004
(2004.955) and the last epoch in 2005 (2005.719). The beirkgolation yields an approximate
time of zero core separation of 2004.5 for component J10 &@8.2 for J11. Component
J11 seems to travel at a significantly lower apparent veldgd,, = 2.76 + 0.17 c) than J10

(10.570.59c¢c). Although the present component identification appé¢o us to be the most
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Figure 5.6. Relative Right Ascension (rel. R.A.) plotted vs. Relativedbnation (rel. Decl.) at 15 GHz
starting from the inner jet components (left panel) to theebanes (right panel).

reasonable, it is nevertheless possible that we are dealihgblending éfects due to strong
activity and hence an expansion of the VLBI core, but ffisient observational resolution. We
yet suspect that a further component ejection is alreadgmuval,.

Component J3 at a relative core separation~6fmas appears to remain at a constant po-
sition with an annual core separation of (-0t@101) mas. It is the only component that could
be identified as stationary in position within our modelfgsario for the 15 GHz data.

The maximum apparent velocity displayed by component kg, (= 1920 + 1.66¢c) is
somewhat faster than what was found by Lister et al. (2009) gite a maximum jet speed of
15.57c ft = 229+ 17puagyr). Taking the apparent speed of J2, we can derive a minimaloev
for the Lorentz factofmin = 19.23 Viaymn = /1 + B2op- The resulting jet inclination angx,

for which B, is maximised, i9mx = 3.0°. This is less than half of the value previously found
by Standke et al. (1996) of 7.4From the minimum Lorentz factor we can calculate a minimum
value for the Doppler factor usintin = [Vin(1 = Bmin COSmax)] ™ With Bmin = \1- ¥,2, which
yieldsdnmin = 19.23. A maximum Doppler factor is achieved for even smaiielination angles

(B — 0, max = 2y). Hence, for component J2 we obtain Doppler factors in thgeaf 19 to 38
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at inclination angles between and 3.0.

Figure 5.6 presents the position of the jet components onsiye in terms of Relative
Right Ascension (rel. R.A.) and Relative Declination (reDecl.). The diferent panels
separate the inner and outer components for purpose otyclarThe jet reveals a bent
structure which becomes particularly obvious in the midpénel where the intermediate
jet components J4 to J7 are displayed ranging frebrb to 3.5mas. An exception is again
component J3 which barely moves during the 8 years of obsengxsee right panel of Fig. 5.6).

Regarding the position angle (furthermore referred to @&s)Rf the components shown in
Figure 5.7, i.e., the angular distance from the core, oneseara clearly increasing trend for the
innermost six components J5 to J11, apart from J10, whiclslaaather convoluted behaviour
like J4. A cubic or higher order fit to the latter trajectorresealed to be more appropriate than
a linear fit (not plotted). The P.A. of the outer componentad@ J3 is constant. The P.A. of the
inner components rotates in the range~of° on average per year — an indication for a swing
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Figure 5.7. Position angle (P.A.) of the modelfit components at 15 GHpgeupanel: inner jet compo-
nents show an increase in P.A.; bottom panel: outer jet caems have a rather constant P.A. whereas
J10 and J4 appear quite convoluted.
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Figure 5.8 Relative R.A. (x) and rel. Declination (y) of the modelfit cooments at 15 GHz plotted
versus time; the black lines display cubic fits to the datacWindicates that the components do not move
linearly.

of the jet base. This hypothesis is also supported by theidrif.A. between the ejection of J8
and J11, displayed as a kind of opening cone of the jet baseeilett panel of Figure5.6. The
observed changes of the P.A. with time clearly indicate amotin bent-non-ballistic trajectories.

The bent jet structure suggests that a linear fit to the coenptanotion is possibly not the most
suitable. Hence, we took the three best defined componéht3gJand J9, and used a cubic fit
according toy = ap + a;X + a,x? + azx® to model the rel. R.A. and rel. Decl. coordinates in what
looks the more appropriate way. The fit parameters are pregém Table 5.4. The graphical
result is presented in Figure 5.8 indicating that a lineasfanly a rough approximation to the
underlying jet kinematics. This could in principle as wealiply an accelerated motion of the
components along the jet, which is also suggested by theasorg apparent speeds of the
components with increasing distance to the VLBI core. H@awevy10 does not fit into this
picture because its apparent velocity is twice as high addimeliexpected in case of a steadily
accelerating jet (see Table 5.3).

Figure 5.9 displays component size (FWHM) versus P.A. ofwifich showed the strongest
curvature in our analysis (cf. Figure5.8). In Figure 5.1& FWHM is displayed versus time.
It is remarkable that the size of J7 (and also J11, J10, J8ind&ases systematically as it
separates from the core, especially beyond a distance ai@s8vhich was reached sometime
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Table 5.4 Results for the cubic fits on the x-y coordinates of compasé8t J8 and J7.

d* =Y a =Y a

J9x -2.2892¢07 34269 -17.1  0.0028442
J9y  3.11e07 46537 23.212 -0.0038592
J8x -5.6812¢06 8517.3 -4.2564 0.00070902
J8y 2.2805e07 34129 17.026 -0.0028311
J7x  4.4647e07 66859 33.374 -0.0055531

J7y 7.6735e07 1.1489e¢05 57.339 -0.0095388

Lidentification of the individual components

after 2004 (cf. also Figure5.12). The correlation of FWHMhworientation (P.A.) suggests
a geometrical origin, i.e. a projectiorffect. If the components are not spherical but form
an intrinsically oblique structure (e.g., a thin shock)ateistic aberration fects would lead

to apparent rotation in the observer's frame causing therobd patterns (cf. left panel of
Figure 5.9). According to a size change from 0.1 to 0.5 mat®FWHM of J7, the dferential
Doppler factor would have changed by = 5, which for an assumed constant jet speed of
v = 8.18 could be caused by a change of the viewing anglggof 1.5°.

The flux density of the individual components of 09624 is plotted in Figure5.11. For the
sake of clarity, the plot is split into several panels. The panel shows the total flux density
resulting from single dish measurements of thfieBberg and UMRA® radio telescopes at

SUniversity of Michigan Radio Astronomy Observatory
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Figure 5.9 Left panel: illustration of helical component motion in jie& right panel: FWHM of modelfit
component J7 plotted vs. P.A. at 15 GHz.
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Figure 5.10 Full width half maximum (FWHM) of the modelfit components & @Hz plotted versus
time.
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Figure 5.11 Flux density of 091624 at 15 GHz plotted vs. time: the upper panel shows the i8I
flux and single dish data from theiElberg and UMRAO telescopes at 15 and 5 GHz; the panels below
display the flux of each modelfit component.
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Figure 5.12 FWHM of the modelfit components at 15 GHz plotted versus cepamation; the component
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0.7 mas and starts expanding beyond; the black line reggebento the colimated and expanding parts
of the jet (see text).

5GHz and 15 GHz, respectively, as well as the total VLBI fluonfradding up the individual
component fluxes for each epoch. The total flux density deesefiom the first epoch in 1999
until the end of 2004, afterwards it increases again.

There is a clear decreasing trend in flux density for the ojgiecomponents J2 and J5 to
J9. Moreover, the component size systematically increagbsncreasing distance to the VLBI
core. This is diplayed in the top (J11, J10) and middle padl {7, J5) of Figure 5.10 and in
Figure5.12, where the FWHM is plotted versus time and dggdrom the core, respectively.
The jet is collimated within the inner 0.7 mas and starts eglpay beyond. This is in accordance
with the theory of an adiabatically expanding jet (e.g.,r8lford & Konigl 1979). From the
increasing jet width (i.e., the component size) one can dedioe opening angle of the jet via
tang = 2™ which results inp = 20.9°. We are now able to derive the Mach number M of the

jet plasma at the point of the jet opening via gig % The jet moves with a supersonic flow of
M =28.

As already addressed previously, the VLBI core JO is sonetifainter than the first jet
component (J8 and J9, respectively) until the middle of 2@pdch 2002.536) where the flux
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of the VLBI core component and the first jet component J9 ath@fsame order. Component
J9, which was emitted around the middle of 2000, becomes\isgile in epoch 2001.988,
showing significantly higher flux density than JO. As the comgnt travels down the jet it
fades similar to the outer jet components, until a new corepb@10) becomes visible in epoch
2005.097. Our analysis shows that in 09624 approx. 75% of the total flux is concentrated
in the core region (cf. also Standke et al. 1996) which cands sn the second panel of
Figure 5.11. Between 2005 and 2007 the flux density in ther geitbas faded whereas the main
portion is focussed within the inner 0.4 mas. A measure ferctmpactness is also displayed in
Figure 5.13 which shows the visibility amplitudes for eagloeh plotted versus thel,{)-radius

Figure 5.13 Visibility amplitudes at 15 GHz plotted versus, {)-radius given in Mega-wavelength @)
read from left to right starting with the first epoch in the teft panel; the distribution of visibility points
according to{, v)-distance denotes the source compactness (see text).
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at 15GHz. The panels in the second but last row display adletlepochs in 2005 where the
source is most compact and contair#)% of its total flux in the center, losing its compactness
again in 2007 when component J10 moves beyond 0.4 mas didtanc the core.

A summary of the results for the four innermost componentgI0, J10, and J9 is presented in
Figure 5.14. The correlation between flux and FWHM is not aarchs for the outer components
J5 to J8 (cf. middle panels of Figure5.11 and 5.10). Durirgyfifst half of the observations
(epochs 1999.888 to 2003.458), the overall source specisustightly steeper than during
the second half (see middle panel in Figure 5.14). The maincedflux density is distributed
among the inner 5 components (J6 to J9 and JO) at a time whesothee is less compact
(cf. above), hence appearing optically thinner than inlgimish observations. The spectrum
begins to flatten after 2003 which coincides with the timeeybzcore separation of component
J11 (2003.2). In the second half of the observations (ep665.D97 to 2007.683), the overall
source spectrum is dominated by the innermost componenfd0p0and J11. The components
are bright and only small in size (FWHM). This is also demaattsd in the second but last panel
of Figure 5.14 where the brightness temperature for eactpooant versus time is displayed.
The core exhibits the highest brightness temperature eptth 2005.097, when component
J10 occurs showing the smallest FWHM, but being the brighdesponent after JO. In the
subsequent two epochs, J10 increases in size and decrneagessity while travelling down the
jet until in epoch 2005.719 component J11 becomes appaliimiw even higher flux density
than JO and a smaller component size.

In the bottom panel of Figure5.14, the IDV modulation indicm and variability ampli-
tudes Y are plotted which were derived from single dish mesags with the Helsberg (see also
Chapter4) and Urumgi 25m radio telescope at 5 GHz (Marchili9). The related parameters
are listed in Table B.4. The arrows indicate the ejectioreglaif components J9, J10, and
J11, respectively. A visual inspection of the complete ploés not indicate any connection
between the IDV behaviour of 094624 and the VLBI source structure. According to our
previous assumption, the source was expected to returrs tioritner IDV activity after the
ejection of a new component. This seems, however, not to dedke. Especially the time
between the ejection of J9 (2000.4) and J11 (2003.2) is ageind period of obviously strongly
guenched scintillation. Taking into account an averageiahtore separatiom= 0.16 mas yr*,

a potentially new component should meanwhile have semhfeden the core and passed the
estimated distance above the presumed scattering siz® &7 mas (according to Rickett et al.
1995). Therefore, the quenched scintillation should stogh the former prominent variability
pattern is expected to reappear. Although modulation imdexd variability amplitude Y show
a slight increase around the end of 2005, 08874 is still far from its former activity (cf. left
bar in the bottom panel of Figure 5.14).
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Figure 5.14. Graphical analysis of the four innermost components J0O, JlId, and J9 at 15 GHz; up-

per panel: flux density, panel below: Full Width Half Maximumiddle panel: spectral index between
15 GHz and 5 GHz determined from single dish observations thé Htelsberg and UMRAO telescopes,
last but one panel: brightness temperatlige bottom panel: IDV modulation index m derived from ob-
servations with the felsberg and Urumgi telescopes; the arrows indicate thedfrmero core separation

of components J9, J10, and J11, respectively.
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Figure 5.15 5 GHz modelfits of 091¥624 convolved with a circular beam of (&0.9) mas; numbers
refer to epoch listed in Table 5.1; lowest contour starts @n@Jybeam except for epoch 1 (2.1 niigam)
and increases in steps of 2; lowest level skipped for mappadtes 2, 3, and 5.

5.2.2 Source Kinematics at 5 GHz

Seven epochs of 5 GHz VLBI data were available, includingdiadm the core campaign from

December 2001 to April 2003 (see Table5.1). Following samihethods as applied for the
15 GHz data, Gaussian components were also fitted to theat@lib5 GHz data. The maps are
displayed in Figure 5.15. The resulting parameters of thdetiits are listed in Table B.2.

Figure 5.16 presents our graphical analysis of the compgametion in 09174624 at 5 GHz.
The identification scheme consists of seven - mostly supenial - components. The results
of the linear fits to the trajectory of each component aregiresl in Table 5.5 which gives for
each component (column 1) the separation raite milliarc-seconds per year in column 2, the
apparent velocity in column 3, and the time of zero core s&jmar in column 4.
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Figure 5.16 Relative core separation of the modelfit components at 5 Gitgrent colors denote for
different components; dashed lines give the results of a liegaession analysis.

The fastest component is C4 with an apparent spegpf= (19.65+ 1.41)c. This is in the

same range as the outer jet component J2 of the 15 GHz idatibficscheme and results in
a maximum value for the angle to the line of sightx = 2.9°. However, C4 corresponds to
component J4 at 15 GHz which has an apparent speed &3%21.10) c. This is rather in the

Table 5.5 Results for the fit on the core separation of the modelfit campts at 5 GHz; given are the
annual separation rate apparent velocitgap, and time of zero core separatignfor each component.

Id*  u [magyear] Bapp [C] to

C6 0.04:0.004 2.220.26 1989.#1.4
C5 0.1a:0.02 6.2&1.17 1991.322.3
C4 0.3k0.02 19.651.41 1994.#1.0
C3 -0.050.02 -2.8%1.02 -

C2 0.230.05 14.532.99 1970.54.7
Cl 0.130.07 7.934.66 1816.4102.3

!Identification of the individual components
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range of the second fastest component £:8,(= 1453 + 2.99 c). The reversion of the velocity
distribution for the two frequencies on the one hand couléXmained by the undersampling
of the 5 GHz data (7 epochs) compared to 15 GHz (15 epochs)effda of the undersampling
will be further discussed in section5.2.4. On the other hamel three times worse resolution
at 5GHZ produces a larger beam pattern which rather resolves fargle- structures distant
from the VLBI core. The latter is already obvious in the comgan of the 5 and 15 GHz maps
(Figures 5.2 and 5.1) where at 5 GHz the coherent jet streicturges up to 10 mas compared to
approx. 3mas at 15 GHz. Besides the flux density of the outeoj@ponents is several times
higher in the lower frequency band (cf. column 1 of Tables&d B.1).
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Figure 5.17 Relative Right Ascension (rel. R.A.) plotted vs. Relativednation (rel. Decl.) at 5 GHz.
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Figure 5.18 Position angle (P.A.) of the modelfit components at 5 GHz.

The apparent speed of the first jet component C6-®f2c is three times slower compared
to the apparent speed of the inner jet components (J7, J&tJB§ GHz. This can be ex-
plained by blending féects due to the worse resolution at 5GHz. In this regime, only
component is visible whereas at the higher frequency weldecta resolve 2 dierent compo-
nents: J7 and J8 from epoch 1999.888 to epoch 2000.915, amdl J® from epoch 2001.988 on.

The rel. R.A.-rel. Decl. pathes of the jet components at 5 @Hz presented in Figure 5.17.
The jet structure appears not as strongly bent as in the 15gktg. At first sight, there are
merely two kinks visible. This can also be credited to thedovesolution that is achieved when
observing at 5 GHz. The jet emerges into northwestern dimeetith P.A~ —50° (cf. compo-
nent C6 in Figure 5.18) and turns northward at a distance fra@rcore of about 0.5 mas with
P.A~ —11° (C4). The second kink occurs somewhere between 3 and 5 mas tiegjet turns
north-north-westward at P.A. -20° (C2 and C3). The slightly bent structure becomes more
obvious when plotting rel. R.A. or rel. Decl. versus timeaepely as is shown in Figure 5.19
where the upper panels display rel. R.A. and the bottom patigblay rel. Decl. plotted versus
time, respectively. For a clear arrangement, the left mapedsent the inner components (C4
to C6) and the right panels show the outer ones (C2, C3). Hexvdwve compare the results
for the rel. R.A. -rel. Decl. pathes at 5 GHz to the resultssGHz (Figure 5.8), it is apparent



72 5. The Kinematics of 091624 between 1999 and 2007 affilerent Frequencies

that the trajectories can rather be fitted linearly than bygadr-order fit. And except for C6,
the P.A. of the components remains rather constant as isrstmoktigure 5.18 in contrast to the
increasing trend at 15 GHz (cf. Fig.5.7). This is due to theseaesolution at 5 GHz showing
only coarse jet structure in the inner region.

The flux density evolution at 5 GHz is presented in Figure 512 decreasing trend of the single
dish flux (top panel) can be mainly attributed to the VLBI c(@®) and first jet component (C6)
as well as the outer jet components C4, C2 and C1. Componemt@iéh corresponds to J3 at
15 GHz, appears to be constant since it barely shows chamgeglux density, size and position
(annual core separatign= —0.05 + 0.02mas yr). This confirms the findings at 15 GHz and
supports our component identification. In epoch 1999.888 flux density of the VLBI core
(component C0) and the first jet component C6 display largerer The main contribution
to these errors results from the model fitting process. Ealpethe flux density significantly
altered between the repeated model fittings, most likelnbgse of some kind of blendingdtect
between the two components. The second jet component Cpaasemtly separating into C5
and C4 in the successive epoch (2000.183) which is alreaghested in Figure 5.19, but also in
Figure 5.18 and Figure 5.21 where P.A. and FWHM are plottesiugtime, respectively.
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Figure 5.19 Relative R.A. and rel. Declination of the modelfit comporseait5 GHz plotted versus time.
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Figure 5.23 Visibility amplitudes plotted versus tha,)-radius at 5 GHz; the distribution of the visibil-
ity points according toy; v)-distance show that the source is very compact.

The components do barely alter their FWHM except for C2 wincheases in size the further
it moves down the jet. This is displayed in Figures5.21 a2 Svhere the FWHM is plotted
versus time and core separation, respectively.

At 5GHz the source reveals to be rather compact and core @badinvhich is also dis-
played in Figure5.23 where the visibility amplitudes areti@d versusy, v) distance. On
average, 85% of the total flux are concentrated in the inrimas regarding the three times
worse resolution compared to the 15 GHz data. Considerimintier 0.4 mas, it still remains a
portion of more than 70 %.

5.2.3 Source Kinematics at 22 GHz

The 22 GHz VLBI data consist of the four epochs from the comagaign observed between
December 2001 and April 2003 (see Table 5.1). Two additiepaths from the RRFID (Radio
Reference Frame Image Database) observed at 24 GHz in Felamc December 2004 were
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Figure 5.24 22 GHz modelfits of all epochs of 094824 convolved with a circular beam of
(0.3x0.3) mas; numbers refer to epoch listed in Table 5.1; lowestatir is 1 mJypbeam for maps of
epochs 4, 5 and 7; 2 mibeam for epochs 5 and 10; 7 mldgam for epoch 11; contour levels increase in
steps of 2.

taken to complement the data (all epochs will in the follogvive referred to as 22 GHz data).
Following the method that was applied for the 15and 5 GHz,datussian components were
also fitted to the calibrated data. The resulting maps arplajied in Figure5.24 and the
associated parameters are listed in Table B.3.

The graphical analysis of the component motion in 08324 at 22 GHz is presented in
Figure 5.25. The identification scheme consists of nine aomapts. The identification of the
innermost four jet components revealed to be straightfadvweampared to the components
beyond a relative core separation of 1 mas. Several compogglit up into two subcomponents
(K3, K2) and in some cases only one of these subcomponentsigiake (e.g. K3b in the last
epoch 2004.955). Apart from the innermost and the outermasiponents (KO and K1), all
other reveal superluminal motion. For the calculation dhly main components (K6, K3, K2)
were taken into consideration. The results of the lineaofithe trajectory of each component
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Figure 5.25 Relative core separation of the innermost modelfit comptsnen22 GHz; dterent colors
denote for diferent components; dashed lines give the results of a liegagssion analysis.

are presented in Table 5.6 which gives for each componehinfecol) the separation rajein
milliarc-seconds per year in column 2, the apparent vefanitolumn 3, and the time of zero
core separation in column 4.

The fastest component is K3 with an apparent velogify, ~ 14.6c. This is on the one

Table 5.6 Results for the fit on the core separation of the modelfit camepts at 22 GHz; given are the
annual separation rage apparent velocitBapp and time of zero core separatignfor each component.

Id'  u [magyear] Bapp [€] to

K7 0.09:0.02 5.440.95 2000.22.9
K6 0.15:0.01 9.580.54 1999.21.3
K5 0.16:0.01 10.050.79 1998.11.2
K4 0.16:0.03 10.0%2.04 1997.43.0
K3 0.23:0.01 14.630.05 1997.21.0
K2 0.19:0.01 11.750.37 1989.50.5
K1 0.03:0.11 2.427.33 -

!Identification of the individual components
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Figure 5.26 Relative Right Ascencion plotted versus Relative Decigrabf 0917624 at 22 GHz.

hand slower than the fastest components of the other fretegerand hence would result in a
larger angle to the line of sigltt.« of the order of 4. On the other hand, this is remarkably
faster than the values of the corresponding components atl 3BGHz. However, this result
was only achieved by means of three data points which maklesstreliable. This will be
further discussed in the context of sections5.2.4 and 5ahére the #ect of the obvious
undersampling compared to the other frequencies will beesded in more detail.

The rel. R.A. -rel. Decl. pathes of the jet components at 22 Gi¢ plotted in Figure 5.26. The
jet structure reveals an almost quasi-sinusoidal pattedirection of rel. Decl.. Between 1.2
and 1.6 mas the jet seems to widen owing to the split-up intodamponents instead of one.
Taking a closer look at the jet ridge line (the rel. R.A.-B#cl. pathes per epoch), that is
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Figure 5.27. Jet ridgeline of 091¥624 at 22 GHz; the dashed lines indicate the movement of thgpceo
nent trajectories in time.

plotted in Figure 5.27, it becomes obvious that the jet dag#srpand but rather rotate. Here,
the trajectories appear to move counterclockwise at aivelabre separation around 0.9 mas,
whereas around 1.5 mas the movement appears contrarinvisdieated by the dashed arrows
in Figure 5.27.

Figure 5.28 shows the components’ rel. R.A. and rel. Decbtt@dl versus time where the
upper panels display rel. R.A. and the bottom panels dispghyDecl. plotted versus time,
respectively. The trajectories of the inner jet componéikis K6, K5 — left panel) indicate a
bent structure whereas the outer components are mainlyngavidirection of rel. Decl. and
stay rather constant in direction of rel. R.A.. The trajeie® of component K1 remain constant
in both directions which makes it an equivalent to J3 at 15 @hkiz C3 at 5 GHz. In principle
a linear fit could well represent the trajectories of all camgnts in both directions except for
the movement in rel. R.A. of the inner components K5, K6, and(Kee bottom left panel
of Figure 5.28). It seems that the components experiendglat sicceleration in this direction
similar to what could be concluded from the 15 GHz data (ajuFe 5.8).



80 5. The Kinematics of 091624 between 1999 and 2007 affilerent Frequencies

T T T T[T T T T T T T T I T TR T O T T T T I [T T T T I T T[T T T I T,
E 3 ¢ K8 E ¥E K4
7 02F } 3 Kéb EC 8 & J = K3
@ - = K6 1 - [m] K3a
E E K6a E 1 o K2
< = 3 K5 15 - ¢ K2
n:-0.4:— 3 c 4 ¢ K2a
E; E 3 -2:— = A K1
= E Ex =
-0.6 = 25 LY E L) 3
E 3 E 4 =
E ] SE —
B v b il A Bl b Bl [y
2002 2003 2004 2005 2002 2003 2004 2005
ET T T T I TT I T T T T [T I T I T I7 T[T S SRNRRARRRRRRRN LRRRRRERRRRN L IRRRRRRRRRN LN~
1E 5 e K8 E 4 = K4
g 1 4 k7 6E } J @ K3b
T 08E 3 Keb SIS 1 3 = K3
g TE 3 K6 5F 3 o K3a
= E 3 Kéa = 31 © K2b
5 06E = K5 = 1 3 ¢ K2
a E 3 3:_ 1 3 ¢ Kaa
5 04F = = 3 } tq 4«1
x E I : 2F 5 ¢ E
02F } E S z O = L] o 7
g E 1= oo E
EI#IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIE B Lo b b b A
2002 2003 2004 2005 2002 2003 2004 2005
epoch [years] epoch [years]

Figure 5.28 Relative Right Ascencion (upper panels) and Relative Datibn (lower panels) of
0914624 at 22 GHz plotted vs. time.
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Figure 5.29 Position angle of the modelfit components at 22 GHz.



5.2. Results and Discussion 81

:\\‘\\\\\\\\\\\ TT T T T T T 11T TT T T T T T 11T \\:
0.6 T 4 e KO
E 3 + K8
: 3 K
0.5 -3 K6b
- IO K6
E E K6a
0.4F =5 K5
5 !
» 0.3F =
2F f } 3
0 - ) ]
) i E
0.1; [} 4 3 5 E -
og\\‘\\\\\\\\\\\‘\\\\\\\\\\\‘\\\\\\\\\\\.‘\\g
2002 2003 2004 2005
epoch [years]
E\\‘\\\\\\\\\\\‘\\\\\\\\\\\‘\\\\\\\\\\\ \\E K4
0.12¢ q o Ksb
- 3 = k3
E = o K3a
0'15 3 o K2b
E 3 e« K2
E = o K2a
_0'085 EREDY
3 g 3
0 0.06F 3
0.04F- =
: % L i E
0.02F x E E
M % : -
E * 3 & 3
*\\‘\\\\\\\\\\\‘\\\\\\\\\\\‘\\\\\\\\\\\‘\\*
2002 2003 2004 2005

epoch [years]

Figure 5.3Q Flux density of 091#624 at 22 GHz plotted vs. time.
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The P.A. of the modelfit components at 22 GHz is displayed gufé 5.29 showing a clearly
increasing trend except for the more or less constant P.K7and K1. The annual change of
the P.A. is in the range of 4.2° on average. This is an indication for a rotation of the jetebas
and confirms our findings of the 15 GHz analysis (cf. Figurg.5.7
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Figure 5.32 FWHM of 0914624 at 22 GHz plotted vs. time; top panel displays the innaiton panel
the outer jet components.

The flux density of the 22 GHz components is plotted in FiguB®5The jet components show
a decreasing trend in flux density from the first to the laseolbiag epoch except for K1, whose
flux density remains constant. This implies that K1 is egeiato J3 and C3 of the 15 and
5 GHz component identification schemes. In contrast to thegmponents at 22 GHz, the flux
density of the VLBI core (KO) constantly increases startivith a smaller value than the inner
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jet components K7 and K6 in the first two epochs. This is alsacitordance with the 15 GHz
results (cf. Figure5.11). The source structure is resoindtie first four epochs and becomes
core dominated in the last two epochs (2004.124 and 200%Wbén the flux density of KO
reaches its maximum and a newly ejected component (K8) wpnsThe compactness of the
source is displayed in Figure 5.31 where the distributiothefvisibility points according tou
v)-distance is plotted. This plot bridges the observatigrag in the 15 GHz data and shows the
period (2004) when 091624 becomes core dominated due to the ejection of a new campon

The development of the component size (FWHM) during the agiens is shown in Fig-
ure 5.32. In contrast to the 15 GHz data, only K7, K5 and K1 appe expand whereas K6 and
K2 even seem to reconfine during the observations. This & ddsnonstrated in Figure 5.33
where the FWHM is plotted versus core separation. It seemisthie jet starts expanding to
a width of ~0.3 mas until a relative distance to the core of approx. 0glniden it contracts
to a width of 0.2mas at a distance of 0.7 mas. Afterwards itewsdto around 1.1 mas at a
core separation of approx. 2.4mas before it strongly cmtstaround 3mas. This lateral
displacement is in contrast to the 15GHz result and can biowtd to the slightly better
resolution at 22 GHz that enables to reveal more details ersthall scale structure closer to
the VLBI core. It becomes clearer in a direct comparison iguFé 5.34 where larger-scale
plots of FWHM versus relative core separation at both 15 @@z are shown. Obviously,
the contraction of the 22 GHz jet structure (bottom panebuad 2 mas is more pronounced
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Figure 5.33 FWHM of the modelfit components at 22 GHz plotted versus cepasation.
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Figure 5.34 FWHM of the modelfit components at 15 GHz (top panel) and 22 @(idttom panel) plotted
versus core separation.

compared to 15 GHz (top panel).

The repeated expansion and restriction of the jet withinitimer 3 mas results in two dif-
ferent opening angleg{ = 36.9° and¢, = 24.6°). Calculating the according Mach numbers
results in M=1.7 and M=2.4. The latter number is in the range of the one deduced fham t
15 GHz analysis.

The lateral displacement of the 22 GHz components from theigige line at lower fre-
guencies (5 and 15 GHz) has previously been observed in fecof®836-710 (Otterbein et al.
1998). It could be explained either by applying the theorKelvin-Helmholtz instabilites or



5.2. Results and Discussion 85

by geometrical changes due to variations in the viewingengkhe jet (Lobanov et al. 1998).
The latter case can in principle be supported by the chantieeofiewing angle we found in the
analysis of the 15 GHz data (see p. 61).

5.2.4 Combining All Frequencies - Spectral Evolution

The combination of all epochs also served to cross-idettidycomponents at the thredtdrent
frequencies. It turns out that the model fitting and iderdtimn has been quite accurate within
the individual epochs. For a better comparison, the coraratipn of the inner modelfit
components is plotted versus time in Figure5.35. The leftepghows all components of
all epochs and frequencies except for the outermost conmp@@e The right panel displays
only epochs between 1999 and 2005 within a relative coreragpa of 1.8 mas. Additionally,
Table 5.7 contains the cross-identification between thepoorants of dierent frequencies and
the respective results for the deduced apparent velacities

Table 5.7. Cross-identification for all frequencies from model-figtin

RO OOl O
C0=J0=KO - - -
J9=K7 - 7.28:0.35 5.440.95
C6=J8=K6 2.22+0.26 7.940.29 9.5&80.54
J7=K5 - 8.12+0.64 10.050.79
J6=K4 - 7.68:0.86 10.0%2.04

C5=J5=K3 6.28t1.17 9.0&¢0.51 14.630.05

C4=J4=K2 19.65t1.41 12.331.10 11.750.37

C3=J3=K1 -2.81+1.02 0.380.54 2.427.33
C2=J2 14.532.99 19.2@1.66 -
Cl 7.93t4.66 - -

Lidentification of the individual components

Regarding the significant fierences in the apparent velocity and the parameters ddromdt,

not only the resolution but especially the time samplindhatindividual frequencies obviously
plays the most important role in a combined analysis of sg\dfferent frequencies. We will
see in the following section that important kinematic feasumight occur during the long-term
observation of individual sources, such as a temporal sbawmcbr acceleration of the jet, which
could simply not be detected with an ifBoient amount of observing data. This seems also to
be the case for the 5 GHz and 22 GHz data of @F?4. Hence, the results of the well-sampled
15 GHz observations are considered the most reliable wigardeto the calculation of apparent
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velocities, Doppler factor, opening angles, and the like.

In order to point out the significance of the time sampling telative core separation of
the inner jet components is plotted in Figure 5.36 with safgapanels for each cross-identified
component. The top panel already shows an example of the afentioned features which can
only occur when a satisfactory amount of data is availabten@onent J9 seems to experience a
slowdown reaching an almost constant distance to the VLB a02007. J7 on the other hand
(third panel) and also J6 (bottom panel) obviously start ovoge constant level and run through
a phase of acceleration towards the end of the observatibms. has already been accounted
for in the 15 GHz analysis where the rel. R.A. and Decl. of 8add J7 have been fitted by a
third-order fit (cf. Figure5.8). The 5 and 22 GHz data, howewaly span a shorter timerange
where the component movement can only be fitted by a linead tre

Another instance of the importance of the time sampling heetimes of zero core separation
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Figure 5.35 Relative core separation of the modelfit components at adfufencies plotted vs. time;
cross-identified components are denoted with the same batdadifferent symbols; left panel shows all
components of all frequencies except for C1; right pangbldis only epochs including at least two
frequencies focussed on the innermost jet region.
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Figure 5.36 Relative core separation of the modelfit components atedjuencies plotted vs. time for
single components (inner jet region).

of the components at the three frequencies. The resultgyare summarized in Table 5.8. As
already pointed out, the 15 GHz results are considered trst ratiable because of the higher
amount of observing epochs. The time of zero core separatiom other words the time a new
component has been ejected from the VLBI core - can be cordiffiorethe following 15 GHz
components within their error ranges: J9 and K7, J8 and KéndbK4, C5 and J5, J4 and K2.
Consequently, a new component has been ejected on averagye2eyears between 1990 and
2000.4.
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Table 5.8 Time of zero core separation of cross-identified modelfit gonents.

ld! to/sGHz to/156Hz2 to/226Hz2
JYK7 - 2000.4:1.5 2000.22.9
C6JgK6 1989.A41.4 1998.21.2 1999.21.3
J7/K5 - 1996.41.2 1998.%1.2
JGK4 - 1995. 1.5 1997.43.0

CH5J5K3 1991.12.3 1992.60.8 1997.31.0
C4/d4K2 1994.#1.0 1990.@1.8 1989.50.5
C3J3K1 - - -
C2J2 1970.54.7 1983.21.9 -
Lidentification of the individual components

The development of the flux density across the three freqeens displayed in Figure 5.37
using the example of four cross-identified components, hathe VLBI core, the first, second
and third correlated jet components (see Table 5.7). Helg,epochs between 1999 and 2003
are considered where 094624 was observed at least at two frequencies per epoch. Not al
components could be equally identified in all epochs andigaqgies.

As we have already seen previously from the threffegnt frequencies’ flux plots (cf.
Figures5.11, 5.20 and 5.30), Figure 5.37 shows that the fumsity decreases with increasing
core distance. If the components now expand they becomeatiptihin turning from a flat into
a steep spectrum. This is, however, only applicable for hh€Hz data except for component
J4 that increases in size but also keeps an almost constaneihsity as is the case for all of the
examined 5 GHz components (cf. Fig.5.21). The 22 GHz commsrie6 and K2 even show a
decrease in FWHM (cf. Fig.5.32). This is reflected in the tlgwment of the spectral indices
as/156Hz andags2ach; that have been derived for each component separately. Tadigted in
Tables 5.9 and 5.10, respectively, and plotted in Figurg.5The dotted lines are linear fits to
the spectral indices and indicate their overall trend dutire observations.

The spectral indexvs1s51, Of the VLBI core is flat as expected from the unresolved opti-
cally thick core region, varying between slightly steeped dlatter values< —0.8 to —0.2),
except for the first epoch (1999.888). Here the VLBI core aHzGhows a higher flux density
than the first jet component (C6) whereas at 15GHz it is reekrsThe further the 5and
15 GHz components move away from the core they expand anc: tiemome optically thinner
(C6/J8 and CHJ5). The third correlated jet component (T4) initially follows this behaviour.
However, its spectrum flattens in 2002 when the C4 flux demsitydecreased while the one of
J4 has increased and its FWHM exceeds that of the 5 GHz compone
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Figure 5.37 Flux density of the modelfit components at 5, 15 and 22 GHz.
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Table 5.9 Spectral Indexvs;155H2 Of four different components.

epoch @(Co=J0) Q(C6=J8) @(C5=J5) Q(Ca=J4)
1999.888 -0.6#0.68 -0.35-0.46 - -
2000.183 -0.1%0.10 -0.560.14 -0.720.09 -1.8@0.22
2000.915 -0.220.10 -0.590.11 -0.7&0.27 -1.460.29
2001.988 -0.760.32 -1.0%0.43 -1.190.55 -0.740.73
2002.241 -0.7#0.36 -0.940.18 -1.020.56 -0.46-0.20
2002.536 -0.620.17 -0.960.11 -0.920.34 -0.760.29
2003.277 -0.280.09 -0.990.13 -1.150.19 -1.030.26
Table 5.1Q Spectral Indexv1s,226H Of four different components.
epoch @(30=K0) @(38=K6) @(J5-K3) @(34=K2)
2001.988 -1.241.01 -0.221.32 -0.131.55 -
2002.241 -1.720.96 -0.540.46 - -1.120.56
2002.536 -0.9¥0.79 -1.220.36 - -1.810.88
2003.277 -0.140.31 - -0.230.48 -0.830.78
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Figure 5.38 Spectral Indicess 1scH; (top panel) ands/2o6H, (bottom panel) plotted for four Gerent
components; dotted lines are linear fits representing teeatiirend for each component.
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Figure 5.39 Spectral index mapss;1scH, between 1999 and 2003 with a circular beam of¥0.9) mas;

spectral index is shown by color; contours represent the 5 @aps.
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Figure 5.4Q Spectral index mapsvis;2xcH; between 2001 and 2003 with a circular beam of
(0.4x0.4) mas; spectral index is shown by color, contours reptate 15 GHz maps.

The VLBI core (JOKO) shows a steeper spectral index . xcH, in the first epoch (2001.984)
when its flux density is lower than the first jet component&K&) which has now become
the most compact part of the source. The flat spectrum /#f6)8teepens gradually as the flux
density decreases below the VLBI core flux density. The msvéwolds for the spectrum and
flux density developement of 40 that flattens towards the last epoch (2003.277) while its
flux density is increasing. The spectrum of the second jetpmmant (JAKS3) is slightly flatter
compared taws;1scH; as the flux densities of J5 and K3 are of almost the same valle T
flattening trend of the spectral indexs,.cH, Of the third jet component is comparable to the
behaviour between 5 and 15 GHz.

To complete the picture, coloured contour maps of the spleatdices are displayed in
Figures 5.39¢s,1561,) and 5.40 &;5/20612) Where the spectral index is shown by color; contours
represent the 5 and 15 GHz maps, respectively.

Figure 5.39 clearly depicts the results f@¢15c1,. The color gradient changes from a flat
spectrum close to the VLBI core to a steep spectrum in theeggon. Also the flattening of the

spectral index of the third correlated jet component/§@¥is clearly visible in the jet in last

four epochs (see middle and bottom panels). In Figure 5 @éceally the flattening ofv1s/226H;

of the VLBI core accompanied by the steepening of the firstgghponent’s spectral index is
brought out by the colour change in the innermost 1 mas region

In conclusion, the spectrum of the VLBI core varies betwetges and flat bcoming flat-
test in 2000 and 2003-(0.2, cf. Tables 5.9 and 5.10). These dates coincide with tlatiejeof
new components (J9 and J11) around 2000.4 and 2003.2.
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5.2.5 The binary black hole scenario for 091+¥624

The kinematic analysis of the VLBI data revealed that 68824 shows a strong jet curvature.
This makes it a good candidate for the binary black hole steaa explained in Chapter 2.4.
Prof. Jacques Roland from the Institut dAstrophysique eflmiversity of Paris developed a
method to fit the variations of both coordinates (R.A. andIDeof a VLBI component as a
function of time, assuming that the nucleus of the radio s®wontains a binary black hole
system (BBH system). The presence of such a BBH system pesdum perturbations of the
ejected VLBI components’ trajectories, namely the preoessf the accretion disk and the
motion of the two black holes around their common center a¥idy. By using only the VLBI
coordinates, the problem reduces to an astrometric oneces;lgiven the kinematic information
of a trajectory, one is able to deduce the inclination andlthe source and the bulk Lorentz
factor of the ejected component. Based on these assum®iis Roland developed a software
program that is able to calculate the afore mentioned pamméom a set of observational
data.

So far the method has been applied only to the trajectory ef #tiGHz component J8.
The starting parameters that are required in order to ruptbgram are the coordinates of the
VLBI component (rel. R.A. and Decl. - in the following refed to as X and Y coordinate)
listed in Table B.1 in Appendix B, as well as the componenisetof zero core separatiop
1998.2.

0.0 1.2
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0.4 -

X data
Y data
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-0.8 A

T T T T T T T T T T T
1998 2000 2002 2004 2006 2008 2010 1998 2000 2002 2004 2006 2008 2010
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Figure 5.41 Fits to the X (left) and Y (right panel) trajectories of conmeat J8 indicated by solid red
lines.

The modelling process is started with the assumption tleatwo black holes have equal mass.
Then it is searched for an inclination anglethat provides the begt? fit (see C.33), i.e.x?
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should present a minimum.

Figure 5.41 shows the results of separate fits to the X and jéctaies of component J8
indicated by a red line. The right panel displays one intergdeature that results from the
fitting process: the time of zero core separatipn 11999, which is the intersection of the red
curve with the abscissa, fters by one year from the one derived in the kinematic analysis
fact, a smoothy? fit could only be achieved if the origin of the ejection of theBi component
was shifted from 1998.2 to 1999 since otherwise no minimuuaictbe found.

The shift of the time of zero core separation supports theothgsis of the 15GHz kine-
matic analysis that a higher-order fit to the VLBI trajectsris probably more suitable than a
linear one (cf. page 60). The shape of the trajectory of carapbJ8 suggests a slow-down after
its ejection followed by an accelerated phase between 2002806. Afterwards it seems to
reach again a plateau of decelerated motion. This struueen better visible for component
J9 (cf. Figures5.4 and 5.8). The acceleration and decelerphases can be explained by a
geometrical &ect. When the component is moving on a kink towards the obsgdts radiation

is boosted in this direction causing thieet of an accelerated motion. If it is moving across the
jet cone the component seems to slow down in speed (see gls@®bi.9, left panel).

The case of a non-linear fit to a component trajectory onlyobexs apparent if a i+
cient amount of observational data is available that coaasrgtable timerange - as is the case for
the 15 GHz data. Since the 5and 22 GHz observations do notthresst requirements, we can
only try to embed the results of the component identificaietween the dierent frequencies
in order to further test the modelling process.

The resulting parameters of the modelling process are vl

¢ the masses of the two black holes were assumed to be édual,M, = 4.58- 10'M,;
¢ the inclination angle, could not be derived;
e ¢,, the phase of the precessiort at 0 was found to be -125;

¢ the rotation angle in the plane perpendicular to the lineglitysee C.1 and C.2= =
44.6°,

¢ the opening angle of the precession cone (see@8)1.12°,
e the maximum amplitude of the perturbation (see Ry¥ 445> 1,
e the precession period of the accretion digkresulted in 14000 years;

e Ty, the characteristic time for the damping of the beam peatiiwh, was found to be 1900
years;
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¢ the bulk Lorentz factor of the VLBI componef is in the range of 8& y. < 20, which
overlaps with our kinematic results from the 15 GHz analygigere a minimum Lorentz
factor of 19.23 was derived.

e |, the phase of the BBH systemtat 0, was calculated to be 151;

¢ the period of the BBH systeffy, = 5800 years;

¢ the origin of the ejection of the VLBI component or time of aeore separatioy = 1999;

e the Alfvén speed/,, which is the propagation speed of the perturbations, wesetkas
V, =~ 0.02c;

e N 44, the number of steps to describe the extension of the VLBIpmmnt along the beam,
was chosen to be 110.

0.8 1

0.6 q

Y Data

0.4 1

0.2 4

0.0 1

-0.2

T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

X Data

Figure 5.42 Fit to the X-Y trajectory of component J8 indicated by a sokd line; squares 1 and 2
denote the two black holes; the plot is mirror-inverted agXhaxis.

The temporal shift for the origin of the ejection of the VLBdraponent from 1998.2 to 1999
entails a spatial dierencec = 0.098 mas which is larger than the error range of the VLBI
components in the core region. Hence, we interprete thé ahithe distance between the two
black holes (see also Figure5.42). If this result can bdiedriit would be the first time that the
distance between two black holes of a binary black hole systsuld be 'measured’ by means
of a plain astrometric analysis.

As already depicted in Chapter5.2.1, components J7, J8J@mduld best be represented by
a higher-order fit (cf. Figure 5.8) which fits well to the theaf a helically twisted jet due to
the interaction of two black holes in the central region e &GN. However, the trajectory of
component J10 does not meet this criterion since it is dicecather straight (according to the
number of data points available so far) moving with a slightbher apparent velocity compared
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to the afore mentioned components. A tentative intergoetatould be that this component was
ejected by the second black hole since it could also be sieplboaservationally from the VLBI
core at a point much closer than the other components (clir&m4).

In order to examine the reliability of our preliminary retsylthe program is currently ap-
plied to all suitable trajectories that have resulted frowva data analysis. However, this is still
work in progress and beyond the scope of the thesis.



CHAPTER 6

VLBI Polarimetry of 0917 +624

6.1 Observations and Data Analysis

The underlying data were obtained from the VLBI polarimettyservations of 0917624 at
5, 15 and 22 GHz during the 'core campaign’ (see Chapter 3dh fDecember 2001 until
April 2003, hereafter called epoch2001.984 (26 Decemb@&lR0epoch 2002.235 (27 March
2002), epoch2002.531 (13July 2002) and epoch 2003.273 ¢fiD 2003). The data were
complemented by the three previous epochs observed betM@amber 1999 and November
2000 at 5 and 15 GHz (epochs 1999.888, 2000.183, and 2000.915

In the analysis of the polarisation data severdlidilties had to be coped with. The ex-
periment was not optimised for polarisation observatioesabse the total bandwidth was
16 MHz, hence, the bandwidth per IF reduced to 8 MHz. Besidesdequate polarisation
calibrator was observed simultaneously. Thus, the caidraf the polarisation vector had to
be done by means of the target source itself (see below). Aitte and most crucial point is,
that nothing is known about the rotation measure (RM) of @%PA. Taylor (1998, 2000) found
that VLBI measurements reveal absolute Faraday RMs in exafes000 rad 7 in the central
regions of seven out of eight strong quasars. But beyondjaqteal distance 0£20 pc the jets
are found to havgRM|<100 rad m?. For 0917624 this implies that there could possibly be a
sharp rotation gradient between the inner 2.4 mas regiothemni@t further out. A determination
of the RM of 0914624 would have been desireable, yet not possible. The redsothis will
be explicated thereinafter.

Nevertheless, a polarisation analysis was worked out samdg little is known about the
recent polarisation behaviour of the source apart from wizest summarised in Chapter 3. For
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epoch 2002.235, the data calibration turned out to beflimgent yielding only in a map of
left circular polarisation. Thus, it was excluded from het polarisation analysis. Finally,
it can be added that no circular polarisation was found inNM&JAVE 15 GHz polarisation
measurements (Homan & Lister 2006).

After the processing of the data in Difmap for the kinematialgsis, the self-calibrated
data were reimported into AIPS for the calibration of thecatled antenna D-terms and the
polarization imaging. The D-terms represent the leakaggrofilar polarisation from right into
left antenna feed and vice versa. In order to distinguisteddiden the source intrinsic and the
feed induced antenna polarisation, a total intensity imzfgihe source has to be divided into
several components with similar polarisation propertigbis can be done by means of task
CCEDT. Task LPCAL then determines thiéeztive parameters for each antenna feed and writes
them to a table.

In polarisation imaging these antenna tables are now appien first producing separate maps
of the Stokes parametelrsQ andU (see Chapter 2.3.2) by means of task IMAGR. Subsequently
theQ andU maps are joined to a linear polarisation intensity map (a+/Q? + U?) by means

of task COMB which also produces a map containing infornmatia the EVPA. The maps of
total intensity, total polarised intensity and EVPA are linaombined in one plot using task
KNTR (or PCNTR or the like) which enables to produce contdetgincluding line vectors
that represent the position of the electric field vector. @aeected polarizations were required
to be above the&-level wheres is described by the rms noise in the polarisation maps.

In the analysis by means of AIPS, the same parameters wettdarsal epochs in the production
of the polarisation maps. Since the first three epochs wenplgisnapshot observations, the
(u,v)-coverage was poor compared to the other epochs (cf. HFiglye But in order not to
loose the good resolution of the four core VLBI epochs, th@snaere produced by means of
uniform weighting which increased the noise level for thepmaf the first epochs. In order
to compensate for this, | decided not to use a robustnessnpsea (robustness 0) because a
weighting towards a uniform weighting increases the naisthé maps of the first three epochs
even more whereas a use of the robustness parameter tovedtolal weighting would have
degraded the map resolution of the four main epochs.

6.2 Results and Discussion

The final step in the imaging process is the calibration ofdtientation of the EVPA. For 5
and 15 GHz this could be done by means of single dish obsengatf 0914624 performed
with the Htelsberg and Urumgi radio telescopes simultaneously wittlage to the epochs of
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Figure 6.1 (u,v)-coverage at 15 GHz; letters denote epochs: a) 1999.888)1).178, c) 2000.913, d)
2001.984, e) 2002.233, f) 2002.529, g) 2003.252; a, b andre sreapshot observations with only poor
(u,v)-coverage.

the available data. When no simultaneous data were at handathes of the missing epochs
could be derived through a linear extrapolation. This cajubgfied by the fact that the source
has shown to be rather invariant in the observations witplsitelescopes showing only small
gradual changes in polarisation angle (cf. Chapter 4) duhe relevant period.

Since no 22 GHz single dish measurements were availableEYHA had to be extrapo-
lated from the 5 and 15 GHz data according to equation 2.2dnsisg that the RM did not
change during the respective period. The result is displageFigure 6.2; parameters are
listed in Table6.1. The polarization angle, or apparengragtion of the projecte& vectors
on the sky, is measured from north towards east. Finally,vlee of the EVPA from the
VLBI measurements is subtracted from the one of the single dbservations resulting in the
correction value for the VLBI data (column5 in Table 6.1). cdn be applied as parameter
ROTATE in the imaging task IMAGR to produce the final polatisa maps.
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Table 6.1 EVPAs derived from single dish and VLBI measurements andltiag correction values.
epoch v [GHz] EVPAéOI [°] EVPAyg [] OEVPA[°]

1999.888 5 53 81 -28
2000.178 5 33 113 -80
2000.913 5 48 107 -59
2001.984 5 41.5 111 -69.5
2002.233 5 45 108 -63
2002.529 5 43 111.5 -68.5
2003.252 5 46 114 -68
1999.888 15 45 87 -42
2000.178 15 42 134 -92
2000.913 15 40 95.5 -55.5
2001.984 15 37 127 -90
2002.233 15 36 115 -79
2002.529 15 35 137 -102
2003.252 15 33 135 -102
2001.984 22 33 112 -82
2002.531 22 29 163 -139
2003.273 22 24 47 -31

Isingle dish EVPA

50 :

— 2001.984
— 2002.235
2002.531

10 ; — 2003.273 {
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Figure 6.2 Extrapolation plot for EVPA corrections at 22 GHz.
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Figure 6.3 Polarisation maps at 5 GHz; the first and third row (a) diplag’ tontour maps of total
intensity while the rows beneath (b) show the polarisati@apswith corresponding electric field vectors;
epochs 1 to 7 according to order of Table 6.2 which contaiasrtap parameters; the length of the electric
vector is proportional to the strength of the polarisatibmas= 25 mJybeam).
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6.2.1 Polarisation at5 GHz
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Figure 6.4 Example of a large scale polarisation map at 5 GHz of epocB.2G8; left panel: total inten-
sity map, right panel: polarisation map with corresponddtertric field vectors (1 mas 25 mJybeam);
parameters are listed in Table 6.2.

The images of the 5 GHz polarisation analysis are present&tgure 6.3. First and third row
display the total intesnity maps and second and fourth resatitording polarisation maps with
electric field vectors. The map parameters are listed in€l@2l. Total and polarised intensity
and polarisation angle were measured for the position oWVl core and four points along

the VLBI jet at a rel. Decl. of approximately 2, 6, 7, and 23 ma&spectively. These points
correspond to the positions of the modelfit components tiegulrom the kinematic analysis
and are in the following also referred to as components.

Since the polarisation structure is poorly visible at 23 naay the inner 10 mas of 09%624
are diplayed in Figure6.3. As an example for the outer jeicsire, epoch2002.233 is
presented in Figure 6.4 which shows the most distinc paaos structure beyond 10 mas.
However, the measurement errors of the corresponding EVP28 mas distance are relatively
large in all epochs due to theffiise jet structure and should thus be considered to be I&ssleel

The measurements were done by means of AIPS tasks TVWIN aSdAWl The latter inte-
grates over a rectangular region that has been set by thé&Bkst This is certainly suboptimal
to represent the true component structure and hence thaireesents were performed serveral



6.2. Results and Discussion 103

Table 6.2 Parameters dkirs maps for total and polarised intensity at 5 GHz; displayextatal inten-
sities of five identified components, the lowest map conteuels, beam and beam position angle (top
panel); polarised intensity and lowest map contours (neigdinel); according polarisation vectgrsand
the diference between the EVPASs of the jet and core componentsiibgénel).

epoch tore lomas l6mas 17mas losmas  lowest contours  beam bpa
[mJybeam]  [mJybeam] [mJybeam] [mJIybeam] [mJybeam] [mJybeam] [mas] 1
1999.888 864.¥86.5 57.810.2 44.5.8 16.6-3.4 22.33.4 0.40 1.99x1.27 -40.01
2000.183 965.673.2 34.25.8 47.1+:4.8 13.42.5 15.6:2.8 0.40 1.39x1.11 -52.65
2000.915 965.963.4 38.26.1 45.24.6 16.1%2.9 29.2:2.7 0.50 1.22x1.13 -10.99
2001.988 77191258  48.213.0 37.216.4 11.¢1.6 27.%9.0 0.60 145x1.36 13.65
2002.241 745497.2 43.911.0 31.26.9 10.81.4 24.8:8.0 0.35 1.33x1.22 -25.67
2002.536 702.987.8 44.%11.1 30.%6.6 10.x1.4 24.47.6 0.55 1.29x1.12 -11.95
2003.277 529474.7 41.69.1 26.6:5.7 9.21.2 24.%8.2 0.35 1.39x1.32 -23.24
Average 792.1 44.0 37.3 12.4 24.0
o 155.6 7.5 8.4 3.0 4.6
o /Average [%] 19.7 17.0 22.4 23.9 19.1
epoch Rore Pomas Pésmas P7mas Po3mas lowest contour
[mJybeam] [mJypeam] [mJypeam] [mJIybeam] [mJybeam] [mJybeam]
1999.888 20.82.0 2.9-0.4 1.10.1 0.5:0.1 3.20.5 0.30
2000.183 41.22.9 2.9:0.3 2.10.1 0.%0.1 5.2:0.7 0.30
2000.915 35.92.3 3.10.5 2.2:0.5 1.20.1 8.2:0.9 0.40
2001.988 38.86.1 3.40.5 2.2:0.2 1.:0.1 5.8:2.6 0.30
2002.241 37.94.7 3.9:0.4 2.6:0.3 1.3:0.1 6.6:2.7 0.18
2002.536 31.83.9 3.5:0.5 2.8:0.3 1.20.1 7.13.2 0.25
2003.277 25.83.8 3.5:0.5 2.2:0.2 1.G:0.1 5.5:2.6 0.30
Average 32.9 3.3 2.2 1.0 5.9
op 7.6 0.4 0.5 0.3 1.6
op/Average [%)] 23.1 11.0 23.7 317 26.6
epoch XCore X2mas X6mas X7Tmas X23mas Axomas-Core  Axemas-Core  AX7mas-Core  AX23mas-Core
[°] [’] [’] [’] [’] [°] [°] [’] [’]
1999.89 -129.86  -12Q:2  -17+17  -14140  -4452 9.5 112.5 -11.5 85.5
2000.18 -15@5 -14146  -42412  -12Qe21 -94+46 9 108 30 56
2000.92 -13@5 -120£28  -33:30 -109:33  -7741 10 97 21 53
2001.99 -13&1 -141+4 -37+9 -119:8  -75+41 -3 101 19 63
2002.24 -13@2 -133:5  -35¢13 -11310 -75:37 -3 95 17 55
2002.54 -14@2 -13%5 4312 -1187  -77+41 1 97 22 63
2003.28 -1342 -138t6 -47+9 -113e7  -73+46 -4 87 21 61
Average -135.9 -133.1 -36.3 -119.0 -73.4
oy 7.5 9.4 9.8 10.5 14.8
o /Average [%] 5.5 7.0 27.4 8.8 20.2

times to receive an adequate error from the scattering ahthieidual measurements.

Figure 6.5 summarises the measurement results for totapaladised intensity and EVPA of
the inner four components. The flux density in total intgnsit the VLBI core region again
follows the same decreasing trend that has already beerd fpreviously from single dish
measurements (cf. Chapter 4). Besides, the result is irrdaceoe with the kinematic analysis if
we consider the VLBI core component as a partial superpositi components CO and C6. The
jet component at 2 mas can at least in the last four epochdycleaidentified with C4, while
the jet components at 6 and 7 mas correspond to C3 and C2ctiespe The total intensity
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variations during the observing period are in the range 20 % (see Table 6.21,/Average).
Any deviations of the flux density values from the resultshaf kinematic analysis can clearly
be attributed to blendingiects due to the use of TVWIN.

The polarisation analysis shows a similar behaviour for degelopment of the polarised
intensity except for the first epoch (1999.888) when the n@d intensity of the VLBI core
component shows only half the value of the second epoch (208D The variations in
polarised intensity are least pronounced at a 2 mas distaocethe VLBI core (11 %) and
strongest around 7 mas 32 %). The latter could, however, be due to blendiffgas with the
component located around 6 mas.

In the core region of 0917624, the EVPA is oriented almost perpendicular to the jegeid
line which implies a magnetic field nearly perpendicular bhe fet axis. This result is in
good agreement with previous findings (e.g., Pollack et @032. In the outer jet between
4 and 10 mas, however, the orientation of the EVPA changen fyarallel to the jet axis to
perpendicular and back to parallel. This indicates a t@l@ttucture of the jet axis which is not
directly visible at 5 GHz resolution.

The EVPA remains rather constant for all components at 5GHthé second half of the
observations. But changes from the first to the second epioitie @lectric vector of the VLBI
core and two inner jet components are of the order 6f2@ are already visible in the innermost
jet region in an inspection by eye of the maps in Figure 6.3least the slight change in the
orientation of the EVPA could be caused by an incorrect catlibn of the overall orientation of
this vector in either the first or the second epoch.

In order to avoid a misinterpretation of the changes in tleetdt vector position angle if the
calibration of the EVPA should be unreliable (or in cases nvhecalibration is simply not
possible due to the lack of appropriate single dish data,cam still make a statement about the
relative changes between thétdrent epochs by regarding thefdrences of the EVPA between
the VLBI core and a certain jet component. If thesedences change significantly, obviously
one of the two components (if not both) underwent a changtsipdlarisation characteristics.
This has also been considered in our analysis and the regulifferences\y are listed in the
bottom panel of Table 6.2.

There seems to be a significant variation in the EVPA of thecmnponents at 6 and
7 mas from the first to the third epoch (2000.913). Howeveresithese two components are
located relatively close to each other it is more likely tivatare simply dealing with a blending
effect between the EVPAs of those two components and that viltkeierrors the electric vector
of the jet components remains constant throughout the wétsens.
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The variation iNAyomas_core Of about 13 from the third to the fourth epoch (2001.984)
can certainly be considered as real, even though minoredinis can be explained by a
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Figure 6.5. Analysis plot of 5 GHz polarisation maps, top panel: totakflensity of VLBI core and
jet components at 2, 6 and 7 mas, middle: polarised flux densittom: EVPAs of jet and VLBI core
components.
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Figure 6.6. Total intensity maps with electric field vector at 5 GHz (1 ma85 mJybeam) convoluted
with a ‘pencil’-shaped beam of ¥1) mas with the major beam axis perpendicular to the jet rlofgeof
the inner 2 mas; epochs 1 to 7 according to order of Table 6.2.

broadening of the VLBI core due to the upcoming ejection oéw et component. It would as
well imply the increase in polarised flux density from thetfiisthe second epoch. The results
of the kinematic analysis of the previous chapter do suppese findings: the time of zero core
separation for the next ejected component was found to hendrd000.4. After the ejection of
the new component, i.e. from epoch 2001.984 on, the pothrigensity gradually decreases
andAyomas_core Ffemains almost constant.

For a better comparison of the results of the individual égpall maps were convolved
with the same ellipcitc ’pencil-shaped’ beam ok@ mas with the major beam axis approxi-
mately perpendicular to the jet axis of the inner 2 mas. Theaswere cut through the source
structure following the jet axis by means of the AIPS task&El The results are intensity
profiles of all epochs always taken at the same position. dhourse implies that in some
epochs the profiles might not show the real intensity maxiotardther slopes of the intensity
peaks. Nevertheless, one can clearly see the allocatiortefeht maxima within jet structure.
The profile plots are displayed in Figure 6.2.1 wherfedent colors denote fllerent epochs.

Top and middle panels show totd) @nd polarisedR) flux density, respectively, bottom panels
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present the fractional polarisatiph throughout the jet.

Due to the comparably poor resolution at 5GHz, there is omg peak in the core re-
gion visible in the total and polarised intensity profiles the jet one can barely distinguish
a second peak around -6 mas distance form the core, whicligiglglmore pronounced in
polarisation than in total intensity. The fractional padation profiles, however, disclose that
there are more components present in the jet than is revegl#ue simple intensity profiles.
One can distinguish four to five maxima which, however, doguwtespond to the components
that have been found in the kinematic analysis of the prevahapter - apart from a maximum
at approx. 2mas. The fractional polarisation is higher mj&t than in the core region which
is well in accordance with previous findings (e.g., Cawtleoet al. 1993). It increases from
moderate maximum values of 6 % to approximately 17 % at a astarcce of about 3.5mas in
the last epoch (cf. bottom right panel in Figure 6.2.1).

The general decreasing trend in total flux density is agagsemt in the profile plots.
Also the increase in polarised intensity from the first to sleeond epoch and the subsequent
gradual decline after 2002 is visible similar to the middénel in Figure 6.5. The fractional
polarisation plots in the bottom panels of Figure 6.2.1 a¢\tbat the polarisation in the jet
reduces to a lesser extent than the total intensity. Thigss thsplayed in the bottom panel of
the last epoch (2003-04-10).

In summary, the 5GHz polarisation analysis of the 08dZ4 data shows an overall de-
creasing trend in total flux density and also, from 2002 onpafarised intensity. Besides
the value of the polarised intensity doubles from the firsth® second epoch. The EVPA
remains rather constant except for a minor changAayighas_core 0f about 13 from the third
to the fourth epoch which can be interpreted in the contextrotipcoming ejection of a new
component from the VLBI core. The orientation of the EVPA Imast perpendicular to
the jet ridge line in the core region, which implies a magnéeld nearly perpendicular to
the jet axis. On the other hand, in the outer jet between 4 &wdak the EVPA orientation
changes between parallel to the jet axis and perpendicwarating a toroidal structure of the jet.

1p=P/I [%]
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Figure 6.7. Profile plots at 5 GHz derived from cuts along the jeffetfient colors denote filerent epochs;
panels display profiles as follows: top: total flux densityniddle: polarised flux density P, bottom:
percentage of polarisation;, maps were convoluted with ibehape beam of (21) mas with the major
beam axis perpendicular to the jet ridge line.
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6.2.2 Polarisation at 15 GHz

The resulting maps of the 15 GHz polarisation analysis aeseted in Figure 6.8. First and
third row again display the total intensity maps and second furth row the according
polarisation maps with electric field vectors. The map patans are listed in Table6.3. At
15 GHz resolution it was possible to displaytdse polarised intensity structure in the jet up
to approximately 7 mas distance in rel. Decl. from the VLBleco Nevertheless, at higher
frequencies the structure of the inner jet region is moraigant and thus Figure 6.9 shows a
close-up of the inner 3-mas jet.

Table 6.3 Parameters d&irs maps for total and polarised intensity at 15 GHz; displayedtatal inten-
sities of four identified components, the lowest map conteuels, beam and beam position angle (top
panel); polarised intensity and lowest map contours (meigdinel); according polarisation vectgrsand
the diterence between the EVPASs of the jet and core componentsiibgénel).

epoch tore lo5mas l1mas lomas  lowest contours  beam bpa
[mJybeam] [mJypbeam] [mJypeam] [mIypeam] [mIybeam] [mas] i
1999.888 367668.1 281.671.0 42.311.4 12.61.5 0.40 0.78x0.61 41.21
2000.183 531.972.8 300.387.8 19.94.2 5.4+0.2 2.00 0.57x0.38 -49.41
2000.915 486.468.7 279.285.4 20.45.9 11.50.9 4.00 0.40x0.37 -52.14
2001.988 369.433.3 339.%37.5 49.414.2 16.53.3 2.00 0.50x0.48 35.33
2002.241 401.847.8 241.343.3 40.913.6 14.32.2 1.50 0.44x0.40 -55.65
2002.536 279426.5 315.430.8 56.416.6 16.%:4.9 2.30 0.43x0.36 -36.73
2003.277 233424.6  203.%#19.3 45.812.7 14.%3.4 0.60 0.44x042 -1.04
Average 381.3 280.2 39.3 12.9
o 105.6 45.7 14.0 3.8
o1 /Average [%] 27.7 16.3 35.7 29.1
epoch Rore Po.5mas Pimas Pomas lowest contour
[mJybeam] [mJypeam] [mJybeam] [mJybeam] [mJybeam]
1999.888 5.20.7 3.6:1.2 1.10.2 1.20.1 0.35
2000.183 16.¥2.0 11.6:4.0 0.9:0.2 1.3:0.3 0.40
2000.915 10.241.7 10.22.7 1.3:0.2 2.6:0.4 0.60
2001.988 19.32.0 20.5:2.0 1.90.7 1.6:0.6 0.45
2002.241 25.43.0 11.82.7 2.10.6 1.5:0.2 0.45
2002.536 10.20.9 14.41.3 3.21.1 1.80.5 0.40
2003.277 9.:1.0 10.%1.1 3.5:1.4 1.%0.6 0.40
Average 13.7 11.8 2.0 1.6
op 7.0 5.1 1.0 0.3
op/Average [%] 51.1 42.9 50.0 18.4
epoch XCore X0.5mas X1mas X2mas Axo5mas-Core  AXimas-Core  Ax2mas-Core
[’] [’] [’] [’] [] [°] [°]
1999.888 -14930 -174:64  -65t79 -81+36 -25 84 68
2000.183 -1387  -130:32  -109:52  -108:46 8 29 30
2000.915 -4478 -96:64 -45:69 -54+55 -52 -1 -10
2001.988 -1484 -13%4 145246 -14%27 11 3 7
2002.241 -1464  -141+11  -6375  -105:61 5 83 41
2002.536 -1628  -136:10 -14228  -135:37 26 20 27
2003.277 -1524 -143:7  -145:12  -15%17 9 7 1
Average -134.1 -136.7 -102 -110.7
oy 40.4 54.0 43.8 34.8
o /Average [%] 30.1 16.8 42.9 31.4




110 6. VLBI Polarimetry of 091%624

T
T  3a) O
il . i
g @ O .
]

RN R — @

T To
7= 3b) i
6 <
too i
| & |
T 19'@ 0 7
, : 1 ) Y 4 @

Y 2 Y 2
MiliARC SEC MilliARC SEC

MIllARC SEC

1 | | 1 1 @
T T |93 0\ j T T T T T ) T T
Q o
7~ 4b) = 7~ 5h) - - 6b) - = 7b) -
lo | i | i | i |
O @ ° o
I ] Lo ] A o I ]
5 | ] | I . O,
A - o e O - o - A -
Q
9 D © ] 9
H a H H H
2 @) 2 o 2 ° 4 )b @ 4
-
s s @) ] s ] s |
N\ ° ° XN
AN )

g L, .0

3

Y 2 Ey 2 Y 2 Y 2
MiliARC SEC MiliARC SEC MillARC SEC MillARC SEC

Figure 6.8 Polarisation maps at 15 GHz; the first and third row (a) dipfey/contour maps of total inten-
sity while the rows beneath (b) show the polarisation mals @arresponding electric field vectors (1 mas
= 62.5 mJybeam); epochs 1 to 7 according to order of Table 6.3 whichaiesithe map parameters.
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Total and polarised intensity and polarisation angle weeasured for the position of the VLBI
core and three points along the VLBI jet around a rel. Decl0.6f 1 and 2 mas, respectively,
corresponding to the positions of the modelfit componeniadidn the kinematic analysis. The
results are summarised in Figure 6.10.

The top panel shows that the total flux density of the VLBI ca@mponent increases
from the first to the second epoch and then gradually decseaté the last epoch (2003.277).
This is in accordance with the results from the kinematidyamigdisplayed in the second panel
of Figure 5.11. However, the amount of flux density was musl e the kinematic analysis,
rather comparable with the flux density of the first jet comgarin Figure 6.10. This is most
likely caused by previously mentioned blendinteets in the use of TVWIN. The VLBI core

component possibly is a combination of components JO, J&&ricbm the kinematic analysis
which reasonably explains the high flux density values.

The total flux density of the first jet component at a distanté®.6 mas from the VLBI
core remains almost constant showing only a slight decri@atbe last epoch. This component
probably corresponds to a superposition of components dd&ifrom the kinematic analysis.
The components at 1 and 2mas core distance appear to be aormsant in their flux
density, the 1 mas component showing just a slight increagbd last four epochs. The 1
and 2 mas component could be consistent with J5 and J4, negdgcalthough the flux densi-
ties do only correspond approximately if they are added upis €an as well be attributed to
blending défects in the determination of the single component flux dersdity means of TVWIN.

In the middle panel, the polarised flux density is displayethe variability of the VLBI
core, first and second jet components are much strogg¢fyerage~ 40 — 50 %) compared
to total intensity {/Average< 36 %, cf. Table 6.3), while for the outermost jet component at
2mas this is reversed (29 % vs. 18 %). Interestingly, theatians in total and polarised flux
density of the VLBI core and first jet component are corre@ldtem epoch 2001.988 to epoch
2002.536, although somewhat more pronounced in polasisatthereas the EVPA changes of
these components are only marginal during the same periodditom panel of Figure 6.10).

Provided the calibration of the absolute postion of the EVIitds been performed cor-
rectly, the EVPA is oriented perpendicular to the jet axishi@ innermost 1 mas jet, in the first
epoch (1999.888) even up to a distance of 2mas. This is ¢ensisith the findings at 5 GHz.
But starting at around 1 mas distance from the core, the tatien already changes to parallel
which can best be seen in the plots of epochs 4, 5, 6 and 7 indf6g®. This is owing to the
improved resolution compared to the 5 GHz data.
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Figure 6.11 Total intensity maps with EVPA at 15 GHz (1 mas62.5 mJybeam) convoluted with a
‘pencil’-shaped beam of (0:8.3) mas with the major beam axis perpendicular to the jeerithe of the
inner 1 mas; epochs 1 to 7 according to order of Table 6.3.

The changes of the EVPA are much more pronounced at 15 GHzah&rmisHz which can
already be seen in the valuesAnyf (Table 6.3, bottom right panel). Due to the higher resohutio
the inner jet region reveals a number of subcomponents, leaeing individual polarisation
characteristics, which sum up as only one component witteratonstant polarisation charac-
teristics at the lower frequency. The component at 0.5 nstamite from the VLBI core appears
to vary only moderatelyd,/Average= 16.8 %) comparable to its variations in total intensity
(16.3%). The variability pattern of the 1 mas jet componamsg out to be strongest in all three
cases (cfo/Average in Table 6.3).

As was done for the 5GHz data, the 15 GHz maps were convolvid the same ellipcitc
'pencil-shaped’ beam of (0x8.3) mas with the major beam axis approximately perpenaicul
to the jet ridge line of the inner 1 mas (see Figure 6.11). Quhe@se maps profile plots were
produced for total and polarised intensity and for the elegector. The results are presented in
Figure 6.12.

From the total and polarised intensity profiles one can bledistinguish two separate
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components in the innermost 0.5 to 0.8 mas, especially ®la$t four epochs (bottom panels).
The upper panels represent the first three epochs with a woreeverage leading to a larger
beam size in the original maps and hence a worse resolutinfirst jet component that is
moving away from the VLBI core, is not separated as clearlynathe last four epochs; in
polarisation only one component is visible; the first jet poment, that appears in the second
epoch (2000-03-06), does not seem to correspond to the do&lnntensity since it is shifted
outwards for approximately 0.2 mas; only in the third epa2®00-11-30), the central peak in
polarised intensity has broadened, obviously becauseaimpanent is disconnecting from the
VLBI core. It is possibly consistent with component J8 frdme kinematic analysis whose date
of zero core separation has been determined to be appr@yni®98.2. The worse resolution
also manifests in the fractional polarisation which is l@gim the jet than in the core region as
was the case for the 5 GHz data because the VLBI core is ndvegso

On the other hand, the fractional polarisation is almostaédgu the innermost region dur-
ing the epochs between 2001 and 2002. This can be explaindtedyetter resolution which
leads to a resolved core region showing the VLBI core and gooor@nt moving from 0.4 mas
(epoch 2001-12-26) to 0.6 mas distance (epoch 2003-04ck0y.in the last epoch the fractional
polarisation is again higher in the jet when the emitted congmt has finally disconnected from
the VLBI core. Since there is more than one year timgedence between the third and the
fourth epoch, this jet component most likely correspond3%tof the kinematic analysis which
has been ejected from the core around 2000.4.

Summing up, the four epochs evaluated in the 15GHz polaisanalysis reveal to be
much more variable in polarisation compared to the 5 GHz.d&aving to the better reso-
lution, the inner jet region separates into several subcorapts with individual polarisation
characteristics, which are represented by only one commiamiéh rather constant polarisation
characteristics at the lower frequency. The jet componehtreas shows the strongest variability
in total and polarised intensity as well as for the EVPA valu€he predominance of the 1 mas
component might also explain the change of the EVPA orientdtom perpendicular to the jet
axis to parallel at this distance. The 0.5 mas componentalgtke least variations in total flux
density and for the electric vector, but is still highly \atsle in total polarisation.
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Figure 6.12 Profile plots at 15 GHz derived from cuts along the jetfaient colors denote filerent
epochs; panels display profiles as follows: top: total flunsiky, middle: polarised flux density, bottom:
percentage of polarisation; epochs from 2001 to 2003; magwe wonvoluted with pencil shape beam of
(0.8<0.3) mas with the major beam axis perpendicular to the jeeriihe.
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6.2.3 Polarisation at 22 GHz

The resulting maps of the three epochs, which were availtdsléhe 22 GHz polarisation
analysis, are presented in Figure 6.13 showing the totahgitty contour maps in the top panel
and the corresponding polarised intensity maps and eteadgtors in the bottom panel. The
map parameters are listed in Table 6.4.

Table 6.4 Parameters okirs maps for total and polarised intensity at 22 GHz; displayedtetal inten-
sities of three identified components, the lowest map corieyugls, beam and beam position angle (top
panel); polarised intensity and lowest map contours (neigdinel); according polarisation vectgrsand
the diference between the EVPASs of the jet and core componentsiibgénel).

epoch tore l0.5mas limas lowest contours beam bpa
[mJybeam] [mJybeam] [mJybeam] [mJybeam] [mas] 1
2001.988 419852.2 224.349.8 42.411.2 0.80 0.34x0.31 -13.01
2002.536 233832.3 178.526.1 43.411.8 2.00 0.35x0.24 -27.64
2003.277 242¥27.7 178.923.5 55.810.7 1.20 0.33x0.27 -10.06
Average 298.3 193.9 47.3
foxf 104.9 26.3 7.4
o/Average [%0] 35.2 13.6 15.6
epoch Rore Po.5smas Pimas lowest contour
[mJybeam] [mJybeam] [mJIypbeam] [mJIybeam]
2001.988 22.43.6 13.93.1 2105
2002.536 6.21.4 8.3:0.8 2.30.4
2003.277 8.%21.1 7.4:1.2 3.4:0.6
Average 12.5 9.9 2.6
op 8.6 3.5 0.7
op/Average [%0] 68.5 354 26.1
epoch XCore X0.5mas X1mas Axo5mas-Core  AX1mas-Core
[°] [] [°] [°] [°]
2001.988 -1525 -140:26  -88t67 17 69
2002.536 -16416 -126:14 -136:30 38 28
2003.277 -16613 -17212 -17426 -6 -11
Average -162.3 -146.0 -75.7
oy 2.9 23.6 67.4
o, /Average [%] 2.9 16.2 89.0

In the 22 GHz polarisation analysis it was possible to idgrto jet components, aside from
the VLBI core, in the innermost 1 mas region, although sonfi@ske total intensity flux is also
visible up to a distance from the VLBI core in rel. Decl. of tas in the first and last epochs
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(2001.988 and 2003.277). One component is located appateiynat 0.5 mas, the other at
1 mas distance (rel. Decl.) from the VLBI core. The resulfragameters of the map analysis
are presented in Figure 6.14. The VLBI core component seerosrtespond to a blending of
components KO and K7 from the kinematic analysis, while tfenfas component probably is
related to components K5 and K6 and the 1 mas component I&kelynsistent with K4.
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Figure 6.13 Polarisation maps at 22 GHz; the top row (a) diplays the aontoeaps of total intensity
while the bottom row (b) shows the polarisation maps with@gwonding electric field vectors (1 mas
100 mJdybeam); epochs 1 to 3 according to order of Table 6.4 whichabesithe map parameters.
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Figure 6.14 Analysis plot of 22 GHz polarisation maps; top panel: totax ftlensity of VLBI core and
jet components at 0.5 and 1 mas, middle: polarised flux dermittom: EVPAs of jet and VLBI core
components.
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With only three available epochs it is inadequate to makesardtatement about the quality of
the measurement variations. Nevertheless, the develop@iieoth total and polarised intensity
(top and middle panel in Figure 6.14) exactly confirms theltsof the 15 GHz analysis for all
three components: the clear decrease in flux density of tH&l \¢bre component and the slight
increase for the 1 mas component while the total flux denditthe 0.5 mas remains almost
constant and the polarised flux density shows a small decline

Concerning the polarised intensity electric vectors, thentation in the core region up
to approximately 0.8 mas is again perpendicular to the jet gbottom panel in Figure 6.13)
according to the findings at 5 and 15 GHz. Beyond this distaracelectric vectors could be
displayed due to the increased signal-to-noise level attigh frequency.

The bottom panel of Figure 6.14 displays that the core vest@ms to be almost constant
({vcore) = -162) whereas the vector of the 0.5 mas component shows sligingelsa(yos) =
-146’, o, = 24°). This is, however, in contrast to what was found in the 15 Gidlarisation
analysis where the 0.5mas component revealed the leasitivad. The obviously strong
gradient in the value of the 1 mas component electric veotothe other hand, again coincides
with the findings at 15 GHz where the 1 mas component appeafsxithe strongest variable one.

To complete the picture, the maps were also convolved withpencil’-shaped beam
(0.5x0.2mas, see Figure6.15) and intensity profiles were takengathe inner 0.9 mas
of the jet axis. The total and polarised intensity profilesva#i as the fractional polarisation are
presented in Figure 6.16.

Now the higher resolution of the 22 GHz observations as coetpe 15 GHz is disclosed. In
the intensity profile plots one can distinguish three congmdsin the inner 0.8 mas jet instead of
two as was the case for the 15 GHz data. The development afattéoinal polarisation (bottom
panels in Figure 6.16) is comparable to the 15 GHz resultkahit is almost the same in the
core and innermost displayed jet region in the first and stemoch (2001.988 and 2002.536)
whereas in the last epoch (2003.277) the core fractionalrsaition is somewhat lower than in
the jet.

Interestingly, the fractional polarisation plot of the tlagpoch reveals a fourth component
at a distance of 0.2 mas from the core region which is onlhyhliigndicated by the elongated
core component of the above polarised intensity profile ituisible in total intensity at
all. This component could be consistent with K7 from the kia¢ic analysis that is about to
separate from the VLBI core. The fractional polarisatioatplare evidently a helpful tool for
the component identification without the necessity of peniag model fits.
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Figure 6.15 Total intensity maps with EVPA at 22 GHz (1 mas100 mJybeam) convoluted with a
‘pencil’-shaped beam of (0:&.2) mas with the major beam axis perpendicular to the jeerithe of the
inner 0.8 mas; epochs 1 to 3 according to order of Table 6.4.
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Figure 6.16 Profile plots at 22 GHz derived from cuts along the jetfaient colors denote filerent
epochs; panels display profiles as follows: top: total flurnsiky, middle: polarised flux density, bot-
tom: EVPA; maps were convoluted with pencil shape beam &@2) mas with the major beam axis
perpendicular to the jet ridge line.
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Table 6.5 EVPAs of the convoluted maps at all frequencies; values legady corrected for the absolute
orientation of the EVPA according to Table 6.1.

epoch v[GHz] EVPAcue[’]

2001.984 5 -1483
2002.529 5 -1423
2003.252 5 -1344
2001.984 15 -14£13
2002.529 15 -14911
2003.252 15 -14810
2001.984 22 -14926
2002.531 22 -13¥21
2003.273 22 -16897
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Figure 6.17. EVPA plotted versus? for the core region; dotted lines denote linear fits to the gaiints
of each epoch.
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6.2.4 Rotation Measure

A final step would now be to deduce the rotation measure @urtlenoted as RM) from the
EVPAs of the three available frequencies. However, we dirdaad to derive the 22 GHz
polarisation vector, that was used for the calibration & #VPA in the VLBI measure-
ments, from 5 and 15 GHz single dish measurements. Hencelugtiten of the RM would be a
circular argument. Nevertheless, | will give a short denti@t®n on how to derive itin principle.

Provided that for each frequency we got an independentlypreadd value for the EVPA,
one can plot these values versifsand fit a straight line to the graph. We can derive the RM
from the slope of this fit according te(1) = yo + RMA2. As we have three fierent epochs, it

is also possible to calculate the change of the RM with tinmeorber to do so, it is necessary
to convolve the maps of theftierent frequencies with the same beam pattern, preferabbe cl
to the synthesized beam pattern of the lowest frequency da amndesirable features due to
hyper-resolution. In the present case | chose a beam sizé.2{1(2) mas. The mapping
procedure and determination of the EVPAs was done as descpleviously for the general
polarisation analysis.

If resolution permits, one could also plot the EVPA of one corenjet components at dif-
ferent frequencies. In such way one gets a gradient of the RMydhe jet axis. In our case, we
only obtained components which are equivalent in two fregies: two components at a relative
core separation of 0.5 and 1 mas, respectively, resolved® antl 22 GHz, and a further jet
component at 6 mas distance visible at 5 and 15 GHz. The aatimolof the higher frequency
maps still revealed components at 2 and 6 mas distance frenVitiBl core. Nevertheless,
the determination of the EVPA yielded in errors of order ofegal tens of degrees making a
derivation of the RM highly unreliable. Thus, we merely ged the RM of the core component
of 09174624 as an estimate of the real RM. The detected EVPAs of theotded maps at
all frequencies are listed in Table 6.5 and graphically ldiggd in Figure 6.17. The values are
already corrected for the absolute orientation of the EVIEAoeding to the last column of
Table 6.1.

Table 6.6 Estimate of the RM for the VLBI core component.
epoch  RM [radm?]
2001.984 1800
2002.529 150
2003.252 7700
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From Figure 6.17 the RM of the three epochs could be derivediam results are presented in
Table 6.6. The strong change of the EVPA in epoch 2003.272 &2z from previously -137

to now -169 and the associated increase in RM can be explained due tdildedfects. In
epochs 2001.984 and 2002.529 the core component of the mtptamer beam consists of
the previously determined VLBI core and the 0.5 mas compbriarthe last epoch (2003.252)
another component reveals which is located around 0.2 maganhot be separated in the
mapping procedure but becomes visible in the profile pldtsHigure 6.16, bottom right panel).
Its polarisation characteristics likely contribute to $kbamf the 0.5 mas component which would
in principle explain the change of the EVPA from -226 epoch 2002.529 to -176n epoch
2003.252 (cf. bottom panel of Table 6.4).

Even though the RM deduction is only a rough estimate, itaglyeindicates that 09624
might also belong to the group of quasars which (at least soras) show RMs in excess of
1000 rad m? in their central region. Nevertheless, a proper EVPA catibn for 0917624 is
inevitable for a clear statement about the changes in tlgrieléeld vector!



CHAPTER 7

Discussion and Conclusions

In this section | will combine the results of the analysesfigingle dish and VLBI observations
to give an interpretation in view of Intraday Variabilitydonomplement the picture of 091824
in terms of jet characteristics of quasar sources.

The results of the analysis of theffBlsberg 5GHz data do not yetfer a clear solution
for the cause of the reduced IDV behavior. 09624 still reveals only moderate IDV in total
intensity which has increased only slightly towards the ehthe present observations( ~

1 %) but was still far from the strength it used to reveal befSeptember 2000 ~ 3 — 5%).
The same holds for the variability in polarised intensityhaugh the increase of the modulation
index mp is much stronger compared to,, it is as well far below the formerly observed
modulation indices of more than 15 %. Twdldrent scenarios could be possible explanations
for it.

Changes in the size of the scattering medium:

This solution has already been explained in more detail blgrifann (2004). He sug-
gests that in the weak ISS or RISS regime, a decrease in thegttr of the turbulence in
the scattering medium or an increase in the distance towbmsild lead to such extremely
guenched variability, the latter case leading to unrealisigh Doppler factors, though. The
most probable cause of the decline in IDV could either be aigépe scintillation screen or the
sudden disappearance of a moving foreground layer or clitapX999. This may have led to
an abrupt decrease in the strength of the turbulence in #itéeesiong medium. Hence, a lower
limit of 1.2 m s can be assigned to the velocity in the scattering screeniatande of 150 pc.
Indeed, the angular scales of such inhomogeneities sheukkb than the angular separation of
09174624 from other sources<(5-10) because other sources outside this region still exhibit
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prominent IDV.
Source-intrinsic structural changes:

This second approach is based upon variations in the idtemace structure scaled in
the range of the scattering size. Fuhrmann (2004) in hisebwentioned model assumed the
size of the source component, that is responsible for thikaiion, to be of the order 0£0.1
mas. Corncerning the strongly quenched scintillatiors timponent could now either have
disappeared or it has increased in size such that it willekdke Fresnel angular scale. If he
assumes a screen distance between 100 and 200 pc, the corngizaeshould have enlarged to
approximately 0.7-0.8 mas in order to diminish from former values of 5-6 % down to 0.5 %.
This growth in component size should be unveiled in the asislgf the VLBI observations of
Chapter 5.

However, the assumption of only one scintillating compdraight not hold for the faster
and more pronounced variations that are usually observemlarized intensity, even in the
present case of 093624. Rickett et al. (2002a) suggested in the case of the ragidtions

in polarisation of the quasar PKS 0405-385 a multi-compongodel (see also Rickett et al.
1995, Rickett et al. 2002b) where one or more componentsquési independent flux density
variations, but each retaining fixed valuesfodndy, have to be summed up. This, though, also
implies a scattering screen located much closer to the eargireviously expected (3-30 pc),
which meanwhile indeed could be confirmed by recent studib&ochili (2009). He found that
an annual modulation model can be applied in the case of+0824 provided that the scattering
screen is much closer to the earth §0pc) than previoulsy concluded by Rickett et al. (1995);
Rickett (2001) of the order of 170 - 200 pc.

Source kinematics:

Within the kinematic analysis | was able to identify a maximunumber of 12 compo-
nents at 15 GHz (resulting from 15 observing epochs), sesemponents at 5 GHz (7 epochs),
and nine components at 22 GHz (6 epochs) including the VLB&.cAll components could
be cross-identified for two frequencies at least. One ofdhmsnponents at a relative core
separation of-6 mas turned out to be constant in position and size and shomlgch marginal
decreas in flux density at all three observing frequencies.

We in fact determined in the kinematic analysis of the 15 GH8BVdata, that during the
time of the underlying Eelsberg observations 2 new components were emitted ardd0®i 2
(J11) and 2004.5 (J10). The ejection dates are marked bysmmo the bottom panel of
Figure7.1. One earlier component was ejected around 2009)4 Yet, one immediately
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notices, that the time between the emission of the comparfe2®00 and that of 2003 is far
longer than would be expected for a component to travel ddwendt and separate from the
core. Therefore, the IDV activity should meanwhile haveiresd which is, though, not the case.

The general kinematic analysis of all frequencies showsalmew component has been ejected
on average every two years between 1990 and 2000. One ofdbeg®nents is J8 (resulting
from the 15 GHz analysis) with a determined time of zero cepasation around 1998.2, which
is in the range of earlier results found by Krichbaum et @00 and Fuhrmann (2004). This
event corresponds to a high level of variability. The motataindex lies at-5% and decreases
in the aftermath te-1.5% (see bottom panel of Figure 5.14) which was about the titmen the
size of the core and the emitted component exceed the tygpoediering size of the medium,
presumably resulting in strongly quenched scintillatioAfterwards the modulation index
increased again in early 1999 to a value-&26. Hence, the behaviour of J8 could in principle
confirm our working hypothesis that the earlier variabitigcline was caused by the ejection of
a new component.

Component J9 was emitted around 2000.4, which overlaps avifteriod when the vari-

H

6 il rTTr1rrrrrryprirrrTTT T T T T T T T T T T T T T T T T T T T T T T T | T4
= ° o 3 e m| [%]
- ° 3 e m_P[%]
sE 3 e m_PA [%]
SH= =
5 4F ) E
© = :
£ E -
c _F 3
O 3k =
T E e =
S E ° e . 3
O »F 3
£ 2F ®e E
S J11 ¢ e
- [ J =
1E g * o« =
E e 8 o8 e ]
O:I I I I A | I o B v | | I I B | I I Y I | I;
2001 2002 2003 2004 2005

epoch [years]

Figure 7.1 Modulation Indices of 091624 total and polarised intensity and EVPA combined with the
time of zero core separation for wo components derived idBh@Hz kinematic analysis.
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ability was already low according to the modulation indiegeund that timery <0.65 %,
cf. TableB.4). In fact, a further slight decrease has beeewoed afterwardsrg ~0.3% in
2000.710), followed by a moderate increase up to 0.9 % (22%).which could be regarded
as an additional confirmation of our assumption. Never®léhese modulation indices are
still much lower than previously and the ejection of new comgnts alone can not explain the
overall damping of the modulation index in both total andgpisled intensity.

The multi-component model could at least explain the detecdf the stronger variability
that we see in the polarisation pattern of 09624, especially considering the ejection dates of
new components in 2003 and 2004. Since there is unfortynatebbservational gap between
the middle of 2002 and the end of 2003, we do not know whethemntbdulation indicesn,

and mp decreased before the new components had been ejected, la#tewse clear increase
especially inmp after this gap. So in principle this increase could be aitat to the ejection of
component J11, which would imply that the expected incr@asariability after the ejection of

a new component is detectable in polarisation prior to iatehsity.

The polarimetric analysis also supports the multi-compbmeodel. While at 5GHz only
one polarised component is visible in the core region withinas, at 15 GHz one can already
distinguish between two separate components, each shawdigdual polarisation character-
istics. The 22 GHz data even reveal 3feient components in the inner 0.8 mas jet, and the
fractional polarisation profile of the last epoch (2003.2y&t indicates a fourth component
located around 0.2 mas distance from the VLBI core which a¢dd related to K7 from the
22 GHz kinematic analysis.

Further results fromthe analysis of the VLBI data:

The kinematic anlysis revealed several superluminal corepts for all frequencies. The
inner 15GHz jet components J10, J9, J8, J7, J6, J5 move witlapparent speed of
Bapp = (7 — 10) ¢ which is in good agreement with previous findings (Kio@hm et al. 2002).
The same components at 22 GHz (K3, K4, K5, K6) travel with a@ohat higher velocity of
Bapp = (10— 14) c except for K7 .., ~ 5.5) ¢) which corresponds to J9. Owing to the three
times worse resolution at 5 GHz, the innermost jet compo@eéris a composite of two or more
higher frequency components and therefore exhibits a timress lower apparent velocity than
the 15 GHz components. The superluminal motion at 5 GHz feveancrease further down the
jet reaching its maximum at a distance from the core of ardumés (.5, ~ 20) c) and then
decreases again towards 23 m@g{ ~ 8) c). This behaviour has also been observed previously,
e.g., in the case of 083610 (Lobanov 1998).

Since the 5GHz and 22 GHz data are undersampled comparea th5tlepochs available
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at 15 GHz, the analysis of the latter is regarded best for ¢herchination of apparent velocities
or changes in the position angle (P.A.) and parameters @edogt of it. Besides, since we
are interested in the innermost jet region close to the VLdkci.e., the footpoint of the jet,
the results of the higher frequency analysis reveal deeysgglit into this region due to their
better resolution. The plots of rel. R.A. versus rel. Ded.bath 15GHz and 22 GHz (cf.
pp. 58 and 78) display a twisted jet structure with severatliseon the inner 3.5 mas whereas at
5 GHz only one kink is visible on the same range. In order testigate the bent jet structure,
components J7, J8 and J9 were fitted by a third-order fit whaakidcbetter represent their
trajectories than a linear fit. However, this could not beficored in the 5 GHz and 22 GHz
analyses due to the inficient amount of available observations. The shape of thectay

of component J8 suggests a slow-down after its ejectioroi@t by an accelerated phase
between 2002 and 2006. Afterwards it seems to reach agaiat@apl of decelerated motion.
Component J9 even better represents this behaviour (cfirésd.4 and 5.8). The acceleration
and deceleration phases can be explained by geometfiieatsedue to the twisted jet structure.
When the component is moving on a kink towards the obsengaradiation is boosted towards
him causing the féect of an accelerated motion. A movement across the jet coeterps a
slow-down.

J2 turned out to be the fastest component showing an appapa®d ofB,,, = 19.2c.
This leads to a minimum value for the Lorentz factgs, = 19.23, Doppler factors in the
range of 19 to 38 at inclination angles betweérafd 3. Furthermore the P.A. of the inner jet
components appears to rotate approximatelgtaverage per year. This could be indicative for
a swing of the jet base of 094824 which has already been observed previously in a number
of sources such as 3C345, 0J287 or PKS 0420-014 (Klare 20@8e It al. 2005; Lobanov

& Roland 2005; Valtonen et al. 2008; Britzen et al. 2001) asdnss to be associated with
jet-curvature or helical structures that have been obsdenvehe jets of AGN also on larger
scales as well as in the present case of Q&PA.

One possibility to explain the cause of helical or twisted g&uctures is the presence of
a binary black hole system in the center of the AGN. Since 8824 also exhibits a bent jet

structure, it proves to be an applicable candidate for submary black hole scenario. The
precession of the accretion disk and the motion of the twokbleles around their common
center of gravity cause perturbations in the trajectorieshe VLBI components. As the

coordinates of the VLBI components are known from VLBI obs¢ions, we merely need

to handle a pure astrometrical problem. Thus, by means o$dftevare he developed, Prof.
Roland was able to calculate several parameters of theybbtack hole system based on the
coordinates of component J8 from the 15 GHz analysis. Thie lbolentz factor that resulted

from the modelling process, is in the range of 8 y. <« 20, which supports our kinematic
results from the 15 GHz analysis where a minimum Lorentzofaot 19.23 was derived for J8.
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Certainly the most important result from the binary blacklehanodel calculations is,
however, that the time of zero core separation, which wasickstito lie around 1998.2, has
to be shifted to 1999, because otherwise no minimum couldbed for the necessany’ fit.
The shift of the time of zero core separation supports thetngsis of the 15 GHz kinematic
analysis that a higher-order fit to the VLBI trajectories islgably more suitable than a linear
one as it describes in a more appropriate way states of aatadeor constant component motion
during certain periods. The temporal shift for the ejectiate of component J9 is equivalent to
a spatial diferenceo- = 0.098 and we dare to interprete it as the distance between thblagk
holes.

Component J11 seems to travel at a significantly lower appagtocity (3,pp = 2.76 + 0.17 ).

It is possible, though, that this could be attributed to Hileg dfects in the component
identification due to strong activity and hence an expaneiathe VLBI core, but instficient
observational resolution. Nevertheless, in view of theultssfrom the binary black hole
modelling, we tentatively interprete J11 to be ejected leystcond black hole which might be a
possible explanation for theftierent shape of its trajectory as compared to J5 — J10.

In addition, the size of the inner VLBI components (FWHM) wasind to increase sys-
tematically as they travel along the jet. The correlationR¥YHM with P.A. suggests a
geometrical origin. If the components are not spherical foutn an intrinsically oblique
structure (e.g., a thin shock), relativistic aberratifiieets would lead to apparent rotation in the
observer’s frame causing the observed component expaftsidaft panel of Figure 5.9, p. 61).
Furthermore, the relation between FWHM and core separafitine components displays that
the jet is collimated within the inner 0.7 mas and starts agpay beyond. This is in accordance
with the theory of an adiabatically expanding jet (e.g.,r8lmrd & Konigl 1979). The opening
angle of the jet was determined to be= 20.9° which results in a Mach number M of the jet
plasma at the point of the jet opening of M2.8. This number could be confirmed in the 22 GHz
analysis. However, the jet at 22 GHz shows an additionalr@mement around a distance from
the core of 0.7 mas. This lateral displacement of the 22 GHzpoments from the jet axis at the
lower frequencies in principle can be explained by the afoemtioned geometrical changes in
the viewing angle of the jet and has previously also beerstiyated in the case of 083810
(Lobanov 1998).

The analysis of the flux density development is in accordawd@ results from single
dish observations with thefielsberg and UMRAO telescopes for all three frequencies.y The
find a decrease in flux density from 1999 to the middle of 200éviced by a moderate increase
towards the end of the present VLBI observations in 2007 idg@ssthe VLBI analysis revealed
that approx. 75 % of the total flux is concentrated in the ceggan which is in agreement with
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previous findings from Standke et al. (1996). Moreover, #uscalled 'core fraction’, which
tends to be higher in quasar and BL Lac objects, is expected AGN unification schemes
because the core fraction is a strong function of orientatio

As is known for compact sources, the analysis of the speoiddx evolution reveals that
it is flat in the compact core region and gradually turns ste@pthe resolved jet region. The
development of the spectral index between the higher frecjiase; 52,61, €ven reflects the fact
that the VLBI core component is not necessarily the brighdas. This is best demonstrated in
the spectral index change of componen&#Bfrom epoch 2001.988% 52064, ~ —0.2), when
its flux density was brighter than the core flux, to epoch 2882 (152261, ~ —1.2), when the
VLBI core had become brighter again.

In the polarimetric analysis we found that the fractionalapisation of the jet is much
higher than of the core region which is well in accordancehwtevious findings (e.g.,
Helmboldt et al. 2007; Lister & Homan 2005; Pollack et al. 2D0Besides - always provided
that the absolute position calibration of the electric fiedtor is reliable - the EVPA is oriented
perpendicular to the jet axis in the core regiggd(mas at 5GHz< 1mas at 15GHz and
22 GHz). This result also agrees with previous findings (€gllack et al. 2003). Further down
the jet the orientation changes between parallel and temss\o the jet axis. These changes are,
however, only detectable at 5 GHz where the polarisatiopgntes of the jet could be resolved
to a distance from the core ef8 mas. Where the polarisation electric vectors in the pacsde
jets are aligned with the local jet direction, it is impliddat the corresponding magnetic field is
transverse to the jet as the jet emission is optically thihisThas commonly been interpreted
as evidence for relativistic shocks that enhance the maghetd component in the plane of
compression perpendicular to the propagation directiath@fshock (e.g., Hughes et al. 1989)
and also explains the increase of fractional polarisatratds the edge of the jet (Laing 1980).

The fact that the EVPA of the VLBI core is oriented perpentiicuo the jet axis, and
thus apparently does not correlate with the source streictauld be owing to a magnetic field
that changes from transverse to longitudinal from the coré¢ jets because of strong shocks
in the jet perpendicular to the plane. This was, e.g., pastdlin the case of 3C 345 and 3C 279
(Leppanen et al. 1995).

A further result from the polarimetric analysis is the rekadole increase in polarised in-
tensity of the VLBI core from 1999 to 2000 where the polariggédnsity (more than) doubles
at both 5GHz and 15GHz. The single dish analysis suggestghbancrease in polarised
intensity overlaps with the strong decline of the modulatimex in 2000.

Regarding the polarisation characteristics, a Faraday R&tignt across the jet is also
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considered a good indicator for helical magnetic fields anj#t. These gradients should appear
due to the systematic change in the net line-of-sight corapbof the magnetic field across
the jet, with increasing values toward the jet boundarias. (8landford 1993). Taylor (1998)
suggests that the high RMs, which he found in his observatipassibly are generated in the
same region that produces the narrow optical emission.libe high RM gradients between
the core region and the extended jet cannot be produced bteclor galactic scale magnetic
fields but are rather caused by organised magnetic fieldscemged gas close to the center of
activity. This is also likely the case for the change of theed@M with time that we found for
0917A4624.

Even if the RM, that could be derived for the core componen0@i7+624, can only be

a rough estimate of the true RM, the high values in the firstkd@001.984) of 1800 radim
and last epoch (2003.252) of 7700 ra#l atready indicate that internal structural changes can
influence the determination of a proper RM. The assuptiorttieaRM follows a straigh? law,
which | used in order to derive the integrated EVPA for theedtion of the absolute position,
can only be applied if the Faraday rotation is negligible alahis obviously not the case for
09174624. Thus, the calibration of the absolute position of theeteic field vector should be
determined in a proper measurement at the required freguedtherwise a clear statement
about the changes of the EVPA with time between multiple niisg epochs likely turns out to
be unreliable.



CHAPTER 8

Summary and Outlook

Within the scope of this thesis, H8) epochs of 4.85GHz observations of the prominent
IDV quasar 0917624, performed between 2001 and the end of 2004 with thieldberg
100-meter radio telescope, were analysed in total and ipethintensity regarding the short-
time variability behaviour of the source. Furthermore, 2®ahs of VLBI observations at
15GHz (15 epochs), 5GHz (7 epochs) and £24) GHz (4-2 epochs) between 1999 and
2007 have been analysed. Finally, a polarisation analysithe VLBI epochs observed
between 1999 and 2003 was carried out. The primary aim okttbbservations was to find
out whether structural changes of the variable part of 8824 have caused the variability
decline that was detected after September 2000 by Fuhrntaain (@002). The ejection of a
new VLBI component could temporarily lead to a core size erasg the Fresnel scale, which
is determined by the scattering medium. Consequently, stipngly quenched scintillation
would be observed. After the component has separated frerWltBl core at some point, the
size of the scintillating component decreases again andger variability is expected to resume.

We found from the single dish measurements that the IDV igtinf 0917+624 has de-

creased significantly during the time of our single dish obstons between 2001 and 2005
in both total and polarised intensity compared to former sneaments between 1985 and
1999 - from previous modulation indices forof 3-5% to 0.4-1.1% maximum. This is in
agreement with previous findings from Fuhrmann et al. (200Bp analysed observations
between September 2000 and April 2002. The kinematic aisabfgshe VLBI data revealed

that three new components have been ejected from the VLBIaiai2000.4, 2003.4 and 2004.2.
Accordingly, the slight increase in the modulation indexlad polarised intensity of the single
dish measurementsye, from 2003 to the end of 2004 might be explained in terms of the
multi-component model of Rickett et al. (1995). However, wveee to be careful in interpreting

the measured polarisation modulation indices as real Isecatipossible elevation-dependent
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effects that were possibly found in the analysis of the singlh dblarisation data. The potential
elevation-dependency of the results from single dish Eation analyses still requires further
investigation.

Besides, the gap between the ejection dates of the two caenponn 2000 and 2003 is
too long compared to the time needed for a component to mowe tite jet and separate from
the core. Hence, the IDV activity should meanwhile have mesd. Since this is not the case,
the hypothesis of a quenched scintillation scenario is antlusive.

The suggestion by Rickett (2001), that the observed changtne variability time scale
could be explained by a so-called annual modulation scer@ruld be confirmed recently
by Marchili (2009) provided that the scattering screen iscimgloser to the earth~( 50
pc) than previously assumed. Nevertheless, the sourceeshawadical change in its IDV
behaviour by reducing its variability. This does not neaeds mean, that the seasonal cycle
is not the right option. It may at present simply not be visidue to the structural changes in
the central region, which were found in the kinematic an@pwoletric analysis of the VLBI data.

Since the annual modulation scenario for 098Z4 has only been tested in terms of total
intensity, it might be an interesting project to study thdapsed variability pattern in this
regard. Further polarisation analysis of already obtaisggle dish data and continuing
observations should be performed in order to achieve atigbrovestigation of the polarisation
behavior. It may be worthwhile to study the question wheitisiin principle possible to observe
annual modulation in polarised rather than in total intgrediso for other sources than 094624.

The kinematic analysis of the VLBI data furthermore revdaégpparent superluminal mo-
tion in the jet ranging from 2 ¢ to almost 20 c. From the appijetrspeed we derive a Lorentz
factor> 19.23 and an inclination angle 3°. Hence, for the fastest jet component we obtain
Doppler factors in the range of 19 to 38 which can help to redargghtness temperature values
in excess of 18K, as have been derived from IDV observations of 09874 (Quirrenbach
et al. 1989b; Kraus et al. 1999), below the inverse Comptuit bf 102 K. The higher jet speeds
of ~ 20 c difer from the maximum jet speed of 15.57c found by Lister et2000) within the
scope of the MOJAVE project. Thefterence is certainly owing to the even better sampling of
the MOJAVE data. We found that an undersampling of obsermatcan in fact cause higher jet
speeds, as was the case for the 5 GHz and 22 GHz data, sincgar&tisiowdown, a period
of constant motion or acceleration of the jet could simply @ detected with an inflicient
amount of observing data.

The 15GHz kinematic analysis revealed a quasi-helical fetctire for 0914624 with
several bends in the trajectories of the jet components. obiserved change in the position
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angle (P.A.) of the inner components of approximatelypér year on average is indicative
for a swing of the jet base, also yielding a helical jet stnoet and clearly indicates motion
on bent-non-ballistic trajectories. The mechanism, whichld cause such ’jet wobbling’ (cf.
Agudo et al. 2007), is still not understood but precessioihef accretion disk is a popular
explanatory model usually based on the assumption of ayogyatem in the galactic center. We
further found a correlation of component size with orieiota{P.A.) suggestive of a projection
effect due to the jet geometry.

The spectral index evolution of the VLBI core shows that iries from steep to flat
whereas the spectral index of the outer components is gletgéper (between -0.7 and -1.5).
The flatness of the core’s spectral index coincides with gimbeen new components are ejected
(around 2000.4 and 2003.2), which is also displayed in thddhaipanel of Figure 5.14 (p. 67)
where the spectral indexs,;15c1, Of single dish measurements with th&détsberg and UMRAO
telescope is shown. It gradually steepens after 2003 whempooent J11 has separated from
the VLBI core. This supports the assumption that the compisnare shocks which expand
adiabatically as they travel down the jet. After the compangeparation, the VLBI core
becomes the most compact part of the source again and themsiseatie flattest spectral index.
In the analysis of the VLBI data we found that the VLBI core t@ns approximately 75 %
of the total source flux which makes it the dominant unresbpagat in single dish measurements.

The helical jet structure of 094624 makes the source a good candidate for an AGN
consisting of a binary black hole system. In our model calttohs we found that a temporal
shift for the origin of the ejection of the VLBI component ino1998.2 to 1999 was necessary
since otherwise no minimum in thé fit, which has to be performed within the analysis, could
be achieved. The shift of the time of zero core separatiopatpthe hypothesis of the 15 GHz
kinematic analysis that a higher-order fit to the VLBI tragetes is probably more suitable than
a linear one. The temporal shift entails a spatidledlences = 0.098 mas or 0.83 pc which
we interpret as the distance between the two black holesrder do test the reliability of our
preliminary results, the model is currently applied to alitable trajectories that have resulted
from the data analysis of all three frequencies. If the tesaih be verified, it would be the
first time that the distance between two black holes of a litdaick hole system could be
'measured’ by means of a 'plain’ astrometric analysis.

The polarimetric analysis of the high frequency VLBI datal&GHz and 22 GHz dis-
closed that the VLBI core region consists of three to fourcembponents. In this context the
fractional polarisation turns out to be a helpful tool topdés the source components without
performing model fits of the polarised intensity data. Rattrly when the total or polarised
intensity profiles only show one broadened peak, the fraatipolarisation plot can already
reveal two diferent peaks within. The results of the 15 GHz and 22 GHz pukric analysis
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indeed support the theory of a multi-component model, sscth@ 4-component model which
was applied by Qian et al. (2007), not only to explain the jnesly observed polarisation angle
swing in 09174624, but also the variations in total and polarised intgnsit

The estimate of the VLBI core RM reveals that it is variablet rdaches high values in
excess of 1000 rad ™ which are likely caused by intrinsic changes in organisedjmetic
fields and ionised gas close to the center of activity. Thidatbe the reason for the observed
variability of polarised intensity and EVPA. For future VLBolarimetric observations it is in
general of utmost importance to obtain simultaneous dapmlafrisation calibrators in order to
achieve a proper calibration of the EVPA. With regard to thigcial point, the results concerning
the orientation of the EVPA in the core region of 09624 are still uncertain. Nevertheless, an
orientation of the EVPA parallel to the jet axis as was fourahf the 5 GHz analysis, which
implies a magnetic field perpendicular to the jet, is in adaace with the expectations for
optically thin synchrotron emission. On the other hand, gmeé#ic field aligned with the jet
axis in the core region - provided the result is indeed corean either be explained by strong
shocks in the jet perpendicular to the plane, as was doneseaf88C345 and 3C 279 (Leppanen
et al. 1995), or it indicates further bent jet structure ia thner core region which can not be
resolved at the observed frequencies.

The determined RM changes might not be real but caused bydibgrefects. Hence,
future RM-tomography according to, e.g., the Faraday iamaneasure synthesis as suggested
by Brentjens & de Bruyn (2005), is necessary to disentargdeibderlying &ects.

It will be a future goal to do phase referencing observatioih8917+624 at, e.g., 225 GHz

in order to determine whether the jet base is moving. A furtimgortant test, for which this
source turned out to be ideally suited, is to figure out howctienges in polarised intensity and
polarisation angle do relate to intraday variability. Tbosild be done by means of simultaneous
multi-epochimulti-frequency VLBI and single dish observations at pralidy high frequencies
(4322 GHz).

Furthermore, it would be desirable to study 09624 with the GMVA at 86 GHz which
features a resolution of 5Quas. But the flux density of the source is a bit weak for present
day VLBI recording techniques. Therefore, the implemeatetf the already existing Mark5C
VLBI data system at the observing facilities would be of greslue. It will be able to record
data at a sustained rate of 4@bivith a bandwidth of 1 GHz which would enormously increase
the recording sensitivity. With these observations we moll only be able to discover internal jet
structure close to the VLBI core on even smaller scales. Mag concerning the binary black
hole scenario, the observational resolution will be halfref distance between the two black
holes that have been found from our calculations. Hencejged that we are dealing with two
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black holes, each of them showing jet structure, we shoulddbe to disentangle between the
footpoints of two diferent jets.
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Appendix A

The following figures show plots of thefelsberg single dish observations of 09624. The
upper panel contains the total intensity measurementanttidle panel shows results for the
polarised intensity and the bottom panel displays the Eaiion angle as a function of J.D. for
each epoch.

N . | A
I, g
i R |

1994.0 199

Figure A.1:. Plots of Htelsberg single dish data at 5 GHz for 09624 and one example plot of the
calibrator source 083&710 observed on Mar. 24, 2001
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Figure A.2: 091 7+624plots of Hrelsberg single dish data at 5 GHz observed on May 4, 2001pgewke]),
Aug. 3, 2001 (right panel).
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Figure A 4. 091 7624 plots of Eﬂ’elsberg single dish data at 5GHz observed on Apr. 12, 2002 (le
panel) and around Nov. 14, 2003 (right panel - during the IBRAL observing campain of 071614,
Fuhrmann et al. 2008, source name according to J2000 catedj
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Flgure A 5: 091 7+624 plots of Hrelsberg single dish data at 5 GHz observed on Jul 16, 2004 decl)
and Aug. 12, 2004 (right panel).
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The following tables contain the results of the model fittiagall epochs, giving the component
flux density (column 1), rel. R.A. (column 2) and rel. Decl.olfann 3) with respect to
the core, distance r to the core (column 4) and position afdtolumn 5), Full Width Half
Maximum (FWHM, column 6), and brightness temperatlisgg(column 7). Column 8 denotes
the component identification.

Table B.1 Results of the Gaussian model fitting for all

epochs at 15 GHz.
S X y r 0 FWHM Ts Id.
[Jy] [mas] [mas] [mas] 1 [mas] K]

1999.888

0.22'#40.050 0.0&¢0.00 0.0@&0.00 0.0¢0.00 0.G0.0 0.020.04 1.52E-11 Core
0.446:0.060 -0.220.04 0.120.04 0.2%0.04 -62.1+2.9 0.24:0.02 4.20E-10 J8
0.243:0.022 -0.420.04 0.280.04 0.5@0.04 -55.20.9 0.020.02 1.62E-11 J7
0.176:0.048 -0.4%0.06 0.420.07 0.640.04 -40.35.2 0.360.05 7.36E-09 J6
0.035t0.006 -0.680.09 1.1%0.15 1.330.05 -30.43.9 0.380.11 1.32E-09 J5a
0.015t0.006 -0.340.08 1.830.41 1.860.20 -10.62.1 0.7&0.40 1.64E-08 J4
0.008:0.000 -2.230.11 5.750.28 6.140.14 -21.20.9 0.220.08 5.29E08 J3
0.0470.005 -2.130.04 5.710.11 6.020.04 -20.30.4 2.62:0.53 3.72E07 J2
0.00/40.003 -8.2@1.68 25.995.33 27.255.31 -17.5%1.1 4.442.111.93806 J1
2000.183

0.313:0.011 0.0&0.00 0.0@&0.00 0.0@0.00 0.G0.0 0.06:0.014.72E-11 Core
0.347#0.042 -0.260.03 0.140.03 0.220.03 -62.41.1 0.140.016.52E-10 J8
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s X y r 0 FWHM  Tg Id!
[Jy] [mas] [mas] [mas] 1l [mas] [K]

0.193:0.046 -0.440.03 0.220.03 0.530.03 -56.&1.4 0.1%0.038.63E10 J7
0.121+0.062 -0.480.03 0.430.03 0.640.03 -48.41.1 0.2G:0.051.64E10 J6
0.061:0.002 -0.520.03 1.020.04 1.140.05 -26.20.4 0.51}+0.031.26E-09 J5
0.008t0.001 -0.480.15 1.940.64 2.030.21 -13.64.1 0.5@&0.24 1.78E-08 J4
0.02G:0.002 -2.2@0.06 5.5@0.14 5.930.05 -21.80.5 0.880.231.37508 J3
0.039:0.003 -2.190.14 6.580.41 6.940.13 -18.41.1 4.2G:0.39 1.20E07 J2
0.016:0.002 -11.0@0.71 20.881.34 23.6@0.18 -27.&1.8 7.84:0.79 1.37E06 J1
2000.915

0.3310.009 0.0&0.00 0.0@¢0.00 0.0@&0.00 0.G0.0 0.0%0.03 3.67E-11 Core
0.299:0.018 -0.3@0.02 0.120.02 0.320.02 -68.60.7 0.1}%+0.031.34E11 J8
0.219:0.047 -0.450.02 0.220.02 0.530.02 -57.31.6 0.140.034.108-10 J7
0.083t0.028 -0.5%0.04 0.5%0.04 0.740.06 -43.20.7 0.24:0.03 7.81E-09 J6
0.06/40.015 -0.540.07 1.0%0.13 1.160.09 -29.52.9 0.62:0.04 9.39E08 J5
0.01G:0.003 -0.7920.16 1.580.33 1.740.17 -26.44.8 0.220.137.07508 J4
0.02G:0.008 -2.1@0.11 5.560.30 5.940.24 -20.40.7 1.22:0.59 7.25E07 J3
0.036£0.005 -2.550.15 6.5@0.38 6.980.38 -21.40.4 3.710.40 1.41E07 J2
2001.988

0.196+0.063 0.0&0.00 0.0@¢0.00 0.0@0.00 0.G0.0 0.090.021.31E11 Core
0.318:0.048 -0.190.04 0.1%0.03 0.220.04 -60.22.2 0.16:0.026.74E-10 J9
0.186t0.083 -0.440.05 0.2@0.03 0.480.06 -66.%1.5 0.140.07 3.50E-10 J8
0.143:0.053 -0.530.05 0.340.03 0.6%0.03 -55.44.4 0.130.04 4.60E-10 J7
0.09G:0.021 -0.5@0.05 0.6@0.06 0.7&0.05 -39.52.9 0.320.11 3.21E09 J6
0.0410.024 -0.630.10 1.130.19 1.220.15 -29.13.5 0.580.13 6.66E08 J5
0.015t0.012 -0.6@0.16 2.2%0.59 2.330.34 -15.%3.3 0.96:0.38 9.00E-07 J4
0.016t0.002 -2.240.06 5.6@0.14 6.040.07 -22.@¢0.5 1.1&0.12 7.178-07 J3
0.02740.002 -2.3@0.19 6.650.56 7.040.21 -19.@1.5 3.44:0.10 1.23E07 J2
2002.241

0.188t0.067 0.0&¢0.00 0.0@0.00 0.0¢0.00 0.G:0.0 0.11:0.04 8.43E-10 Core
0.255:0.022 -0.140.05 0.11%0.05 0.2%0.05 -56.63.8 0.15%0.036.15E-10 J9
0.162:0.024 -0.450.05 0.220.05 0.5@0.05 -64.34.3 0.13:0.025.19510 J8
0.14G:0.080 -0.540.09 0.410.07 0.68&0.05 -52.48.0 0.1740.052.63E10 J7
0.051:0.023 -0.450.07 0.6%0.10 0.720.09 -34.6-3.9 0.280.153.49E09 J6
0.045:0.027 -0.620.16 1.040.28 1.210.18 -31.@6.9 0.530.18 8.72E-08 J5
0.02G:0.004 -0.7@0.18 2.110.53 2.220.50 -18.32.0 1.03:0.101.01E08 J4
0.034+0.015 -2.290.14 5.820.37 6.2%0.22 -21.41.1 1.86:0.835.27E07 J3a
2002.458
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S
[Jy]

X
[mas]

y
[mas]

r
[mas]

0
il

FWHM
[mas]

Ts
[K]

Id.t

0.233:0.057 0.0&:0.00

0.31#0.087
0.128t0.023
0.090:0.011
0.033:0.005
0.021+0.005
0.02G:0.004
0.024:0.001

-0.280.09
-0.540.05
-0.440.04
-0.66:0.04
-0.5%0.08
-2.16:0.04
-2.840.09

0.0@0.00
0.15%0.05
0.3%0.03
0.66:0.06
1.140.07
2.130.33
5.530.10
7.220.24

0.0@0.00
0.320.09
0.640.03
0.81:0.04
1.320.06
2.120.21
5.940.09
7.820.15

0.&0.0 0.120.058.78E-10 Core

-61.96.7
-58.%4.3
-35.32.6
-30.31.3
-13.41.6
-21.30.2
-21.30.6

0.190.06 4.77E-10
0.08&0.051.09E-11
0.320.04 4.74E-09
0.53:0.06 6.37E-08
1.230.09 7.60E-07
1.4G:0.19 5.45E-07
3.82:0.08 9.03E-06

J9
J7
J6
J5
J4
J3
J2

2002.536

0.196+0.030
0.200:0.013
0.155t0.014
0.14G:0.014
0.035:0.005
0.044+0.016
0.016£0.005
0.009:0.004
0.03G:0.003

0.0@0.00
-0.2@0.02
-0.480.02
-0.550.03
-0.48.0.06
-0.620.10
-0.520.15
-2.2%0.12
-2.680.12

0.0@0.00
0.120.02
0.24:0.02
0.46:0.02
0.8@0.12
1.140.19
2.220.58
5.430.29
6.430.29

0.0@0.00
0.24:0.03
0.54:0.03
0.720.03
0.820.04
1.3@&0.15
2.360.43
5.8&0.27
6.940.15

0.¢0.0
-59.42.0
-63.6:0.6
-50.12.0
-26.83.8
-28.43.6
-14.42.6
-22.%0.6
-22.6:0.9

0.08:0.02 1.66E-11 Core

0.130.03 6.43E-10
0.110.02 6.95E-10
0.230.04 1.44E-10
0.290.09 2.22E-09
0.63:0.02 5.98E-08
1.04:0.37 7.87E-07
0.530.31 1.80E-08
3.1%0.10 1.68E-07

J9
J8
J7
J6
J5
J4
J3
J2

2003.277

0.192:0.012
0.152:0.008
0.14G:0.014
0.0640.011
0.030£0.005
0.035t0.006
0.011+:0.003
0.033:0.017

0.0@0.00
-0.26:0.03
-0.550.03
-0.6@:0.03
-0.46:0.03
-0.6@0.04
-0.480.07
-2.320.11

0.0&0.00
0.120.03
0.3@0.03
0.54:0.03
0.820.04
1.240.09
2.66:0.41
5.840.26

0.0&:0.00
0.3%0.03
0.630.03
0.8%0.03
1.0@:0.03
1.4@:0.08
2.7@¢0.15
6.280.25

0.&0.0
-57.10.7
-60.90.4
-48.6:2.1
-27.31.1
-25.41.3
-10.21.5
-21.£0.5

0.020.02 1.28E-11 Core

0.14:0.02 4.21E-10
0.13:0.01 4.50E-10
0.210.02 8.25E-09
0.2%0.03 2.62E-09
0.8x0.05 2.93E-08
1.12-0.18 4.67E-07

2.25%1.23 3.48E07 J3a

J9
J8
J7
J6
J5
J4

2003.458

0.275:0.029
0.129:0.026
0.12G:0.049
0.03#0.010
0.036£0.007
0.018+0.005
0.015:0.002
0.035:0.019

0.0&0.00
-0.3320.10
-0.580.04
-0.530.08
-0.380.06
-0.620.06
-0.520.05
-2.220.12

0.0@0.00
0.19-0.06
0.36:0.04
0.7@&0.10
0.980.16
1.420.13
2.630.24
5.920.30

0.0@0.00
0.3&0.12
0.68&0.05
0.8&0.07
1.05%0.12
1.580.06
2.7@¢0.15
6.3%0.26

0.¢0.0
-59.80.9
-58.¢:2.2
-37.@4.4
-21.@2.6
-26.6:2.1
-12.60.9
-21.20.6

0.13:0.03 8.82E-10 Core

0.13:0.04 4.14E-10
0.1%0.06 2.88E-10
0.130.08 1.18E-10
0.430.17 1.06E-09
0.530.17 3.47E08
1.1%0.17 6.47E07

2.431.71 3.22E07 J3a

J9
J8
J7
J6
J5
J4
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S
[Jy]

X
[mas]

y
[mas]

r
[mas]

0
il

FWHM
[mas]

Ts
[K]

Id.t

2005.097

0.383:0.107 0.0@:0.00

0.259:0.072
0.048+:0.003
0.036£0.012
0.022:0.005
0.019:0.001
0.011:0.002
0.015:0.001
0.015:0.002

-0.080.06
-0.440.06
-0.640.23
-0.420.06
-0.740.06
-0.740.06
-2.2#0.06
-2.820.08

0.0@0.00
0.0&0.06
0.320.06
0.620.21
1.1%0.12
1.7@¢0.15
3.040.08
5.440.08
8.330.24

0.0@0.00
0.1%0.06
0.5%0.08
0.910.16
1.220.06
1.86:0.08
3.130.06
5.92:0.06
8.810.22

0.&0.0 0.06:0.025.76E-11 Core
-45.6:2.0 0.04:0.01 8.76E-11 J10
-54.6:2.5 0.22:0.03 5.39809 J9
-46.213.7 0.320.10 1.91E09 J8

-23.82.3
-23.51.7
-13.60.2
-22.60.2
-18.40.3

0.3%:0.05 9.65E-08
0.83:0.05 1.50E-08
0.990.04 6.31E-07
0.8%0.091.11E-08
2.80.23 1.04E-07

J7a
J5
J4
J3
J2

2005.458

0.634+0.087
0.153t0.030
0.029:0.007
0.022:0.008
0.018:0.004
0.021+0.002
0.014£0.002
0.012:0.006
0.022:0.002

0.0&0.00
-0.120.05
-0.480.05
-0.640.12
-0.420.05
-0.680.05
-0.64£0.05
-2.160.05
-2.56:0.18

0.0@0.00
0.020.05
0.340.05
0.6%0.11
1.040.11
1.620.09
2.980.18
5.530.05
7.320.53

0.0@0.00
0.130.05
0.610.05
0.9%0.16
1.180.05
1.760.08
3.05:0.13
5.94:0.05
7.820.53

0.¢0.0
-53.60.6
-52.60.5
-47.£1.8
-24.42.3
-22.80.7
-12.40.6
-21.40.1
-19.1:0.4

0.080.02 5.37E-11 Core

0.0%0.01 3.32E-11
0.020.04 1.95E-10
0.2%0.04 1.91E09
0.36:0.06 7.57E-08
0.92:0.01 1.40E-08
0.8%0.12 1.03E-08
0.620.07 1.33E-08
3.760.51 8.55E-06

J10
J9
J8
J7
J5
J4
J3
J2

2005.719

0.276£0.083
0.529:0.151
0.093:0.070
0.028:0.001
0.014:0.001
0.01'#0.003
0.01%0.000
0.014+0.002
0.012:0.001
0.024:0.001

0.0@0.00
-0.020.04
-0.140.04
-0.550.04
-0.740.04
-0.540.04
-0.7%0.04
-0.7@0.04
-2.290.04
-2.630.08

0.0&0.00
0.0%0.04
0.120.04
0.4@:0.04
0.710.04
1.120.06
1.780.08
2.940.10
5.530.04
7.730.22

0.0&:0.00
0.1%0.04
0.2%0.04
0.680.04
1.020.04
1.25%0.05
1.920.05
3.020.06
5.920.04
8.140.10

0.&0.0
-59.82.7
-55.6:1.2
-53.80.4
-46.@¢:1.8
-25.6¢1.0
-21.80.9
-13.40.3
-22.%0.1
-18.80.5

0.06:0.02 4.15E-11 Core

0.06:0.01 7.97E11
0.1%0.03 2.25E-10
0.1%:0.02 6.70E-09
0.280.05 9.54E-08
0.4%0.07 4.63E-08
0.88:0.06 1.16E-08
0.93:0.08 8.96E-07
0.720.08 1.27E-08
4.04:0.06 8.01E-06

Ji1
J10
J9
J8
J7
J5
J4
J3
J2

2006.608

0.222:0.052
0.561+0.031
0.186£0.042
0.015+0.003

0.0@0.00
-0.130.04
-0.240.04
-0.550.04

0.0&0.00
0.0&0.04
0.230.04
0.5@0.04

0.0&:0.00
0.130.05
0.360.05
0.740.05

0.&0.0
-56.6:1.8
-50.20.7
-47.40.6

0.06:0.01 3.35E-11 Core

0.110.01 2.51E11
0.0&0.011.57E11
0.1%0.06 3.69E-09

J11
J10
J9
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S
[Jy]

X
[mas]

y
[mas]

r
[mas]

0
il

FWHM Ts Id.t

[mas] K]

0.01%40.001
0.009:0.002
0.014:0.001
0.008t0.001
0.022:0.001

-0.640.04
-0.480.05
-0.940.04
-2.5@0.07
-3.240.09

1.190.04
2.140.24
3.230.08
5.540.16
8.230.24

1.340.05
2.230.05
3.3&0.07
6.110.05
8.8%0.17

-29.50.6
-12.41.4
-16.30.2
-24.20.7
-21.50.5

0.54:0.05 3.182-08 J7
0.320.09 3.37E08 J5a
0.840.06 9.67E-07 J4
0.420.09 1.83E-08 J3
4.3&0.10 6.19806 J2

2007.425

0.314:0.116
0.302:0.036
0.348:0.025
0.014+0.009
0.009:0.003
0.009:0.003
0.01%0.003
0.01G:0.001
0.021+0.002

0.0@0.00
-0.140.04
-0.36:0.04
-0.580.04
-0.96¢0.14
-0.6@0.05
-0.780.04
-2.220.04
-2.820.15

0.0&:0.00
0.130.05
0.220.05
0.5@0.05
0.730.12
1.7%0.15
3.120.15
5.480.06
8.020.42

0.0&:0.00
0.180.05
0.46-0.05
0.740.06
1.140.09
1.8%0.11
3.2%0.11
5.930.05
8.520.35

0.&0.0
-51.%0.7
-51.30.2
-48.91.2
-50.46.9
-19.21.3
-14.6:0.5
-22.%£0.2
-19.80.7

0.110.051.41E-11 Core
0.1%0.03 7.28E-10 J11
0.120.02 6.53E10 J10
0.1%0.06 6.23E-09 J9
0.680.331.098-08 J8
0.410.23 2.87E-08 J6
1.140.196.69607 J4
0.5&0.071.71E-08 J3
3.630.18 8.48E06 J2

2007.683

0.096+0.063
0.404+0.044
0.373t0.036
0.050£0.048
0.003+0.000
0.012:0.000
0.012:0.000
0.011:0.001
0.022:0.001

0.0&0.00
-0.140.05
-0.420.05
-0.580.07
-0.620.07
-0.720.05
-0.920.05
-2.220.05
-3.3@0.05

0.0@0.00
0.140.05
0.340.05
0.520.06
0.96:0.10
2.020.09
3.3%0.08
5.610.08
8.36¢0.11

0.0@0.00
0.2@0.05
0.560.05
0.7&0.08
1.190.09
2.140.05
3.430.05
6.03:0.05
8.92:0.08

0.¢0.0
-43.43.0
-48.60.7
-48.%2.3
-35.82.5
-21.30.8
-15.50.3
-21.60.2
-21.5%0.2

0.04:0.01 3.24E-11 Core
0.16:0.01 2.19E11 J11
0.14:0.01 1.03-11 J10
0.06:0.03 7.532-10 J9
0.35%0.231.20=-08 J8
0.75%0.07 1.11E08 J5
0.94:0.057.18E07 J4
1.050.115.41807 J3
4.26:0.08 6.69206 J2

Lidentification of the individual components

Table B.2 Results of the Gaussian model fitting for all
epochs at 5 GHz.

S
[Jy]

X
[mas]

y
[mas]

r
[mas]

0
il

FWHM Id.t

[mas]

Ts
[K]

1999.888

0.474+0.336 0.0&¢0.00 0.06:0.00 0.0@0.00 0.&¢0.0 0.3%0.20 2.12E-11 Core
0.65%40.322-0.190.15 0.330.06 0.3&0.15 -29.31.5 0.2%0.20 4.40E11 C6
0.163t0.018-0.320.15 1.180.26 1.230.15 -15.32.9 0.720.20 1.28E-10 Cb5a
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S X
[Iy] [mas]

y r 0 FWHM Te  Id!

[mas] [mas] 1 [mas] K]

0.033:0.005 -1.940.15
0.097%0.010-2.2%0.15
0.058t0.006 -9.760.30

5.720.19 6.050.18 -19.@0.3 0.86:0.20 2.15E-09 C3
6.140.16 6.520.15 -19.80.2 3.080.20 4.99508 C2

21.750.68

23.840.38 -24.20.6 18.240.74 8.45E06 C1

2000.183

0.368:0.037 0.0a0.00
0.639:0.064 -0.220.10
0.145t0.014 -0.4%0.10
0.058t0.012 -0.3#0.10
0.039:0.004 -2.03:0.10
0.084+0.008 -2.280.10
0.055t0.006 -8.86:0.12

0.0@0.00
0.230.06
0.820.09
1.660.15
5.520.10
6.430.11
21.030.29

0.0@&0.00 0.G0.0 0.280.20 2.29E11 Core

0.3&0.10
0.980.10
1.7@0.12
5.8&0.10
6.830.10
22.820.20

-51.5%0.6 0.2%0.20 7.07E11
-24.5%0.7 0.530.20 2.51E10
-12.50.6 0.9%0.20 2.91E09
-20.20.1 1.050.20 1.74E-09
-19.50.2 3.32:0.20 3.74E-08
-22.80.2 18.51:0.20 7.85E-06

C6
C5
C4
C3
C2
C1

2000.915

0.422:0.047 0.0a0.00
0.569:0.057 -0.3@0.08
0.155t0.030 -0.4@0.08
0.050:0.005 -0.44:0.08
0.04G:0.004 -2.04-0.08
0.07#0.008 -2.46:0.08
0.043t0.004 -9.640.16

0.0@0.00
0.230.08
0.820.12
1.86:0.14
5.5%0.08
6.76:0.08
21.1%0.36

0.0@0.00
0.380.08
0.92:0.08
1.9%0.08
5.8%0.08
7.120.08
23.220.12

0.&0.0 0.230.20 3.89E11 Core
-53.%4.3 0.180.20 8.57E11 C6
-26.@3.1 0.440.20 3.42E10 C5
-13.20.8 0.9%0.20 2.93E09 C4
-20.30.2 0.880.20 2.50E-09 C3
-20.@:0.2 3.46:0.20 3.15E08 C2
-24.6:0.4 14.36:0.20 1.02E07 C1

2001.988

0.451+0.068 0.0a0.00
0.566£0.079 -0.350.09
0.151+0.020 -0.46:0.09
0.034:0.003 -0.420.09
0.037%0.003 -2.09:0.09
0.07G:0.006 -2.46:0.09
0.04'#0.004 -9.320.09

0.0@0.00
0.250.07
0.980.13
2.280.15
5.520.12
6.830.09
21.650.17

0.0@0.00
0.430.09
1.020.09
2.340.09
5.9@0.09
7.26:0.09
23.540.09

0.6:0.0 0.22:0.20 4.55E-11 Core
-53.92.0 0.19-0.20 7.66E=11 C6
-25.2:2.6 0.49:0.20 3.06210 C5
-12.30.7 0.8:0.20 2.60E-09 C4
-20.80.3 0.99-0.20 1.83=09 C3
-19.80.1 3.4%0.20 2.88=08 C2
-23.30.214.030.201.17207 C1

2002.241

0.437%0.078 0.0a0.00
0.471:0.061 -0.36:0.08
0.138:0.021 -0.450.08
0.033t0.003 -0.46:0.08
0.04G:0.003 -2.08:0.08
0.066+0.005 -2.58:0.08
0.043t0.003 -9.350.15

0.0@0.00
0.2&0.07
1.020.13
2.36:0.20
5.450.12
7.06:0.09
21.560.35

0.0@0.00
0.450.08
1.1%0.08
2.410.08
5.830.08
7.420.08
23.5@0.08

0.&20.0 0.26:0.20 3.15E11 Core
-52.22.4 0.230.20 4.35E11 C6
-23.4£2.6 0.530.20 2.39E10 C5
-11.%0.9 0.810.20 2.42E09 C4
-20.20.3 1.080.20 1.69E09 C3
-19.50.1 3.4%0.20 2.67E08 C2
-23.40.413.430.20 1.16E07 C1

2002.536




S X
[Iy] [mas]

y
[mas]

r
[mas]

0 FWHM
1l [mas]

Ts
[K]

Id.t

0.385:0.043 0.0a0.00
0.4470.036 -0.340.09
0.121+0.010-0.450.09
0.037#0.003 -0.4%0.09
0.034+0.003 -2.040.09
0.069:0.006 -2.49-0.09
0.043:0.003 -9.33:0.09

0.0@0.00
0.3%0.07
1.060.07
2.340.12
5.4@-0.07
6.950.07

0.0&0.00 0.&0.0 0.2%0.20 2.58E-11 Core

0.46:0.09
1.150.09
2.410.09
5.7&0.09
7.380.09

-48.¢1.4 0.26:0.20 3.23E-11
-23.%1.3 0.54:0.20 2.02E-10
-11.30.4 0.9%0.20 2.01E09
-21.¢:0.2 1.02:0.20 1.59E-09
-19.40.2 3.480.20 2.78E-08

21.690.16 23.610.09 -23.30.2 13.56:0.20 1.14E-07

C6
C5
C4
C3
C2
C1

2003.277

0.261+:0.021 0.0a0.00
0.417%0.042 -0.3£0.08
0.124:0.015-0.480.08
0.034:0.003 -0.530.08
0.031:0.003 -2.09:0.08
0.06740.005 -2.540.08
0.043:0.003 -9.340.08

0.0@0.00
0.3%0.07
1.130.11
2.520.23
5.320.07
7.080.07

0.0@&0.00 0.&0.0 0.2@0.20 3.19E11 Core

0.480.08
1.230.08
2.630.08
5.7&0.08
7.520.08

-49.6:3.6 0.190.20 5.64E-11
-23.%1.7 0.580.20 1.80E-10
-11.6¢1.0 0.9%0.20 1.83E-09
-21.20.2 0.920.20 1.56E-09
-19.40.1 3.7%0.20 2.33E-08

21.560.07 23.5@0.08 -23.4:0.1 13.64:0.20 1.14E-07

C6
C5
C4
C3
C2
C1

Lidentification of the individual components

Table B.3 Results of the Gaussian model fitting for all
epochs at 22 GHz.

s X
[Jy] [mas]

y
[mas]

r
[mas]

9§  FWHM
il [mas]

Ts
[K]

Id.

2001.988

0.122:0.026 0.06:0.00
0.241+0.025-0.130.05
0.171+0.040-0.380.05
0.109:0.022 -0.550.10
0.101:0.016 -0.530.05
0.039:0.004 -0.59:0.05
0.01#0.002 -0.66:0.06
0.02G:0.002 -2.320.07

0.0&0.00
0.1@:0.04
0.190.04
0.320.06
0.5@:0.04
0.930.04
1.84:0.18
5.720.19

0.0@¢:0.00 0.&0.0 0.04:0.04 1.93E-11 Core

0.16:0.05-54.24.3 0.1%0.04 5.01E-10
0.430.06 -63.5:-2.6 0.110.04 3.56E-10
0.630.12-60.1:1.8 0.12:0.04 1.91E-10
0.730.05-47.21.2 0.24:0.05 4.43E-09
1.1@0.05-32.20.7 0.530.11 3.50E-08

K7
K6
K5
K4
K3

1.95-0.06 -19.41.8 1.03:0.21 4.04E-07 K2b
6.240.12-21.80.7 1.4G:0.28 2.51E-07 K1

2002.241

0.09°/0.009 0.06:0.00
0.223:0.048-0.140.05
0.13G:0.012-0.410.08
0.064£0.008 -0.5#40.05

0.0@:0.00
0.120.04
0.230.04
0.360.04

0.0@¢:0.00 0.&:0.0 0.1%0.04 2.02E-10 Core
0.190.05-51.12.30.14:0.04 2.87E-10 K7
0.4%40.09 -60.6-2.6 0.120.04 9.06E-09 K6
0.680.05-58.21.0 0.13:0.04 9.49E-09 K5
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S X
[Iy] [mas]

y
[mas]

r 0 FWHM Ts Id.

[mas] 1 [mas] K]

0.072:0.011-0.6@0.05
0.026+0.007 -0.44-0.06
0.012:0.001 -0.820.05
0.013t0.001-0.750.09
0.015:0.002 -2.36:0.11

0.54:0.04
0.840.11
1.280.06
2.260.26
5.6@0.26

0.8%0.05-47.82.50.26:0.05 2.67E-09 K4
0.980.05-27.@¢3.4 0.26:0.05 9.51E-08 K3b
1.520.05-32.%1.2 0.32:0.06 2.93E-08 K3a
2.380.09-18.42.01.120.22 2.63E07 K2
6.080.13 -22.90.9 1.14:0.23 2.83E-07 K1

2002.536

0.135t0.030 0.06:0.00
0.129:0.012-0.16:0.06
0.097%0.010-0.430.06
0.066+0.007 -0.580.06
0.053t0.007 -0.56:0.06
0.034:0.003-0.45:0.07
0.011+0.004 -0.820.09
0.008:0.001 -0.580.08
0.019:0.006 -2.320.15

0.0&0.00
0.120.03
0.2%0.03
0.36:0.03
0.550.04
0.8%0.13
1.240.15
2.320.34
6.16:0.39

0.0@&:0.00 0.&0.0 0.0%:0.04 1.36E-11 Core
0.2@:0.06 -54.2:1.5 0.13:0.04 3.25E-10 K7
0.480.06 -63.5:1.6 0.12-:0.04 1.70E-10 K6
0.680.06 -57.91.7 0.12:0.04 1.15E-10 K5
0.720.06 -45.43.0 0.24:0.05 2.31E-09 K4
0.96:0.06 -27.84.1 0.49-0.13 3.56E-08 K3b
1.53:0.17 -32.91.3 0.36:0.08 2.06E-08 K3a
2.46:0.08 -13.41.9 0.650.13 4.83E-07 K2
6.6%0.25-21.21.32.8&¢1.286.17E06 K1

2003.277

0.182:0.018 0.0@:0.00
0.072:0.007 -0.180.05
0.086£0.009 -0.392-0.05
0.073t0.007 -0.6@:0.05
0.042:0.004 -0.620.05
0.041+0.004 -0.53%0.05
0.032:0.002 -0.580.05
0.008t0.001-0.5@0.10
0.021+0.002 -2.380.10

0.0@0.00
0.130.04
0.230.04
0.320.04
0.5%0.04
0.8@0.04
1.240.06
2.54:0.50
5.740.23

0.0@0.00 0.¢:0.0 0.06:0.04 1.28E-11 Core
0.220.05-54.20.3 0.1%0.04 1.51E-10 K7
0.450.05-59.6¢0.4 0.12:0.04 1.51E-10 K6b
0.680.05-61.50.1 0.09:0.04 2.28E-10 K6a
0.8@0.05-50.6:-0.7 0.15:0.04 4.65E-09 K5
0.95%0.05-32.2:0.50.32:0.06 1.00E-09 K4
1.4@0.05-24.41.10.830.17 1.16E-08 K3
2.580.10-11.1+2.2 0.73:0.15 3.55E-07 K2
6.24:0.09 -22.40.8 1.820.38 1.45E-07 K1

2004.124

0.370:0.037 0.06:0.00
0.072:0.010-0.320.12
0.048:0.006 -0.650.12
0.032:0.010-0.520.12
0.011+0.004 -0.5%0.12
0.005t0.001-0.590.16
0.026£0.008 -2.85:1.26

0.0&0.00
0.220.05
0.4@0.05
0.780.06
1.5@:0.19
4.3&1.16
6.73:2.98

0.0@¢:0.00 0.&0.0 0.08:0.041.22E-11 Core
0.320.12-55.32.4 0.220.06 1.81E-09 K7
0.740.12 -58.20.9 0.04:0.04 6.41E-10 K6
0.980.12-37.3:2.1 0.26:0.05 1.02E-09 K5
1.6@0.15-21.6:2.3 0.7@:0.14 4.71E-07 K3
4.420.16 -7.7+2.0 0.720.65 1.88E-07 K2a
7.333.10-22.922.95.36:2.63 1.95E-06 K1

2004.955

0.455t0.161 0.06:0.00
0.063t0.028 -0.09:0.08

0.0@:0.00
0.06:0.06

0.0¢:0.00 0.&:0.0 0.040.041.97E-11 Core
0.110.08 -55.21.9 0.14:0.04 6.79E-09 K8
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S X
[Iy] [mas]

y
[mas]

r 0 FWHM Tg Id.
[mas] 1 [mas] [K]

0.029:0.005 -0.350.08
0.025:0.004 -0.640.08
0.01#0.004 -0.55:0.08
0.005:0.001-0.130.08
0.00%0.001-0.29-0.08

0.240.06
0.56:0.06
0.940.06
1.4@0.14
2.880.21

0.44:0.08 -52.12.50.23:0.16 1.15E-09 K7
0.8%0.08 -49.%41.3 0.02:0.05 6.62E-09 K6
1.1%0.08 -29.80.8 0.26:0.13 5.17E-08 K5
1.4Q-0.08 -5.3+2.6 0.3@:0.151.11E-08 K3b
2.9@0.08 -5.7+0.4 0.14:0.07 7.46E-08 K2

Lidentification of the individual components
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Table B.4: Modulation index m and variability amplitude Y offtelsberg and Urumqi measurements at
5GHz.

epoch  m[%] Y[%)]
1999.100 5.02 14.94
2000.200 0.65 1.52
2000.710 0.26 0.71
2000.900 0.65 1.81
2001.225 0.87 2.53
2001.337 0.47 1.29
2001586 0.51 141
2001.800 0.43 1.14
2001.983 0.38 1.04
2002.277 0.79 2.23
2003.871 1.14 3.37
2004.538 0.90 2.64
2004.612 0.68 1.93
2004.967 0.53 1.52
2005.603 1.50 4.26
2005.989 2.09 5.12
2006.364 1.13 3.06
2006.321 0.88 2.16
2006.438 1.08 2.88
2006.534 1.58 4.25
2006.633 1.17 281
2006.729 0.92 1.35
2006.881 1.00 2.41
2007.068 0.84 1.41
2007.118 1.15 2.73
2007.227 0.85 0.00
2007.301 0.89 0.00
2007.457 1.30 3.46
2007.548 1.23 3.03
2007.784 0.87 2.44
2007.971 0.77 1.74




APPENDIX C

Appendix C

Here, the binary black hole model and its application to tagdnalysis of Chapter5.2.5 are
described according to Roland et al. (2008) by courtesy oft Roland.

C.1 The model

Introduction: The two-fluid model

At first, the ejection of a VLBI component in the framework bettwo-fluid model (Sol et al.
1989; Pelletier & Roland 1989, 1990; Pelletier & Sol 1992)escribed. The two-fluid descrip-
tion of the outflow is adopted with the following assumptions

1. The outflow consists of a& — p plasma (hereaftahe jet) moving at mildly relativistic
speedv; < 0.4 x c and ane* plasma (hereaftethe beam) moving at highly relativistic
speed (with corresponding Lorentz facigr< 30).

2. The magnetic field lines are parallel to the flow in the beadhthe mixing layer, and are
toroidal in the jet (see Figure 1 of Lobanov & Roland 2005).

The e — p jet carries most of the mass and the kinetic energy ejectethdéyucleus. It is
responsible for the formation of kpc-jets, hot spots aneérdéd lobes (Muxlow et al. 1988;
Roland et al. 1988; Roland & Hetem 1996). The relativistibeam moves in a channel through
the mildly relativistic jet and is responsible for the fortioa of superluminal sources and their
v-ray emission (Roland et al. 1994). The relativistic beam mapagate if the magnetic fiell

is parallel to the flow in the beam and in the mixing layer be&wthe beam and the jet and if it
is greater than a critical value (Pelletier et al. 1988; Azl&aSchlickeiser 1993). The magnetic
field in the jet becomes rapidly toroidal (Pelletier & RolatPO0).
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The observational evidence for the two-fluid model has besoudsed by, e.g., Roland &
Hetem (1996). Recent observational evidence for relditivegection of ane* beam come from

the y-ray observations of MeV sources (Roland & Hermsen 1995)&kt al. 1997) and from

VLBI polarization observations (Attridge et al. 1999).

The formation of X-ray andy-ray spectra, assuming relativistic ejection e&f beams, has
been investigated by Marcowith et al. (1995, 1998) in the @dentaurus A.

The possible existence of VLBI components with twdtelient speeds has been recently
pointed out in the case of the radio galaxies Centaurus Ag@hiret al. 1998), Virgo A (Biretta
et al. 1999) and 3C 120 (Gomez et al. 2001). If the relaiiviseam transfers some energy
andor relativistic particles to the jet, the relativistic gakes in the jet will radiate and a new
VLBI component with a mildly relativistic speed will be obiged (3C 120 is a good example of
a source showing thiglect).

Mixing Layer

Figure C.1. The two-fluid model

The geometry of the model

Let Q be the angle between the accretion disk and the orbital §&0¥) of the BBH system.
The ejection of the component will be on a cone with its axithagZ’OZ direction and opening
angleQ. We will assume that the line of sight is in the plai®g) and forms an anglg with
the axisZ’OZ (see Figure C.2). The plane perpendicular to the line oftsgythe plane fOX).
We will call A= the angle of the rotation in the plane perpendicular to thedif sight, in order to
transform the coordinatesand X into coordinateN (North) andW (West), which are directly
comparable with the VLBI observations. We have



C.1. The model 155

W = XCoS(AE) — (zsin(iy) + yCO0S{o)) SIN(AZ) , (C.1)
N = XSIN(AE) + (zsin(i,) + ycosf,)) COSAE) . (C.2)
Observer
2 Winlly infaliniintie 1
) |
T |
Q |
|
I
|
West . ™Y
1 1 |
AE ) = N
! /
! /
X ~_ Ip /
T ~ // North

Figure C.2. The geometry of the problem

The precession model

This section describes the precession of the accretion disle coordinates of a component
moving in the perturbed beam are given by

Xe = Ro(2)cos(wpt — Kpz(t) + ¢o) , (C.3)
Ye = Ro(2sin(wpt — kpz(t) + ¢o) , (C.4)
z.=z(1), (C.5)

wherew, = 21/T,, T, is the precession period, akglis defined by

kp = 27T/Tpva s (C-6)

whereV, is the speed of the propagation of the perturbations anctgaeameter of the problem.
We will assume that the amplitude of the perturbation firsteases linearly, and we take the
form of the amplitudd=(z:(t)) to be
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_ Roz(t)
R(z(t)) = @rz)’ (C.7)
whereais
a=R,/(2tanQ) . (C.8)

The binary system model

To explain the origin of the precession of the accretion digl propose that the nucleus hosts
a BBH system. As stated above, the two black holes orbit irpthee (XOY), and the origin of
our coordinate system is centered on the mass center of skensy The elliptical orbit is given

by
f—__ P
1+ecos(y)’
wheree andp are respectively the eccentricity and the parameter ordime-&tus rectum of the

orbit. We will assume that the two black holes have circulaits, i.e.e = 0 and we will define
the black hole that ejects the VLBI component with index &.clbordinates are:

(C.9)

M;
Xu(t) = - YA MZDCOS@(t)) ; (C.10)
Ya(t) = - M sin((t)) (C.11)
! B M]_ + M2 P l// ) '
As the orbits are circular, we havét) = wpt + ¢,. Writing
pM,
=y, = — , C.12
X1 =Y1 M, + M, ( )
we have
1/3
M [T
X1 = —m X [RG(M]_ + Mz) , (C13)

whereTy is the period of the BBH system. We defiRg,, the distance between the two black
holes as the size of the BBH system, it is:

2 1/3

-
Robn = [4—bzG(M1 + My) (C.14)
7

The coordinates of black hole 1 can be written

X1(t) = Xq cOS(pt + o) , (C.15)
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Y1(t) = y1 Sin(wpt + o) . (C.16)

Finally, we suppose that the perturbation of the beam is @éanapth a characteristic timeg.

For VLBI observations the origin of the coordinates is blduie 1, i.e. the black hole
ejecting the VLBI components. Therefore, the coordinatehe moving components in the
frame of reference where black hole 1 is considered theroarg

X. = [Ro(2) cospt — Kpz(t) + o)
+ X1 COS(wpt — KoZ(t) + o) — X1 COS{o)]
exp(-t/Tq) , (C.17)

Yo = [Ro(?sin(pt — kpz(t) + ¢o)
+ Y1 Sin(wpt — KeZ(t) + /o) — Y1 SIN@o)]
exp(-t/Tq) , (C.18)

z. = z(t), (C.19)
wherewy, = 21/Ty, andk, is defined by

2n
K = TopVa'
The diferential equation governing the evolutionzg(t) can be obtained through the relation for
the speed of the component

(C.20)

(MY, (dve®) | (dz)
vg_( St )+ ) T\ —a | (C.21)
wherev, is related to the bulk Lorentz factor lwy/c = /(1 - 1/y2).
Using C.3, C.4 and C.5, we find from C.21 tlat/dt is the solution of the equation
dz 2 dz B
A(E) + B(E) +C=0. (C.22)

The codlicientsA, B andC can be calculated as follows: Let us call

(1) = wpt — KoZ(t) + o , (C.23)
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and

Y(t) = wot — keZ(t) + Yo -
With

1/3
M, [T2

-—— < | 2G(M M
Vs Vo | 2 (M1 + My)

X1=Y1=

the codficientsA, B andC of equation C.22 are given by

wba\)/sz(Z) (Y1 + X1) cos@(t) — o(t))+

wp dR w%R(Z)Z +

vaa(xl + Y1) sin@(t) — ¢(t)) + V2

dRY* @},
(E) +2—V§(X1+Y%)

A = exp2t/Ty) [

+1.

2X1wpX1 COSE,)
TdVa

cos{(1)) +

Y1 Sino)R(Dwp
Va

X1 COS{o)R(2wyp
Va

sin@/(1))-

B = exp2t/Ty) [

2y1wpY1 SINW,)
TdVa

dR(2)

2 ( dz

5 ( dR(2)

) cos(t) +

X1 COS{lo) —

y1 Sin(o) +

as ) sin(p(t)) +

dR(2)
dz

(X]_ + y]_) +

sin@(t) — ¢(t)) {—wb

(wp ~ )R
Va

cos(t) — ¢(t)) {—

dlj(ZZ) (X0 + ) /Td} _ 3—: (¢ +y3)

20iR(2)  2dR(2)R(2)
V. dz T4

(X1 + Y1) /Td} +
pra)bR(Z)
V.

(X1 + Y1) —
a
2

(C.24)

(C.25)

(C.26)

(C.27)



C.1. The model 159

(%1 cos@o))? + (Y1 sm(wo))2

C = expE2t/Ty) [

>
Z(ylwblejin(wo) _ XX %}@o) cos@ (1)) -
2(xlwbxlT Zoswo) Yy ?ign(%) sin@(t) +
2R(2) (ylSinT(‘é"’)“’p _k C?f“") cos@(t)) -
2R(z)(xl oy, 1 S'T”Z("” o)) sings(t) +

SIn@A() - ¢(1)) {~(ws — wp)RE (%1 + Y1) /Ta) +
cos{/(t) - #(1) {wpwpR(@) (X0 + Y1) -

2
R@) (. + yl) [T+ 2 (6 +18) + Rk +
(RZ(Z) + yl) /Tgl -V (C.28)

Equation C.22 admits two solutions corresponding to thanetthe counter-jet.

We assumed that the line of sight is in the plane (YOZ) and $oan anglei, with the z
axis (see Figure C.2). Thus following Camenzind & Krockeglee (1992), if we calb the angle
between the velocity of the component and the line of sighhaxee

t

The Doppler beaming factét characterizing the anisotropic emission of the movingpgonent,
is

cos(6(t)) = (—sm io + (jjzccos io) A (C.29)

1
oc(t) = , C.30
O = S T Becose)] (€39
whereg. = v¢/c. The observed flux density is
Sc = I:)ch(;(t)2+“'(1+ 2t fjch (C.31)

whereD is the luminosity distance of the soureats redshift, . is the emissivity of the compo-
nent, andy, is the synchrotron spectral index (a negative definitiomefdpectral index$ o« v

is used). As the component is moving relativistically tosgathe observer, the observed time is
shortened and is given by
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tops = fo t [1- Becos(6(t'))] (1 +2) dt’ . (C.32)

C.2 The global method

Introduction

In Lobanov & Roland (2005) we provide a method to determireedharacteristic parameters
of the BBH system using radio and optical observations. Ththod consists of two steps, i.e.
in a first step we use VLBI observations to model the preces@iithout a BBH system) and

in a second step we use optical observations to obtain thadeastic parameters of the BBH
system.

The above described method has the following problems:

1. Using a simple precession model, we find for 3C 345 that lalbodentz factor increasing
with time is necessary.

2. Using the parameters of the precession found in the fept #ie BBH solution obtained in
the second step is not necessarily consistent with the gsEcesolution found previously.
Indeed, in the limitM, — 0 the BBH solution is not necessarily able to reproduce the
results of the precession model found in the first step. Th& M, — 0 corresponds to a
single black hole and the precession of the accretion didkéso the Lens-Thirringfeect
in that case.

The above problems can be solved if we directly model the VaBs$ervations with a BBH

system instead of a simple precession model. In the BBH syst@del, the bulk Lorentz

factor is constant, and the model explains the apparenatiams of the speed of the VLBI

component when it escapes from the nucleus (the appareat sgethe ejected component
changes by a factor of four with a constant bulk Lorentz faata it is not necessary to involve
any acceleration or decceleration of the VLBI componentjcé the BBH system and the
precession solution are obtained simultaneously, theglar®usly self-consistent.

The presented method is called the global method. In theaglotethod, we calculate
the projected trajectory on the plane of the sky of a compbejested by a BBH system and we
determine the parameters of the model to simultaneousiyuasethe best fit for both the West
and North coordinates, i.8V,(t), N¢(t). So, the parameters found are such that minimize

X7 = P(We() + x> (Ne(®)) (C.33)
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wherey?(We(t)) andy?(N.(t)) are they? calculated by comparing the VLBI observations with
the calculated coordinat®¥.(t) andN(t) of the component.

The coordinates of the VLBI component

Solving C.22, we determine the coordinaiét) of a point source component ejected relativis-
tically in the perturbed beam. Then, using C.17 and C.18, arefmd the coordinatex(t)
andy.(t) of the component. In addition, for each point of the trajegt we can calculate the
derivativesdx./dt, dy./dt, dz./dt and then deduce céfrom C.29,6. from C.30,S, from C.31
andty,s from C.32.

When the coordinates(t), y.(t) and z(t) have been calculated, they can be transformed
to w(t) (West) andn,(t) (North) coordinates using C.1 and C.2.

As explained in Britzen et al. (2001) and Lobanov & Roland 020 the radio VLBI
component has to be described as an extended componenttaihgam. Let us cal g
the number of points (or steps along the beam) for which wegnatte, in order to model the
component. The coordinat®#é(t), N.(t) of the VLBI component are then

Nrad

We(t) = [Z

Wei (t)) /Mrad » (C.34)
i=1
Nrad
Nc(t) = (Z Nei (t)) /Nrad - (C35)
i=1
and can be compared with the observed coordinates of the YauBponent.
The parameters of the model

In this section, we list what a priori the free parametersiefrmodel are:

e i, the inclination angle,
e ¢, the phase of the precessiortat 0,

e AE the rotation angle in the plane perpendicular to the linagift{see C.1 and C.2),

Q the opening angle of the precession cone (see C.8),

R, the maximum amplitude of the perturbation (see C.7),

T, the precession period of the accretion disk,

T4 the characteristic time for the damping of the beam pertioba
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¢ M; the mass of the black hole ejecting the radio jet,
e M, the mass of the secondary black hole,

¢ v. the bulk Lorentz factor of the VLBI component,

¢ J, the phase of the BBH systemtat O,

e T, the period of the BBH system,

e t, the origin of the ejection of the VLBI component,
¢ \/, the propagation speed of the perturbations,

® Ny IS the number of steps to describe the extension of the VLBiganent along the
beam.

To begin with, we assume th&t; = M, and when the corresponding solution is obtained, we
calculate the familyM;(M,) which provides the same fit. So, the problem we have to sslee i
14 free parameters problem.

If, in addition to the radio, optical observations are aaalié that peak in the light curve,
this optical emission can be modelled as the synchrotrorssam of a point source ejected
in the perturbed beam (Britzen et al. 2001 and Lobanov & Rb2005). This short burst of
very energetic relativistie* is followed immediately by a very long burst of less eneigeti
relativistic €. This long burst is modelled as an extended structure albagoeam and is
responsible for the VLBI radio emission. In that case thgiart, of the VLBI component
is the beginning of the first peak of the optical light curved &not a free parameter of the model.

We have to investigate the ftkrent possible scenarios with regard to the sense of the ro-
tation of the accretion disk and the sense of the orbitaltimiaof the BBH system. These
possibilities correspond t wy(t — z/V,) and+ wp(t — z/V,). As the sense of the precession is
always opposite to the sense of the orbital motion, we wiitigtthe two cases denoted by
and—+ where we have,(t — z/Va), —wp(t — 2/Va) and—wp(t — z/Va), wp(t — 2/V,) respectively.

The method to solve the problem

To find a solution for the above described problem we use th@dfmg method. As mentioned
before, we start with the assumption tiht = M,, i.e., that the two masses of the BBH system
are equal.

First, we find the inclination angle that provides the best fifo do that we minimize
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x2(io) (see C.33) when the inclination angle varies graduallyvben two values. At each step
of i, we determine each free parametesuch thavly?/da = 0 andy? presents a minimum.

Furthermore, using the inclination angle determined pnesly, we explore the space of
the solutions, for a varying mass of the BBH system (whil# aisumingM; = M,). This
allows us to find whether the solution of the BBH system presardegeneration or if there are
other solutions with dferent masses, that fit the observations. When exploringdhgi@ns
space, we always vary one parameter in a step-wise mannbreagh step minimizing? for
each of the free parameters.

The space of the solutions can be explored for each of theoaemeters if necessary.

Because the problem is a non-linear one, we calculate ag@nvariations ofy?2(i,) for
the best solution found previously, starting from the ination angle obtained in the first step.
Wherey?(i,) reaches its minimum, we have

(%2

iy )min =A (io - io,min) s (C36)

and the 1o error bar, QAiy)1,-, corresponding to the parametgis then given by

(Aio)1r = 1/A. (C.37)

This assumes that around the minimuf(j,) is a parabola, however, for large variationd Hf
the parabola approximation is not valid and a better dettitn of the 1o error bar can be
obtained using the definition

(Aio)1r = lio(rmin + 1) — Tolrmin) - (C.38)

which provides two valuesAfy)1+ and QAiy)i— (see Lampton et al. 1976 and Hébrard et al.
2002).

Because we calculategf(i,) by minimizing y?(1) at each step and for each free parame-
ter 1, we can deduce the range of values corresponding éof@r each parameter when the
inclination varies between = igmn — (Alo)1-— andig = igmin + (Alg) 15+ -

Finally, when the best solution correspondingNty = M, is obtained, we can determine
the family of BBH systems witlM;, # M, that provides the same fit.
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One important point is that using this phenomenological hoét we do not have the
proof that the minimum found is unique, since for a compietiferent set of values for the
parameters of the problem, another minimum could exist. eNbeless, as we will explore a
wide range of inclination angles, i.e® X i, < 25° and an equally wide range of BBH system
masses, i.e. P&x My, < M < 10" x M, we minimize the possibility of missing the best
solution. Another way to overcome thisfiitulty is to explore the space of possible values of
the parameters using, for instance, a Monte Carlo Markoinadgorithm (MCMC algorithm).
However this is out of the scope of this work.
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