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A Global 86 GHz VLBI Survey of Compact Radio Sources
Abstract

Studies of compact radio sources since the discovery obgshsve revealed a variety of physical prop-
erties: both in morphology and kinematics from sub-pars@deéga-parsec scales, radiation mechanisms at
frequencies from the radio tg-rays, theoretical models for relativistic jets, etc. Thanfier discovery of
VLBI observations for the compact extragalactic radio sesthave triggered the extensive studies to inves-
tigate the underlying physics of the relativistic jets. histcontext, the highest resolution VLBI surveys of
ultra-compact radio sources provides the potentially irtgrd statistical basis for future study.

We present results from a large global VLBI survey of compadio sources at 86 GHz. The main goal
of the survey is to increase the total number of objects addesfor future 3-mm VLBI imaging by factors
of 3-5. The survey observations reach the baseline satsitiv0.1 Jy and image sensitivity of better than
10 mJy/beam. The total of 127 compact radio sources havedizstved. The observations have yielded
images for 109 sources, extending the database of the sauoraged at 86 GHz with VLBI observation by
a factor of 5, and only 6 sources have not been detected. Tineng 12 objects have been detected but
could not be imaged due to insufficient closure phase infdoma Radio galaxies are less compact than
guasars and BL Lacs in sub-milliarcsecond scale. Flux tlessand sizes of core and jet components of
all imaged sources have been estimated using Gaussian fittiagl From these measurements, brightness
temperatures have been calculated, taking into accouniutes limits of the data. The cores of 70% of
the imaged sources are resolved. The core brightness tatapes of the sources peak-atl0'! K and only
1% have brightness temperatures higher th@s K. Cores of Intraday Variable (IDV) sources are smaller
in angular size than non-IDV sources, and so yield highghness temperatures.

The intrinsic properties of relativistic jets in the compeadio sources such as the intrinsic brightness
temperaturdly, the Lorentz factor;, and the viewing anglé; can be related to the observed values: the
observed brightness temperatdigand the apparent jet speggd,,. These relations enable us to deduce
the intrinsic brightness temperature, under the assumgtid) all jets have the same Lorentz factor and the
intrinsic brightness temperature, and (2) the jet is shtaigith no bends. The deduced intrinsic brightness
temperature ig, = 6.57 55 x 10°K for 85 sources selected from our 3mm-survey data. Thiseviu
less than the one found from the database at 15 GHz in the Ese median-low state by a factor ef 5.
Despite the difference in both samples, the decrea$g wfay imply that the ultra compact cores in AGNs at
86 GHz are magnetic field dominated. Under the equipartimrdition between the magnetic field energy
and particle energy density, the absolute distance of thBI\tore can be predicted. From the database
of VLBI survey at lower frequencies (2, 8, 15 GHz) and our nieament, the brightness temperatures in
source frame are investigated in the sub-parsec scale gbthpact radio sources. From the very vicinity
of the central engine, the brightness temperatures inerglasvly and then rise with steeper slope. This
implies that the jets are collimated and accelerated by thgnetically driven force, as predicted by the
relativistic jet models for the magnetic acceleration. Télativistic jets can be explained as a collection of
relativistic shocks. The difference of the intrinsic briigbss temperatures derived leads to the fact that the
jet emission should evolve substantially already on themailliarcsecond scales. The observed brightness
temperatures of the jet components in our survey are in a ggoesement with the predicted values of the
brightness temperatures obtained from a single set of npadlemeters with the assumption that each of the
jet components is an independent relativistic shock withlzatic energy losses dominating the emission.
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Chapter 1

Introduction

1.1 Extragalactic Compact Radio Sources

In the early 1900's, the discoveries of strong, broad emisknes in NGC 1068 (Fath 1913; Slipher 1917)
and the jet in M87 (Curtis 1918) indicated a “non-stellartiety in the nuclei of galaxies. After these
discoveries, the systematic analysis of the first samplesoibn-stellar activities by Seyfert (1943) drew the
focus of astronomers to this new class of galaxies. In thenrtiege, modern radio astronomy began with the
discovery of radio emission from our Galaxy by K. Jansky §ksr1932). Eight years after this pioneering
work, G. Reber (Reber 1940) confirmed Jansky’s work and dieseal the first indication of “discrete radio
sources”, which were revealed as strong and fluctuating realirces by Hey et al. (1946). Subsequently,
the discrete sources were identified as extragalactic smdicces (Baade & Minkowski 1954), and explained
as incoherent synchrotron emission produced by a non-t#igrapulation of relativistic electrons (Alfvén
& Herlofson 1950).

A high energy estimate of the radio sources (Burbidge 1988 lto the explanation of such energy
with the release of gravitational potential energy (Hoyld=&wler 1963). In the same year, identifying
observations of the compact radio sources with point—lj¢técal sources discoverepiasars- quasi-stellar
sources (Schmidt 1963). The discovery of quasars with eaosranergies suggested that such phenomena
could be related to the central engine (ébtack hole Zeldovich 1964; Salpeter 1964) in the core of a host
galaxy, which is called thactive galactic nucleus (AGNThe black hole model received limited attention
until the accretion diskaround the black hole — an efficient way to explain the energétenomena — was
suggested (Lynden-Bell 1969). On explaining the obsergpaets of AGN many theoretical models were
suggested. Among those, most acceptable models were nteisd on three fundamental assumptions:
relativistic beaming (Shklovskii 1963), relativistic @gtion from galactic nuclei (Rees 1966), and accretion
of matter onto a central black hole (see Begelman et al. 1984)

Extragalactic radio sources have been largely dividedtimee regions: the megaparsec-scale diffuse
emission region far away from the host galaxy (Miley 1980 harrow jets and hot spots connecting
between the diffuse region and the nuclei of the host gal&idle & Perley 1984; Ferrari 1998), and
the compact sources very close to the galactic nuclei (Kell@n & Pauliny-Toth 1981; Zensus 1997).
To explain the observed aspects, phenomenological sosn@rig.,unification schemjein which various
observational classes of AGN are interpreted as differemtifastations of the same type of central engine,
with different powers and geometries, have been develofpetbucci 1993; Urry & Padovani 1995). The
key elements in these unification models are an unresolaeétamn disk on scales e&1 pc and the twin
opposite jets that are accelerated perpendicular to itepla particular, both twin jets are fully visible when
they are perpendicular to the observer’s line of sight, Whscthe case in extended radio galaxies (“FRI”
and “FRII") and “radio-loud quasars”. The jets are not clealistinguishable at kpc-scales when they are
seen with very small angles to the line-of-sight, but themssion in this case is relativistically Doppler
boosted in frequency and luminosity, which is the case adizhts” and compact radio galaxies. Weaker
AGN would produce small jets, and the above classes wouldrbe¢Seyfert 2” (large angles to the line of
sight), “Seyfert 1” (smaller angles), and “BL Lacs” (very alirangles).

The activity in AGN is observed throughout the entire ran§éhe electromagnetic spectrum, due to
contributions from the various physical components logé@tethe nuclear environment of active galaxies.
The nuclear constituents in AGN can be roughly divided imtaategories: accretion disk and infalling ma-
terial, broad-line and narrow-line region, obscuring giipolar outflows (jets), nuclear stellar population,

1
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Table 1.1 Characteristic scales in the nuclear regions in active galdes

l ZS erC Te Torb
[Re] [pc] [mas] [yr] [yr]
Event horizon: 1-2 10~° 5% 1076 0.0001 0.001
Ergosphere: 2 107° 5x 1076 0.0001 0.001
Accretion disk:  16-10° 10~%-10"2 0.005 0.001-0.1  0.2-15
Corona: 16-10° 1073-10"2 5x10~® 0.01-0.1 0.5-15
Broad line region: 18-10° 1073-1 0.05 0.01-10 0.5-15000
Molecular torus: >10° >1 >0.5 >10 >15000
Narrow line region:  >10° >10 >5 >100 >500000
Jet formation: >10? >1073 >5x 1074 >0.01 >0.5
Jet visible in the radio: >10° >1072 >0.005 >0.1 >15

Column designation: I — dimensionless scale in units of the gravitational raditi8//c?; Is — correspond-
ing linear scale, for a black hole with a masssof 10® M ; 6y, — corresponding largest angular scale at
1 Gpc distancet, — rest frame light crossing time,1, — rest frame orbital period, for a circular Keplerian
orbit. Adapted from (Lobanov & Zensus 2007)

secondary black holes (Lobanov & Zensus 2007). The scald®afuclear environment are ranging from
~1-2R, (gravitational radius) te- 100 parsecs, as listed in Table 1.1.

1.2 VLBI observations

A few years after Jansky’s discovery with ligectional antennaa parabolidishradio telescope was de-
veloped by Reber (1940), increasing the collecting areadaedtional power of the radio antenna for very
weak “cosmic static”. The compact radio sources were oleskat a sub-arcsecond resolution after the de-
velopment of theaperture synthesimethod (Ryle & Hewish 1960). In the late 60s, an observingriame
using the aperture synthesis methdery Long Baseline InterferometfyLBlI), was introduced and applied
to observe compact radio sources (e.g., Clark et al. 196Beet al. 1968). In 1971, VLBI observations
discoveredsuperluminal expansioof extragalactic compact radio sources (Cohen et al. 19@8fdtlet al.
1971; Whitney et al. 1971). Subsequent follow-up VLBI olvs¢ions revealed the superluminal expansions
in many extragalactic objects (Zensus & Pearson 1987) &ygktied extensive studies on kinematics, mor-
phology, polarization, and physical properties of thesgab (Hughes 1991; Zensus 1997; Zensus et al.
2003; Wiita 2006)

Answering to the demand for higher angular resolutionsteakthe inner most structure of extragalactic
compact radio sources, the length of VLBI baselines have e&tended up ta0* km on the ground and
2 x 10*km to “space” (Hirabayashi et al. 2000). The observing werngth range also has been extended
to millimeter wavelengths (Barvainis & Phillips 1997; Gee& Krichbaum 1999). The highest resolving
power has been obtained by increasing the baseline lengttharobserving frequencyglpbal millimeter
VLBI). Millimeter VLBI (mm-VLBI) provides a unique tool for expking the physical nature of compact
Galactic and extragalactic radio sources. The higher uéisal provided by millimeter wavelengths, which
is a factor of~ 10 better than that of the space-VLBI at centimeter wavele)@llows us to image directly
the “VLBI core” and the “knots”. Futhermore, synchrotromiaion from compact radio sources becomes
optically thin at wavelengths between 1 cm and 1 mm (Steveabk £994). Therefore, mm-VLBI makes it
possible to look deeper into the central regions of the cartmaaio sources, which is invisible at centimeter
wavelengths.

In 1995, a global mm-VLBI array, the Coordinated Millime¥BI Array (CMVA), began to operate at
86 GHz with support from millimeter observatories throughthe world (Rogers et al. 1995). The number
of participating telescopes has gradually increased fraim B2 until the CMVA stopped operating mm-
VLBI experiments in 2000. The participation of large andsséwe European antennas (e.g. the 100m
RT at Effelsberg, the 30m MRT at Pico Veleta, the¥ m interferometer on Plateau de Bure) provides a
single baseline sensitivity of up te 0.1 Jy, an image sensitivity of better than 10 mJy/beam, and lzadjlo
uv-coverage. The mm-VLBI experiments have been continudteaGlobal mm-VLBI Array (GMVA), the
successor to the CMVA. The GMVA performs regular, coordidaglobal VLBI observations at 86 GHz
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with up to 14 telescopes, providing good quality images \itlgpical angular resolution of 50—70 mirco-
arcsecondsuas).

1.3 Structure of the Dissertation

Chapter 2 describes the basic principles of Very Long Basdhterferomety (VLBI) observations. A de-
tailed discussion on estimating physical parameters, (erightness temperature) from the VLBI observa-
tions is also included. In Chapter 3, the physical aspectopfpact radio sources are described. Inverse
Compton limits and equipartition limits of the brightnessnperatures of the compact radio sources are
discussed. The currently accepted paradigm of AGN is ptedeand an approach for distinguishing be-
tween different kinematic models of the inner jet using 3 MhBI observations is suggested. Chapter 4
presents results of the global 86 GHz VLBI survey of compadia sources. The observations and post-
processing procedures are summarized. A new method dexklopl implemented for achieving a higher
fringe-detection rate is described. The post-processiogides set of tasks and methods for imaging and
estimating physical parameters of each component. Hybaijdsnand model fits to the source structure are
presented for all sources detected in the survey data. Tinespmnding distributions afv-data are shown
graphically. Source compactness, and the intraday vari@bV) sources in the sample are discussed. In
Chapter 5, a detailed analysis of the survey results is ptedefocused on the intrinsic properties of the
compact radio sources. A method to deduce the intrinsiqibrags temperature using the apparent jet speeds
is presented. The observed brightness temperatures at 8&feHompared with those measured at lower
frequencies to investigate the inner jet region of the carhjeds. Adiabatic expansion of the relativistic jets
is discussed. Chapter 6 gives a summary of the main findintjgsofvork.

1.4 Main Results

The main results from the work presented in this thesis casubenmarized as follows:

1. Aglobal 86 GHz VLBI survey of 127 compact radio sourcesteen carried out. This survey resulted
in high resolution VLBI images for 109 sources. The surveyyialded first 86 GHz VLBI images for
90 sources. Overall number of sources imaged at 86 GHz witlWas been increased by a factor
of 5.

2. A specific procedure to search interferometric fringesedk sources observed with a snapshot mode
is developed. A detailed post-processing method for 3 mrBMibservations is described. Image
quality of each VLBI map is quantified by determining the pedjes of residual noise. The sources
are modeled with Gaussian components, resulting in fluxilessind sizes of individual fitted com-
ponents. Uncertainties of the modelfit parameters are sgcliand described.

3. Compactness at sub-milliarcsecond and milliarcsecoalés of the sources is described. The analysis
of the normalized visibility functions is made for quasas, Lacs, and radio galaxies. Comparison
of IDV and non-IDV sources for estimated parameters is made.

4. Physical properties of the compact radio sources aresisd and summarized. Brightness tempera-
ture limits are introduced and derived. Theoretical moétaishe innermost region of the relativistic
jets are described.

5. Intrinsic brightness temperatures are determined inngkaof 85 sources from the 3 mm-VLBI-
survey data. Brightness temperatures of compact jets ipatdec scale regions are investigated, and
applied to test physical models for the inner jets. The éfiéadiabatic expansion in relativitisc jet is
discussed on the basis of brightness temperature charuyesthk jet.
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Chapter 2

Basics of VLBI

The fundamentals of Very Long Baseline Interferometry (WLBre reviewed in this chapter. We first
discuss the fundamental principles of radio interferognatrd the application to VLBI observations, data
analysis and imaging. Practical aspects of model fittingrfetometric visibility data are then discussed in
detail. Finally, methods for estimating the physical paeters from VLBI data and images are described.
Theoretical reviews of the underlying concepts of intexfeetry can be found in Thompson et al. (1991).
Practical aspects of radio interferometry and syntheseging are presented in Taylor et al. (1999) and
Zensus et al. (1995b). We use these references to sumnteibasics of VLBI.

2.1 Interferometry

In radio astronomy, the resolution of observations has bemitical issue. Early discoveries in radio astron-
omy were made with single telescopes reaching an angulalutes of ~ 1°, but many radio sources in the
Universe have turned out to be smaller than this angular Sipéical observations are generally limited by
atmospheric seeing to a resolution-ofl”. In order to reach a comparable resolution at radio wavéheng
telescopes with a large diameter are required. For exampédescope of 200 km in diameter is needed at a
wavelength of 1 m. The only practical way to achieve this isge smaller telescopes separated by several
hundreds of kilometers and connected as an interferometar. dn this section, we present a brief review
of the technique of very long baseline interferometry.

2.1.1 Spatial coherence function of electromagnetic field

For the case of a very distant celestial radio source locatedpositionR (hereafter, boldface symbols
indicate vectors), the source radiation is described byna tiariable electric fieldE(R,t), at the source
location (Figure 2.1). The field can be represented as a sugnadi—-monochromatic componels(r)
which are the coefficients of the Fourier expansion of thetatefield,

ER,t) = FIE,(r)]. (2.1)
The corresponding electric field at the observer’s locatitn

E,(r) = / P,(R,1)E, (R)dS. 2.2)

The integral indicates a superposition of the field compt&om every point of the source. Integration
must be done over the whole source. The funcfb(R,r) is called thepropagator and describes propa-
gation of the electric field fromR to r. In the empty space between the observer and the radio source

P, exp(2miv|R —r|/c), (2.3)

o
- R-1

so that a quasi-monochromatic component of the field can teewas:

E,.(R e27riu\R—r|/c
E,(r) = / ( |)R_ s (2.4)

5
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Radio source

Figure 2.1 Basic picture of radio source — interferometer geometry.

This equation is the general form of the quasi-monochrantatinponent of the electric field at a frequency
v produced by a distant celestial radio source.

One of the properties dE, (r) is the correlation of the field at two different locatioms,andr;. The
correlation is defined as the expectation of the productefitids at the given locations:

V., (r1,r2) = (E, (r1)E;(r2)), (2.5)

where the asterisk indicates the complex conjugate. Usjogteon (2.4), the expectation of the product is:

eQﬂ'iu\R1 —ril/c e—27ril/|R2—r2\/c
VV(I‘l,I‘Q) = <//EV(R1)EU(R2) |R1 — I'1| |R2 — I'2| dSldSQ> (26)

In order to simplify this expression, two assumptions ar@leged:

1. The radiation from astronomical objects is not spatiafiperent, so, themittedfields are spatially
incoherent{E, (R1)E,(R2)) = 0 for Ry # Ro,

2. The distance to the celestial radio sources is much gribate the distance to different sites of obser-
vation,|R| > |r|, so terms of ordejr /R | can be safely ignored.

Introducing a unit vectog = R/|R|, in the direction ofR,, and substituting the area element of integration,
dS, with the element of solid anglés?, we can rewrite (2.6) as:

V,(r1,r9) = / I(s)e 2mivsrir2)/eqq) (2.7)

wherel, = [R|?(|E|)? — the observedhtensityof the radiation field. This functiony,, is the spatial
coherence functioof the fieldE, (r), and it can be directly measured by interferometric devices

If the size of the radiating source is small, the unit vectean be approximated as= sy + o (see
Figure 2.1). If we introduce a coordinate systémv, w) in whichr; — ry = (u, v, w)e/v, so = (0,0,1)
and the unit vectos = (0,0,1) + (I,m,0) = (I, m, 1), we can rewrite (2.7) as

V! (u, v, w) = 6_2”“’//Iy(l,m)e_z’ri(“l+”m)dldm. (2.8)
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Antenna 1 Antenna 2

V(1)

Filter | wixer 00— Local 1 vixer | Filter
H1(V) ! L 3 | L | Hz(v)
1 Amp. : : Amp. :

Ve (1) \& (1)
Correlator
Output,r

Figure 2.2 Basic features of a two-element interferometer.

By considering the quantity,, (u,v) = 2™ V/(u, v, w), we can absorb the facter 27 in (2.8), which
is the factor related to the phase difference between twenaats, and (2.8) can be independentof

Vi (u,v) = / / I, (1, m)e 2l +om) g g, (2.9)

Equation (2.9) describes the basic relation between diemtiescribed in thepatial frequency domain
(u,v), and those in thémage domair{/, m). Because antenna elements are not idealptimeary beanor
normalized reception patteris, (I, m) must be included into the integral in (2.9), in order to actdor
the directional sensitivity of the elements.

2.1.2 Data acquisition and cross correlation

A general scheme of a simple interferometer is shown in EiQu2. When the two antennas of the inter-
ferometer receive radiation from a distant celestial ratiorce, the output signalg; andV; from the two
antenna elements pass through filters with frequency regséfy and H», and are then cross-correlated.
An antenna with an angular reception pattéin(6) responding to a radio source electric field distribution
E,(6) will produce an output

V, = /E,,(G)G,,(@)d@. (2.10)
In the filter, the output of the antenna is mixed with a localikestor (LO) signal and is put through one or
more intermediate frequency (IF) amplifiers. The outputheftwo filters in the Figure (2.2) are:

Ver(v) = Vi(v)Hi(v), (2.11)

and
Vo (v) = Va(v)Ha(v). (2.12)

Cross correlation of these two signals in the correlatddgie

r(r) = TILmOO% / Varr (O Vi (¢ — 7)dt. (2.13)
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The subscripfl” indicates the truncation applied to the time variabilitytlé subscripted functions. The
delayr reflects the source geometry with respect to the two anteanshgarious instrumental delays. Some
of the contributions to the total delay are corrected fog.(@nstrumental delays, earth rotation, antenna
clock rate and the atmosphere). However, errors in the ledénidelays always exist in VLBI observations
and they have to be corrected using the techniqdgrafe fitting

2.1.3 Special characteristics of VLBI

A simple radio interferometer (e.g. the one shown in Figu2® @onsists of two antennas connected together
via a coaxial cable or radio linkconnected element interferométryrhe two antennas operate in real time
using the local oscillator connected to the mixers withithkentenna systems, and the output signals from
different antennas are correlated with each other afteelireg through the coaxial cable or via a radio link.

The principles of VLBI are basically the same as those of threnected element interferometry. The
specific property of VLBI is that the antennas record infotiotaindependently of each other. At each
antenna, the signals are converted to a baseband of fraégeeand are recorded onto magnetic tapes or
disks together with precise time marks. The station clodkiied by frequency standard. The phase of
the local oscillator is also controlled by the frequencyndtxd at each antenna. Since the frequency of
the frequency standards are not precisely determined; ther frequency offset and time error in the data
recorded at each antenna. These errors will cause the detaglaring the correlation later and they should
be corrected using a two-dimensional searcHriagesin time and frequency.

Another difference between VLBI and the connected elemaetfierometry is the length of the base-
lines, which are usually more than two orders of magnitudgéw in VLBI experiments. This results in
larger phase errors in time and frequency. There are alst fiewer unresolved sources that can be used
as calibrators in VLBI experiments. In a connected elemet@rierometry, there is generally a suitable
calibration source within a few degrees of the target sotiraecan be observed every few minutes. Thus,
there is no fundamental limits on integration time.

2.2 Data analysis

2.2.1 Fringe fitting

To increase the speed of data analysis, VLBI data shoulddweceal in volume, which requires averaging
the data in time and frequency. However, errors in the catwelmodel and wave propagation can cause
significant reduction of the visibility amplitude and inase the phase noise in the averaged data. These
errors must be corrected before the averaging can be madedd&ays obtained from the correlation can
be affected by a number of errors: errors in the source onaatposition used, errors in the earth model,
errors in the clock epoch and rate at each antenna, and arrties atmospheric model. The interferometer
phase is related to the delay by the simple relationship:

Oty = 2TUTy, (2.14)

where¢, ., is the interferometer phase s the observing frequency, angdis the interferometer delay. By
differentiating equation (2.14), the phase erraxs; , caused by errors in the delays are given by

A(bt,u = 27TVATt. (215)
In the time and frequency domain, a first order expansioneéthor in interferometer phase is:

_ 9¢ o¢
A(bt,u — ¢O + (EAV + EAt) 5 (216)
wheregy is the phase error at the reference time and frequéhgifv is thedelayor delay residualand
0¢ /0t is therateor delay rate The equation (2.16) holds for each individual antenna tisahost likely that
the delay error in the correlated model consists of contidg from each antenna. The baseline dependent
errors between any two antennasd; can then be expressed as the difference of antenna dependeat

Agi; = Ag; — Ag;
. . . . (2.17)
= ¢i0— ¢j0+ <[%¢3 - %] Av + [8@ 8(;5]] At) )

ot ot
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Several techniques used for estimating the delay rateselayg tbsidual are referred to fimge fitting
For the VLBI survey data presented in this dissertationelias-based fringe fitting anglobal fringe fitting
(Schwab & Cotton 1983; Walker 1989), which is antenna-bdsede fitting, were used. For both tech-
nigues, equation (2.17) is applied to determine the antbasad phase, delay rate, and delay residuals. The
general procedure of fringe fitting is shown in Cotton (1986) the details of the procedure applied for
fringe fitting the data from the 86 GHz VLBI survey can be foumagection 4.3.

2.2.2 Amplitude calibration

The observed visibility;; between antennasand; can be expressed as:
Vii(v,t) = Gij (v, )V (v, 1) + €4, (2.18)

whereV; is the true visibility of the source on thie- j baselineg;; is the baseline-based complex gain, and
€;; 1S the thermal noise on the baseline. Most data corruptionrsdefore the signal pairs are correlated, so
that the baseline-based complex g&jncan be approximated by the product of the two associatedaate
based complex gairg andg;,

Gij(v,t) = Gi(v, t)g;.‘ (v, t) = a;(v, t)a;(v, t)ei(¢i(l/7t)_¢j(1/,t)’ (2.19)

wherea; (v, t) is an antenna-based amplitude correction afid, ¢) is the antenna-based phase correction.
Then, equation (2.18) can be rewritten as:

Vij (V, t) =g, (l/, t)g;‘ (V, t)‘/;/j (V, t) + €. (2.20)

For the amplitude calibration, the phase terms of the amtgaims can be omitted. The thermal noise term
can be ignored after proper averaging of the data in the $emause it is usually samll. Then, to calibrate
the observed visibility, we can use equation (2.20), andiabt

Aij (l/, t)

Sij (v,t) = W

, (2.21)
whereA;; represents the observed visibility amplitude, and is ugulé raw correlation coefficient from

the correlator. Here we have equated the amplitude of tleevimibility V;; with the calibrated, correlated
flux densityS;;. At a certain frequency and time, the equation (2.21) caretseitten in terms of practical

calibration parameters as:
[T, Ty
= Auib 5 2.22

whereb is the correlator dependent factor that accounts for dafiton lossesK; and K ; are the antenna
gains measured in K/Jy, afd, andT;; are the antenna system temperatures in Kelvin. The anteaina g
are measured systematically; the system temperaturesgged for every experiment. Thefactors are
determined for each correlator individually. For a strongrse, the antenna temperatuiigscan be mea-
sured and used for the amplitude calibration, in place offitenna gainsk; = T./Si.t. The calibration
formulain this case is:

Sij = AijbStot (2.23)
whereS,, is the total source flux density.

More extensive discussions of the calibration proceduaesbe found in Walker (1989) and Moran &
Dhawan (1995).

2.3 Imaging

The interferometric array produces images of the celestidib source only indirectly. An image is con-
structed and refined in the steps: Fourier inversion, deslation, and self-calibration. In this section, those
three steps are reviewed
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2.3.1 Fourier inversion

After the phases and delays of the interferometer have balenlated, and the visibilities have been cal-
ibrated, the relation (2.9) can be formally inverted via aifi@r transform for finding the true intensity
distribution

I(l,m) = / / V,, (1, m)e2™+vm) gy, (2.24)

In practice, the spatial coherence functignis sampled at particular places on tineplane, so it is not
known everywhere. To describe the sampling, we can intredwsampling functioi$ (u, v) (also called the
uv-coveragg

S(u,v) = Zd(u—uk)d(v—vk). (2.25)
k
The sampling function can be used to rewrite the equatidt#j2.
17(l,m) = / / Vi (1, 0) S (u, v) 2™ ™) dydy, (2.26)

17 is known as theirty imagewhich is related to the true intensity distributinby the Fourier convolution
theorem:
IP(1,m) = B(l,m) * [I,(I,m) + N(I,m)], (2.27)

wherex represents convolutiordy (I, m) describes the noise in the image, aBdcalled thepoint spread
functionor synthesized beajns the two—dimensional Fourier transform of the samplimgction.S(u, v)

B(l,m) ://S(u,v)ez’ri(“l+”m)dudv. (2.28)

The shape of theynthesized beawan be controlled by introducing weighting functidfis and Dyin the
sampling functiorS(u, v):

S(u,v) = ZTkaé(u—uk)é(v — k), (2.29)

k

whereT}, is thetapering functionused to downweight the data at the outer edge ofuthvplane (e.g. a
Gaussian tapeff'(r;) = exp(—r?/20?),r, = \/u? + v? ), and Dy, is thedensity weighting functionsed
to offset the high concentration of the tracks near the center and lessen the side-lobes causeg®inga
the coverage. There are two choices for the density weiglfitinction:D;, = 1 for natural weightingand
Dy, = 1/p(k) for uniform weightingwherep(k) is the local density of the sample. Since natural weighting
gives the best signal-to-noise ratio for detecting weakeaes, it is used for the VLBI survey data presented
in this dissertation. Uniform weighting is satisfactory images of bright objects because the uniform
weighting scheme minimizes the rms side-lobes of the diegnh.

2.3.2 Deconvolution

Since the VLBI sampling functions are finite and poorly dediiire practice,/ (I, m) itself cannot be recov-
ered directly using the simple Fourier inversion. So, noredr deconvolution methods and self-calibration
techniques are used in order to refine phienary solution/”. The two deconvolution methods widely used
in radio interferometry are thaximum Entropy Metho@MEM) and the “CLEAN" algorithm. Reviews of
the MEM technique can be found in Narayan & Nityananda (1@8@) Cornwell et al. (1999).

The “CLEAN" algorithm was introduced by Hogbom (1974), amddified later by Clark (1980) and
Schwab & Cotton (1983). The DIFMAP implementation of “CLEAKBhepherd et al. 1994) was used
for producing all of the images presented in this dissenmatirhe “CLEAN" method and its modifications
provide a solution to the convolution equation (2.27) byrespnting the true intensity distribution by a
number of point sourceg{function3. The field of view outside the area selected for the souraschds
assumed to be empty. A simple iterative approach is usedddHmpositions and strengths of these point
sources. The final deconvolved image (“CLEAN” image) is thie ®f the point components convolved with
an artificial “"CLEAN” beam. Detailed discussions of the “CAN" algorithm can be found in Wilkinson
(1989), Cornwell et al. (1999), and Cornwell (1995).

Figure 2.3 gives an example of sampling function, point agreinction, dirty beam, and clean image.
All pictures are produced from the VLBI data for 3C 84 obserga October 24 2002 at 86 GHz.
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3C84 at 86.222 GHz in LL 2002 Oct 24
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Figure 2.3. Clockwise from the upper left panel: the uwcoverage (sampling function), the synthesized beam, therty beam,
and the “CLEAN”" map for the observation of 3C 84 made on Octobe 24 2002 at 86 GHz with the global mm-VLBI array.
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2.3.3 Closure quantities

In the equation (2.18), if the complex gain factgks(v, t) are varying faster than they can be measured, it
is impossible to recover the true visibility of the sourtg, from the measurements. When more than two
antennas are used simultaneously, however, the conceplgsoire quantitiesnake it possible to recover
the true visibility of the source. Using the explicit expsiem for the complex gain factor in (2.19), we can
rewrite (2.20) for the visibility observed on tlie- j baseline as:

V;j = aiajei(@*qu)Vi;» + €. (230)

Time and frequency dependences of all terms are regardetjdisit.
Ignoring the noise terms;, the phases of any three antennas, and amplitudes of angritemnas can
be related to be free of antenna dependent terms (Jenni&@y T®iss et al. 1960; Readhead et al. 1980).
We assume that the relation
Vi = Agjets (2.31)
represents the ideal complex correlation coefficient amwading to one spatial frequency. Then, from
(2.30), theclosure phasés given by

Cij = (Wij +¢i —¢j) + (Vi + b5 — dr) + (Vi + ok — ¢i)
= Yij + Yk + ki (2.32)

ijk*
In the sum represented by (2.32) all antenna—based phase eancel. This is true for any closed loop of
baselines, not just a triangle. Thus the observed closwaegik uncorrupted by antenna—based phase errors.
The closure phase is the argument of ttiepectrumof the sky brightness distribution, given by the triple
product of the complex visibilities on a closed triangle agblines:

B=V(uv)VE, u)\V(—u—u, —v—1"), (2.33)

which indicates that the closure phase is a function of famiables (two positions in thé@~plane). Due to
the poor sampling of thev—plane the information preserved by the closure phaséarleén be ambiguous.
The ambiguity can be overcome with increasing the numbentgfranas, since the fraction of the visibility
information available from the closure phasd ¥ — 2)/N, whereN is the number of antennas (Pearson
1995).

Another observable closure quantity is tlesure amplitudel's;,.», with the four antennas, [, m, n.
Itis possible to form ratios of the visibility amplitudesathare independent of the antenna gain factors:

r o |Vkl | |an| o AklAmn
klmn — - .
|Vkm| |Vln | AkmAln

The closure amplitude, therefore, is a function of six Valda (three positions in thev—plane). If all
six interferometer pairs formed by the four antennas arestaied, three different closure amplitudes can
be calculatedI{ximn , I'kinm, L'knmi), but only two of these are independent. Therefore, thetiaof
information that can be recovered from the closure ampdiisdelated to the number of antennag As—
3)/(N — 1). The ratio, and also that of the closure phase, show the dswarbe given by increasing
the number of antennas in the array; with only 4 antennas, 60%te phase information and 33 % of the
amplitude information is available, while for 12 antenrfas the VLBI survey presented in the dissertation),
these ratios increase to 83 % and 82 %, respectively.

The closure quantities have the property that the obsemeéddrae values are identical with the noise
being ignored and so they are the useful constraints dunegestoration of the true intensity distribution,
although it is not possible to recover the true intensitytrifigtion with only the closure quantities. If
only the closure phases and closure amplitudes are measum@dledge of both the absolute strength and
the absolute position of the source is lost. In VLBI experise theself—calibrationmethod is used for
calibrating visibility phase and amplitude using the clasguantities, so the absolute information of the
source can be recovered.

(2.34)

2.3.4 Self—calibration

Self—calibration is an iterative process of producing atinogl model,/ such that its Fourier transform

Vij(u,v) = / / Iij (1, m)e2milulrom) gidm, (2.35)
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reproduces the observed visibiliti®s; (u, v) to within the noise level. One reliable method to achievéisuc
agreement is to minimize a certain functi§rwhich is the sum of the squares of the residuals:

S:Z Z wij(tk)

ko ijii)

Vij(tk) — Gi(tr) G} (te) Vij (t) ’ (2.36)

(Schwab 1980), where;; are the weights reflecting the signal-to-noise ratio of theasponding visibility
andg; (tx) are the complex antenna gains. MinimizationSoproduces solutions for the complex antenna
gains, and allows for corrections of the phase and amplierders to be incorporated into the observed
visibilities. The corrected visibility is:
Vij (t)

Vij,corr(t) GG (1) (2.37)
A new model can be formed by deconvolution of the correctad,dad used in the next iteration of self—
calibration unless one is satisfied with the current modadlf-8alibration has been shown to converge
to a unique solution, for most of the VLBI observations witltaege number of antennas, goadpriori
calibration, and a fairly simple source structure. Moreadet! discussions on the topic of self—calibration
are given in Cornwell & Fomalont (1999), and Cornwell (1995)

2.4 Model fitting

The fitting of brightness modelsnpdel fitting to measured visibility data was used widely in early radio
interferometry, specially when the phase information wasrly calibrated or the number of data points
were not sufficient to conduct proper imaging processes asd¢fourier transformation, deconvolution, and
self-calibration. For certain types of sources the radigssion can be specified with reasonable accuracy in
terms of a physical model that involves only a small numbgyarmeters. The parameters of the physical
model can then best be determined by fitting the model viilfilnction directly to the observed values.

2.4.1 Imaging as an inverse process

Model fittingis a technique which is generally used for solving theerse problemsn which the true
distribution of a certain variable needs to be recoverethftbe measured distribution. In its application
to VLBI, model fitting produces a parametric model of the skightness distribution and calculates the
expected measurements. These calculated measuremeotsrgrared with the actual measurements, and
the model is adjusted using the discrepancies between mne@asnts and model predictions unless the model
is satisfactory. For model fitting VLBI data, theast squaresmplementation of thenaximum likelihood
method is used. Thigkelihoodof the model is the probability of obtaining the data, whislgiven by

N . 2
PO(H{@,TP l_% (V(ui,vi)—F(Zi-,vi,al,...,aM)> ]}’ (238)
i=1 ’

whereV andF are the observed and predicted distributianss a standard deviatiody is the number of
data points andy, ..., ap; are the model parameters. The fitting is being achieved bymiaixg P, which
is equivalent to minimizing the following sum:

N ) 2
XQEZ (V(ul,vl)—F(uz,vz,al,...,aM)) ’ (2.39)

o
i=1 v

which, thus, is the weighted sum of squares of the deviatietseen the measurements and the model. It
should be noted that this is strictly applicable only if theasurements have Gaussian errors. If the errors
are Gaussian, the quality of the optimized model is judgethbyeduced chi-squarg?/(N — M) which
should be close to 1 for a good fit. Large values of the redubédquare indicate that the model is far
away from the measurement and so the fit is bad, whereas muatesralues than 1 show that the errors
o; might be overestimated and so the fit is too good to be true.

There are two simple and commonly-used methods for the nfittiied): the “grid search” (Bevington
& Robinson 1992) and the “gradient search” (see Press e®8RM,for the Levenberg—Marquardt method).
A more detailed discussion of model fitting is given in Pear&®95).
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Figure 2.4: Confidence intervals in dimensions of parameter 1 and 2. Theasne fraction of measured points (here 68 %) lies (i)
between the two vertical lines, (ii) between the two horizotal lines, (iii) within the ellipse (taken from Press et al. (992b), sec.
14.5).

2.4.2 Error estimation

The observed visibilities are subject to additive noiserfrine sky, receivers, ground pick-up, etc. To a
very good approximation, the noise is Gaussian with equahnee in the real and imaginary parts of the
visibility. The Fourier inversion of the observed visibjlifunction (2.9) has the desirable property that the
noise in the dirty image is also Gaussian, with known covenéa However, if the image is deconvolved
with the non-linear techniques (e.g., CLEAN, MEM, etc), tizése properties of the resulting image will be
poorly understood and it may be difficult to estimate the utadety in a measurement (e.g., of flux density,
size, etc.) of a component in the image. For quantitativéyaisaof uncertainties, it is often better to work
directly with the visibilities. To determine the uncerté@s or confidence limits on the estimated model
parameters, it is best to calculate contours of constér{taken at a desired confidence level) around the
minimum in the multi-dimensional space of all parameteigfe 2.4). It is important to remember that
these theoretical confidence limits will not apply if thealate not Gaussian or not independent.

Here we assume that the brightness distribution of the ssuo&n be approximated by elliptical Gaussian
components. The uncertainties of the parameters for thesgaucomponents are related to the signal-to-
noise ratio (SNR) of detection of a given model fit componeeing based on an analytical (first order)
approximation. The general fit parameters of a componentialtnages of radio sources afg,; - total
flux density,Speax - peak flux densityg, ., - post-fit rmsd - size,r - radial distance (for jet components),

- position angle (for jet components). And then the uncaties of the fit parameters can be estimated from
approximations given by Fomalont (1999):

Soun 1/2
Opeak = Orms (1 + p—k) ) (240)
Urms
5 1/2
Ttot = Opeak (1 T gzt%k> ; (2.41)
peal
oq = d 2Pk (2.42)

peak
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or = %crd, (2.43)

and o
op = atan (_T) , (2.44)

'S

whereopeak, otot, 04, 0, @nNdoy are the uncertainties of total flux density, peak flux dengivst-fit rms,
size, and radial distance of a component, respectively.

When the sizeqd, of a component was determined, the resolution limits (Inayé2005) should be taken
into account. So, the minimum resolvable size of a compoineart image is given by

bln2 N 1/2
dmm_?WN(a: m553?1> , (2.45)

wherea andb are the axes of the restoring bea®NRis the signal-to-noise ratio, anglis the weighting
function, which is 0 for natural weighting or 2 for uniformeighting. Whend < d;,», the uncertainties
should be estimated withh= d,;,,.

2.4.3 Estimating the brightness temperature from VLBI data

The spectral distribution of the radiation of a black bodgiien by thePlanck Law

2h1? 1

L(T) = 2 ehv/ksT _ 1’

(2.46)

where, is the specific intensity]" the temperaturey the frequencyg the speed of lighth the Planck
constant, andp the Boltzmann constant. Whén < kgT (e.g, in the radio regime), a Taylor expansion

of the exponential in (2.46):

hv
hU/]CBT ~
e =14t (2.47)

results in:
212

which is referred to as thRayleigh-Jeans Lawso, brightness temperatufg is defined as:

2 2
c X (2.49)

Ty = s——1,
b 2/€B V2 2]{33

where)\ is the wavelength. It is important that equation (2.49) kdtm black body radiators. Historically
the term,brightness temperatuyédnas been used also for non black body sources, hence foneraml
sources with a spectral index(S, « v®). It corresponds to the temperature that the source shawiel &s
if it was a black body to radiate the specific intendity For a source with flux density,,, and solid angle,
Q, the brightness temperature is given by:

1 8,
T 2%p QO

b (2.50)

where we have takef), = S, /. If the source can be modeled as a circular Gaussian witH avidth at
half-maximumderwn, then the solid angle of the source is:

T a2

Q= meFWHMa (2.51)

and (2.50) can be re-cast as:
~ 2In2 S, A2

=" .
Tk Ofwiwm

b (2.52)

From (2.52), the brightness temperature of the emissioiomegpresented by a Gaussian component with
the total flux densitys;., and the angular sizé (= rwiwnm ), is given by:

o 21n2 StotAQ
o 7TkB d2 '

b (2.53)
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For a source observed at redshifthe brightness temperature at the source rest ftBygés given as:

2 1112 Stot/\Q
Ty s =
bS T Tk a2

(1+2), (2.54)

where )\ is the wavelength at the observer’s frame. The fattar 2z in (2.54) reflects the cosmological
effect on the observed brightness temperature. Pragtith# brightness temperature can be calculated by
simplifying (2.54):

Sto
Ty =1.22x 10 5% (1+2) K, (2.55)
where the total flux densit§.; is measured in Jy, the size of the circular Gaussian compehienmas,
and the observing frequeneyin GHz. If d < d,,;n, then the lower limit of}, is obtained withd = d i, .

Doppler boosting correction

Assuming the emission region to be relativistically moviogards the observer, the radiation can be am-
plified, or Doppler boosted. Doppler boosting of the brigiss temperature in distant sources is given by
the Doppler factor§ = v~1(1 — Bcos)~!, which depends on the Lorentz facter £ 1/4/1 — 32) and
flow speed ¢ = v/c), wherev is the velocity of the source moving at an angl® the line of sight. Taking
into account the K-correction to the source at redshithe Doppler factor is often replaced by the factor
D = §/(1 + 2z). The relativistic Doppler effect on the source intrinsicfldensity (and hence intrinsic
brightness temperature) depends on the geometry of thesiemisegion, hence the jet models. Here, the
Doppler boosting correction on the observed fijXv) is briefly discussed in the cases of two jet models;
a spherical blob and a continuous jet. For the spherical et the Doppler boosting correction to the
observed brightness temperature is also discussed. Mt®t dfscussion follows Lind & Blandford (1985)
and Hughes (1991) where more details can be found.

The simplest jet model is the optically thick spherical b{ob the optically thin “plasmoid”) moving
uniformly at an anglé to the line of sight. If a single blob in the jet emits isotroglly in the rest frame
of thejet (X), the observed frequency and intensity will be Lorentngfarmed according to the Doppler
factord, which relates the rest frame of the souFeand the observer’s franie:

v =4V, (2.56)

S, =89,. (2.57)
Assume that the spectral indexS, = kv®) is constant over the entire rangeu¢t= 6v'), thenS,, = k'v'*,
wherek’ is constat in the rest fram&(). We can obtain the flux density in the rest frame, at the olirsgr
frequencyv:
S, =KV =kKv/§*=6°8], (2.58)
and then (2.57) can be rewritten as:
S, =728, (2.59)
Since the size of a sphere would not be affected byatherration effectthe angular size of the spherical
blob in the observer’s frame should not change:

d=d. (2.60)

From the equations (2.52), (2.56), (2.59), and (2.60), tighiness temperature in the observer’s frame is
given by

Sy
v2d?
3—a Q!
_ e
(51//)2(1/2

= &1, (2.61)

T, =

whereC is constant. Therefore, the Doppler boosting correctién, should be taken into account in the
case of a single blob jet.

In this simplistic jet model, the jet is considered as a ditzifeature (one blob). In a more realistic
model, it is assumed that we are seeing several blobs (omplds) in emission region. The blobs are
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merged together to form a continuous jet, and a stationatgnpas seen by the observer. So, the continuous
jet could be a steady stream of isotropically emitting agdhcthin material or a series of optically thick
spheres. In the observer’s fraiethe lifetime of one emitting particle is smaller than thatY by a factor

of 4. Accounting for the relativistic time dialation, equati¢h59) gives:

S, = 628", (2.62)

Therefore in the continuous jet, the intrinsic brightnesaeprature will be Doppler boosted by a factor of
52,
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Chapter 3

Physics of Compact Radio Sources

3.1 Compact radio sources

Compact radio sources are generally defined as radio souhzes flux at an intermediate radio frequency,
e.g.,~ 1 GHz, is dominated by the contribution of a single bright pement smaller thar 1 kpc in size.
Compact radio sources usually have flat radio spectra anfieglonounced radio variability. In addition,
the ratio of optical to radio flux tends to be higher in thesgots than in steep-spectrum sources, making
their identification easier (Blandford & Konigl 1979).

The radio emission from parsec-scale jets in compact radicces is partially optically thin synchrotron
emission with characteristic spectral and polarizatioopprties, as well as significant inverse-Compton
emission (see Marscher 1990; Hughes & Miller 1991). The fiecta of the radio emission is generally
interpreted as the superposition of the incoherent syticdnweadiation from a non-thermal distribution of
relativistic electrons located in several distinct compats (Kellermann & Pauliny-Toth 1969; Marscher
1995). The individual components form the compact stragttire compact base of the jet, and the bright
regions within the jet flow. The physical processes of thenfation of “inner jets” that connect the nu-
cleus to the observed radio jet, their acceleration to ttativestic speed (near the speed of light), and the
strong collimation of the jets up to large scales (pc to kpe)extensively investigated but remain poorly
understood (e.g., Marscher 2006; Lobanov & Zensus 2006aho 2007).

Physical aspects of compact radio sources are discussaisiohapter. First, an introductory review
of synchrotron radiation is presented including a brietdssion of synchrotron self-absorption. Then,
the limits of the brightness temperature are discussedtmldérelativistic jets as compact radio sources
are discussed, and finally applications of VLBI observaitor investigate the compact radio sources are
summarized.

3.2 Synchrotron Radiation

When charged patrticles, in particular electrons or pos#ty@re forced to move in a curved path, photons
are emitted. At relativistic velocities, i.e. when the jpEes are moving at a velocity very close to the speed
of light, these photons are emitted in a harrow cone in thedod direction, at a tangent to the orbit. For
high energy electrons or positrons spiraling through magfields in space, these photons are emitted with
a wide range of energies. This radiation is calyshchrotron Radiationlt was first proposed as a concept
by Schwinger (1949) and soon suggested as the source ofaaiigion from the newly discovered cosmic
radio sources by Alfvén & Herlofson (1950). Synchrotrodiedion has a number of unique properties:

1. Synchrotron radiation is extremely intense and highliiroated.

2. Synchrotron radiation is emitted with a wide range of gies, allowing a beam of any energy to be
produced.

3. Synchrotron radiation is highly polarized.
4. Itis emitted in very short pulses, typically less than agiaecond (a billionth of a second).

The synchrotron radio emission can be observed in manyedadsastrophysical objects such as:

19
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o

Projeted circular motion

Figure 3.1 A schematic for helical motion of a particle in a uniform magnetic field.

1. jets of compact radio sources

2. supernova and supernova remnants
3. stars (non-thermal radiation)

4. galaxy and cluster halos.

In the following section, we derive the power radiated byregk charged particle moving relativisti-
cally in a homogeneous magnetic field. The spectrum it emithscussed in section 3.2.2. The associated
properties of the synchrotron radiation is reviewed inisec8.2.3. We follow closely the mathematical
argumentation of Rybicki & Lightman (1979). A detailed amdtough discussion on the physics of syn-
chrotron radiation can be found in Jackson (1975) and Shed(19

3.2.1 Total radiated power

A patrticle of massn and charge in a magnetic fieldB is moving with a velocityv. The motion of the
particle can be found by using the representation of thertarf®rce equations;

d q
E(vmv) = EVXB (3.1)
%(wn@) =qvE=0, (3.2)

wherey = (1 — 1)2/62)_1/2. Since (3.2) indicates that = constant or that|v| = constant, (3.1) can be
rewritten as
M q
my - = EVXB. (3.3)
If the velocity v is divided into two components along the field,, and in a plane normal to the fieid, ,
from (3.3) we have

dVH . O

dt (3.4)
dv q < B
— = —vV .

dt yme +

From (3.4) it follows thatv| = constant, and since the totak| = constant, also|v, | = constant. The
constantv and the acceleration normal to the velocity imply a unifoiinedar motion of the projected
motion. These motions imply that the particle producdsbcal motion in a uniform magnetic fiel@
(Figure 3.1).



3.2. SYNCHROTRON RADIATION 21

Figure 3.2 Radiation patterns: (a) Dipole radiation pattern for parti cle at rest, and (b) Angular distribution of radiation
emitted by a particle with perpendicular acceleration and \elocity.

The emission from a single accelerated chargegiven by the_armor’s formula

P:_a.a’ (3.5)

wherea’ is the acceleration in the rest frame of a particle. Sinceatteleration in the rest frame of the
particlea’ is related to the observer’s frames

aﬁ = 'ygaH, (3.6)
a| =~%ay, (3.7)
(3.5) can be rewritten as
_2q2 72 ;2 _2q2 4 9B ? 2
P 363 (aH =+ G/L ) = 363 Y yme v, (38)

Here we have taken the acceleration perpendicular to theciglasa, = wpv,, wherewg = qfc,

the frequency of the rotation. Taking into account an igutralistribution of velocities, the total emitted
radiation is given by

4
P = gUTCﬂQ'YQUB, (3.9)

whereor = 87r3/3 is the Thompson cross sectiofi,= v/c, andUp is the magnetic energy density,
Up = B?/8.

3.2.2 Spectrum of synchrotron radiation

The spectrum of synchrotron radiation must be related talétailed variation of the electric field as seen
by an observer. Because of theamingeffect the emitted radiation field appears to be concemtrata
narrow set of directions about the particle’s velocity. te tase of the synchrotron radiation, the velocity
and acceleration are perpendicular, so the appropriataeeis like the one in Figure 3.2 (panel (b)). The
observer will see a pulse of radiation confined to a time irlemuch smaller than the period of the projected
circular motion. The spectrum will thus be spread over a murckader region than one of ordeg /2.
This is an essential feature of synchrotron radiation.
For the highly relativistic case3(= 1), the power per unit frequency emitted by each electronviergi

by
31
P(w)zﬁwp “), (3.10)
2 mc? We

whered is the angle between field and velocititth angld, w. = 372‘21% and F is a dimensionless
function.
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In the equation (3.10), there is no factorpéxcept for the one in the term af. With this, we are able
to derive a very important result related to synchrotrorcspe In astronomy, it is usual for the spectrum to
be approximated by a power law over a limited range of frequers

P(w) x w®, (3.11)

whereq is called thespectral index The spectral index of astronomical radiation is often tamsover a
fairly wide range of frequencies (e.g.= 2 for Rayleigh-Jeans portion of the blackbody law).

The power law is also applicable to the particle distribuitid relativistic electrons. The number density
of particles with energies betweénandE + dFE (or y andy + dv) can be approximately expressed as

N(E)dE = CE™*dE, F), < E < E, (3.12)
or
N(y)dy=Cy~%dy, m <7 <72, (3.13)

where the quantity’ can vary with pitch angle and the like. The total power raatigber unit volume per
unit frequency by such a distribution is given by

Y2 Y2
Pus@)=C [ Ph oty [P, (3.14)
Y

71 1 c

Here we have taken the integral@fy)d~ times the single particle radiation formula overalBy changing
variables of integration te = w/w. and considering.. o< 72, (3.14) can be rewritten as

T2
Piot(w) w(l_s)/Q/ F(:C)x(s_3)/2dw, (3.15)
T
where the limitsz, o correspond to the limits; » and depend ow. If the energy limits are sufficiently
wide we can approximate, ~ 0, z2 = oo, S0 that the integral is approximately constant. If thihis¢ase,
(3.15) can be simplified as

Piot(w) o w1=9)/2 (3.16)
so that the spectral indexis related to the particle distribution indexby
S - S (3.17)

3.2.3 Synchrotron self-absorption

Synchrotron emission from compact radio sources is accoragéy absorption, in which a photon interacts
with a charged particle (e.g. electron) in a magnetic fieldliambsorbed, giving up its energy to the particle.
Another process that can occur is stimulated emission, intwda particle is induced to emit more strongly
into a direction and at a frequency where photons alreadpragent. In order to find out the spectrum of
synchrotron self-absorption, Longair (1981) gives somgsptal arguments. Here we largely follow their
arguments to obtain the spectrum of synchrotron self-&lgsbsources.

If a source has the same physical size at all frequencidwjdfistness temperature is, considering (3.11),

2
Ty = (%) (%) x V472, (3.18)

whereS,, is the flux density of the source aftlis its solid angle. Therefore, at low frequencies, the self-
absorption effects become important since the brightrezspérature of the radiation may approach the
kinetic temperature of the radiating particles.

The synchrotron radiation spectrum has been derived asguampower-law energy distribution of rel-
ativistic electrons in (3.12). Although this energy spentris not a thermal equilibrium spectrum, the
argument with temperature can still be valid for two reasons

1. The spectrum of the radiation emitted by particles of gnét is peaked about the critical frequency
v & v & Y2ug, Wherey = E/mec? > 1 andy, = eB/2mm, is the non-relativistic gyrofrequency.
Thus, the emission and absorption processes at frequeay associated with electrons of roughly
the same energy.
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Figure 3.3 (a) Synchrotron spectrum from a power-law distribution of electrons. The dashed line divides the spectrum into
two parts for optically thick and thin regions. (b) Synchrotron self-absorbed spectrum of Il Zw 2, taken from Falcke et d.
(1999). After subtraction of a constant background (grey pats), the resulting data (black points) can be well reprodeed with
a superposition of two self-absorbed synchrotron spectra ith spectral indicesa = 2.5 in the optically thick and o = —0.75 in
the optically thin region.

2. Thetimescale for the relativistic electron gas to be ie@uilibrium condition is very long, because the
electron number densities are very low. Therefore, a teatpesT,, can be associated with electrons of
a given energy through the relativistic formula which reaparticle energy to temperatusen,.c? =
3kTe.

Thus, the temperatufg of the electrons becomes a function of their energy:

o~ (MY (2 (3.19)
CT\ 3k ve) '
Here we have considered~ (v/v,)*/? andT. is called theeffective temperaturer the kinetic temperature

of the electrons. For a self-absorbed source, the brigbteesperature of the radiation must be equal to the
kinetic temperature of the emitting particlds, = T, yielding in the Rayleigh-Jeans limit

2kT, 2me 2 [ v 1/2
S, = 2 Q= 3 2 <I/_g> Q. (3.20)

If we assume that the physical size of the source is the sarak faéquencies and the magnetic field is
constant, thef2 = constant andvy = constant. From (3.20) the spectrum of synchrotron self-absorption
is given as:

S, o /2, (3.21)

It is of interest that the spectrum is a power law with an inéefmdependent of the value of the particle
distribution indexs. It should be particularly noted that this index is not eqaa)l, the Rayleigh-Jeans value,
because the emission is non-thermal.

For optically thin synchrotron emission, the observedrisity is proportional to the source function.
Since the emission and source functions for a non-thermatplaw electron distribution are proportional
to »(1=9)/2 and /2, respectively, [see equations (3.16) and (3.21)], we sakttie optically thick region
occurs at low frequencies and produces a low frequencyfaifttfie spectrum (Figure 3.3). For a uniform
source of angular sizé a redshiftz, magnetic fieldB, and for a power law distribution of particle energy
given by (3.13), the frequenay, (turnover frequency where the flux density reaches a maximum value
Sm, is given approximately by Kellermann & Pauliny-Toth (1981

B\Y5 /5. \/5 g\ 45 )
U ~ f(s) <m> (m> <1mas) (1+ 2)"° GHz. (3.22)

The functionf (s) only weakly depends os and fors = 2, f(s) ~ 8.
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Figure 3.4 (a) The Compton effect: The scattering of a photon by a free ektron. (b) The inverse Compton effect: The
scattering of a low energy photon by a relativistically movig electron.

3.3 Brightness temperature {3,) limits

3.3.1 Inverse Compton scattering

When a beam of radiation is scattered by a stationary electine scattering can be describedThyomson
scattering introducing theThomson cross-sectipn

orT = 8%7‘5,
wherer, is the classical electron radius. The scattering is syniowith respect to the scattering angle
and the scattered radiation is polarized, even if the imtibeam of radiation is unpolarized. In the case
of Thomson scattering, there is no change in the frequendpeftadiation. In general, as long as the
energy of the photon is less than the rest mass energy of ¢éotr@h, hw < m.c?, in the center of the
momentum frame of reference, the scattering may be actytegated as Thomson scattering. In the case
of compact radio sources, however, the frequency changeiassd with the collision between the electron
and the photon is important, since there are relativisgctebns and high energy photons interacting with
each other in the compact radio sources.

When the incoming high energy photons collide with electratirest and increase the energy and mo-
mentum of the electrons by transferring some of their endhgyphotons, as a result, have less energy and
momentum than before. The loss of the energy of the photaesponds to an increase in its wavelength,
since the energy and momentum are proportional to the frexyusf the radiationE = %iv andp = #v/c.

The final wavelength of the photoiy, is greater than its initial wavelength;, by the amount,

(3.23)

AN= A=\ = h (1 — cosb), (3.29)
MeC
wherem, is the mass of the electron afds the angle by which the photon is scattered (Figure 3.4a).
This change in wavelength is known as tbempton effectThe termh/m.cin (3.24), called th&Compton
wavelength(= \¢), is the characteristic change in the wavelength of thdeseat photon.

Whenever the energy of the moving electron is sufficientiyparable to the photon energy, then there
is a transfer of energy from the electron to the photon, intre@h to the situation of Compton scattering.
In such a case the scattering process is calledrse ComptorfFigure 3.4b). The net power lost by the
electron, and thereby converted into increased radiasion i

dErad 4
o = 3077 B Unn. (3.25)

Pcompt =

Using (3.9), we obtain the interesting result:

Psynch UB
_ B 3.26
Pcompt Uph ( )
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which implies that the radiation losses due to synchrotroission and the inverse Compton effect have the
same ratio as the magnetic field energy density and photogyedensity. It should be noted that this result
does not depend on the value of the electron’s velogityaut on the validity of Thomson scattering in the
rest frame so thate < mv?2.

From (3.25) for the inverse Compton power for a single sdatjewe can calculate the total Compton
power, per unit volume, from a homogeneous and isotropidunedf relativistic electrons. Assuming the
number of electrons per unit volume within the rangey to v + dv is given by N (v)dy with

C”Y*p, |f Ymin S Yy S Ymax
N(v) = 3.27
™) {0, otherwise, ( )
then, with3 ~ 1, we obtain
Ptot (ergs_l Cm_3) = /PcomptN(’y)d/y
4 (3.28)

_ _ 3—
= 3orclUpC(3 —p) H(Vrak = Yot )-

In the case of a thermal distribution of nonrelativisticottens of a number density., we can also compute
the total power as,

Pioi(erg stem™3) = (ﬂ) orceneUph. (3.29)
me

Here we tooky ~ 1 and(3?) = (v?/c?) = 3kT/mc>.

3.3.2 Inverse Compton limits ofT;,

Kellermann & Pauliny-Toth (1969) presented the inverse @mm cooling arguments in terms of the peak
brightness temperatur&},, which could be directly related to observation. They shebet the ratio of
inverse Compton radiation to incoherent synchrotron taxhalic/ Ls, is the ratio of the energy density in
the radiation field to that in the magnetic field,/u g, which is simply a function of,:

Lic w, 1/ T, \° 1/ T \°

Is ﬁ ~3 (W) Ve ll + 3 (W) VC‘| ) (3.30)
wherer, is the upper cutoff frequency of the radio spectrum in MHz.e Tinst and the second term in
(3.30) represent the effect of the first-order and the secwddr scattering respectively. T, > 102K,
the ratio is dominated by the second term - hehge/Ls ~ (T},/10'1)" for v, ~ 105 MHz. Therefore,
whenever the brightness temperature is greatertbh &K, inverse Compton scattering of the radio photons
dominates, and most of the energy will be radiated away imy&in a short time scale (e.g. a day). The
relationship (3.30) was re-derived as equations (1a) abyiflReadhead (1994), taking into account the
spectral properties of the emission region. For a typicalgytul extragalactic radio source at= 1, with

spectral indexa = —0.75 (S « v*), the observed frequency of the peak in the spectiym= 3.5 GHz,
and the upper cutoff frequency of the radio specteyig, = 100 GHz, the relationship can be simplified as

Lic T\’ T\’
Ls = (1011.45) 1+ (1011.45) ’ (3.31)
Although this result also explains well the inverse Comptatastrophe fof}, ~ 1012 K, Readhead (1994)

found a more realistic limit off;, with the study of the radiative cooling timescale. The tioads for
radiative cooling by combined synchrotron and inverse Compadiation can be written as

ol T \? Lic\ "
Tic+s = 6,2 f3(a) 3( b) (1+£) yI, (3.32)

1011 Ls

where f3(«) is given by equation (15c) of Scheuer & Williams (1968). Rezad (1994) found that the
maximum values of the radiative loss timescales for radizes which have spectral turnovers, caused by
synchrotron self-absorption, at frequencies from 62.5 Mi#126 GHz, occur around x 10'! K, which is

a more plausible limit o/}, than the one from Kellermann & Pauliny-Toth (1969). It slibbé noted that
the inverse Compton limit dfy,, T3, max, reported in Kellermann & Pauliny-Toth (1969) is in thengeof
10''~12K instead of the upper value of the rand®,2 K (Kellermann 2003), whereas Readhead (1994)
estimated the exact value ®fx 101 K for T}, max-
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3.3.3 Equipartition limits of T;,

Readhead (1994) found that there is an alternative limibhéohrightness temperaturg,, for synchrotron
self-absorption dominated radio sources (between parsd&ibparsec, observed at frequencies less than
1 GHz). This limit is based on the assumption that the frastiof energy density in relativistic particles
(e.g. electrons) and magnetic fields are in equipartitiomrifRlge & Burbidge 1957). He suggested that
perhaps parsec-scale jets are in equipartition as wellowilg his argument, thequipartition brightness

temperaturas defined as,
2¢2 S 9
= (5) () -

whered. is the equipartition angular size (radius) of the radio seutt should be noted that,, depends
only weakly on the observed peak frequency and flux densisgufing that we observe a radio source at
the peak frequency (e.g. 3.5GHz) of the synchrotron sedbgition spectrum withy = —0.75 (S o« v?),
and the flux density of the sourceat= 1 is 1 Jy, the equipartition brightness temperature of thecsin
the rest frame is given by

Toq =5 x 1010755517 K, (3.34)

whered is the Doppler factor. We assume here an Einstein-de Sitigerse withH, = 100k km/s/Mpc.

It is noted that the radio sources may radiate at an equiparbirightness temperature arouhnd 10'° K in
most circumstances. In fact, if the sources are in roughpeqtiion between particle energy and magnetic
energy the inverse Compton limit & 10! K) cannot be reached.

3.3.4 Relaxation of the limits ofT;,

The real brightness temperatures of many compact radiessunay reach a much higher value, violating
the equipartition limit of5 x 10°K or the inverse Compton limit of — 10 x 10'* K. The violation of
the brightness temperature limits can be explained by g osting, transient non-equilibrium events,
coherent emission, emission by relativistic protons, asralgination of these effects (e.g., Kardashev 2000;
Kellermann 2003).

1. Doppler boosting

If the emission region in the compact radio sources areiviedtitally moving toward the observer,
the radiation from the region can be amplified, or Dopplerdbed, causing the observed brightness
temperature to be apparently in excess of the limits of lbnigés temperaturddpppler boostiny
Doppler boosting of the brightness temperature in distantces due to their redshiftis given by
the cosmologically correctddoppler factor D (Lind & Blandford 1985),

B )
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(3.35)

whered =y~ 1(1 — fcos8) "1,y = (1 — 82)~ /2, 8 = v/c, andv is the velocity of a source moving
at an anglé to the line of sight.D is the ratio of the brightness temperature in the obserfrense
to the temperature at the rest frame where the synchrotragsiEm is isotropic. The flux density
in the observer’s frame is boosted By~ “, wherea is the spectral indexy, « v*), p = 2 for a
continuous jet angh = 3 for discrete features because of the relativistic timetiditaof the features’
finite synchrotron-emitting lifetime. A more detailed dission can be found in section 2.4.3.

2. Non-stationary sources

Extremely high brightness temperatures can be achievedrirstationary sources either by inject-
ing electrons at high energy, or by balancing their cooliggiast a powerful acceleration mecha-
nism (Slysh 1992). In order to explain the excess of limitbafhtness temperature, Slysh (1992)
introduced a model for a monoenergetic electron distriuith a strongly absorbed source. Two sce-
narios were considered; (1) a time-dependent case in wigcltrens were injected at high Lorentz
factor and then cooled, and (2) another case in which a stontjnuous re-acceleration of the elec-
tron resulted in a high brightness temperature equilibritmthe first scenario in which high energy
particles are injected into the source, a brightness teatyer of 73, > 5 x 10'® K can be sustained
over 1day at a frequency of 1 GHz. In the second, a powerfudlacation balances inverse Compton
losses to provide a brightness temperaturgidf K at 1 GHz.
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3. Coherent emission

The Compton limit of brightness temperature applies onlp¢oherent synchrotron radiation. Coher-
ent emission mechanisms can be invoked for the compact sadiwes to overcome the violation of
the inverse Compton limit of brightness temperature. GelgB967) proposed a specific plasma emis-
sion model for coherent emission mechanism for compacorsalirces. In his model, the observed
emission could be due to photons with twice the plasma frecyuu,) in the nonlinear interactions
of plasma waves. These photons are subsequently scattethd plasma waves and shifted in fre-
guency bytw,, in each event. By this mechanism, photons escape with higfyies when their mean
free path is comparable with the size of the source. Wedtt&Benford (1991) found that for the
inhomogeneous beam of electrons, the radiation by beartesogton turbulent electrostatic fields
becomes partially coherent and that a specific model for amsity fluctuation statistics yields a
power-law radiation spectrum greatly exceeding synchrogmission. Although more suggestions
for a coherent emission from compact radio sources are diydresch & Pohl (1992), Krishan &
Wiita (1994), and Benford & Lesch (1998), the arguments rgfatoherent emission point out that
existing models for coherent emission in compact radiocEaihave not taken into account how the
microphysics is related to macroscopic model (Melrose 2002luding the source of the free energy,
the emission mechanism itself, and the escape of the raxiati

4. Relativistic protons

The synchrotron emission by relativistic protons can havégher brightness temperature than by
relativistic electrons. In Jukes (1967) the proton syntibroemission was first considered to explain
the radio emission from the central regions of compact radiarces, and an analogous mechanism
for the emission from pulsars was discussed in Pacini & RE®8(). Since the limit of the brightness
temperaturd;, scales with the mass of the particleBsx m?/7 (Kardashev 2000), the ratio of the
mass of the proton to the mass of the electron gives a fact@npfmc)9/7 = 1.6 x 10*, changing
the limit of 102 K into 1.6 x 106 K. This model requires that the source be optically thickriatqn
synchrotron emission and optically thin to electron syontdom emission, preventing synchrotron ab-
sorption by relativistic electrons from reducing the biiggss temperature to the self-absorption limit
for electrons, which ig0'2 K.

3.4 Relativistic jets as compact radio sources

3.4.1 Relativistic outflows

Relativistic outflow (or jet) is a common phenomenon in GREuf@na-Ray Burst), AGN (Active Galac-
tic Nucleus), and XRB (X-Ray Binary or “microquasar”) soesc GRBs evidently involve ultra-relativistic
(Voo ~ 102—10%), highly collimated ¢; ~ 2°—20°) outflows of typical kinetic energfi ~ 10°"ergs (Kulka-
rni et al. 1999; Greiner et al. 2003). They are likely powebgdextraction of rotational energy from
a newly formed stellar-mass black hole or rapidly rotatireutnon star, or from a surrounding debris
disk (see Piran 2005). Magnetic fields provide the most jiideisneans of extracting the energy on the
burst timescale (Meszaros & Rees 1997; Di Matteo et al. 20D2¢y can also guide, collimate, and accel-
erate the flow (Vlahakis & Konigl 2003).

Relativistic outflows in the powerful AGN have apparent “stlpminal” motions (see section 3.5.1) of
the apparent velocities,,,, as high as- 45¢ (e.g., Jorstad et al. 2005) in the radio regime and rapid flux
and polarization variability of a relativistic outflow compent on scales. 1 pc. Although the jets may also
contain nonrelativistic components, there is evidencetti@relativistic component persists to large scales
from kpc to Mpc (e.g., Walker et al. 2001). While the mattentemt of the relativistic outflow remains
uncertain, there are indications that protons dominatent&s flux even as electron-positron pairs dominate
the particle flux in relativistic AGN jets (Sikora & MadejskRD00). Magnetic fields are considered the most
likely driving mechanism in this scale as well (Blandford &ajek 1977; Blandford & Payne 1982).

Relativistic outflow in Galactic X-Ray binary sources (ornaiquasars) was first discovered by Mirabel
& Rodriguez (1994) and was secondly reported in anothercgofilom radio observations by Tingay et al.
(1995). The discovery makes it possible to explore the nshes by which accreting black holes and
neutron stars produce highly collimated outflows with véles close to the speed of light(Mirabel &
Rodriguez 1998). Although the measured apparent supearalmiotions in XRB sources¥,, ~ 2 — 5¢)
appear to be lower than in AGN (Mirabel & Rodriguez 1999)alue of > 15¢ has already been measured
in Cir X-1 (Fender et al. 2004a), and it has been argued tleajethLorentz factors might be comparable
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to those of AGN (Miller-Jones et al. 2006). The distinct X+igtates (e.g., low/hard and high/soft states)
and the well-defined differences in outflow properties destiaite that the relativistic outflow is intimately
connected with the central engine (e.g., Fender et al. 2004b

Since the relativistic jet is the ubiquitous phenomenorhmmost prominent astronomical objects, in-
cluding AGN, we can obtain powerful insights into the pramssgoverning the creation, physics, and be-
havior of relativistic jets by studying, comparing, and tasting the different properties of these objects. In
order to facilitate this endeavor, the relativistic jetA@N as compact radio sources have been extensively
studied with both theoretical and observational approadiyethousands of astronomers and astrophysi-
cists. However, in an attempt to get astrophysical insigfits the parsec-scale region of the relativistic
jets, where the radio emission at mm wavelengths in VLBI ole®n is dominated, this short section of
“relativistic jets” concentrates on the aspects of thetrgfdic jets in AGN that appear to relate most closely
to the parsec-scale region: innermost region of relaievjsts, accelerating and decelerating jet models, and
composition of the relativistic jet in AGN.

3.4.2 Innermost region of relativistic jets
Jet formation

Relativistic jets in AGN are formed in the immediate vicinitf the central black hole, and they interact
with every major constituent of AGN (see Lobanov & Zensus@O00The relativistic jets are currently
known to be driven from either the inner accretion disk (Hhajieet al. 2003) or the ergoshpere of a rotating
black hole (Koide et al. 2002; Semenov et al. 2004; KomissaB®5). The origin of the jet, however, is not
directly imaged with the existing astronomical facilitid$he most upstream feature in the radio jet (the core)
in VLBI observation does not represent the origin of the jete core isgenerallybelieved to represent a
section of the jet where the optical depth at the observiaguency is unity (Konigl 1981; Lobanov 1998b;
Lobanov & Zensus 1999). Through the region between therodagd the radio core of the jet, the energy
from the origin is transfered to the core by a disturbancsipgshrough it (Marscher & Gear 1985). The
jetis known to be collimated and accelerated by a twistedtiileely a poloidal magnetic field (e.g., Meier
et al. 2001), which could be perturbed and generate thertatae, and to be structured with an extremely
relativistic “spine” surrounded by a slower, funnel-shagsheath” (see, e.g., Punsly 1996; Meier 2003;
McKinney 2005). In this model, the spine structure probatdpsists of electron-positron pairs and the
sheath contains normal matter (electrons and protons).

Ultracompact jet

The physical conditions in the immediate vicinity of the tahblack hole, where the jets are formed,
determine many aspects of the jet evolution at larger scdles scale of this “ultracompact” region of the
jetis estimated to be 0.1 — 10 pc (Lobanov 1998b; Lobanov & Zensus 2006). While the jet semuaghly
self-similar on parsec scales (Marscher 1995), it is nayikhat the jet will remain so all the way down
to its origin (or the launching site) adjacent to the cengragine. This changing point is indicated by the
frequencyy,, at which the spectrum of the source starts to be steep. Behismgoint the jet emission is
optically thin. Impey & Neugebauer (1988) found that thegfrencyv,,, of compact radio sources is in the
range of tens to> 1000 GHz. The angular size of the core at this point can be estoinayethe value at
43 GHz (Marscher 2006 R or 1, ~ Recor,43(43 GHz /vy, ), WhereR o, 43 ~ 50uas. For a source with a
redshift of order 0.5 and,, ~ 86 GHz, the size translates to 0.15 pc, and if the source has the frequency
vm ~ 1000 GHz then it is0.013 pc (a few 10'cm), which is small but still hundreds of gravitational radii
even forMpy ~ 10° M.

The ultracompact jet becomes visible in the radio regime iaratcessible to high-resolution VLBI
observations (Junor et al. 1999; Krichbaum et al. 2006andny VLBI observations, the ultracompact jets
observed on sub-parsec scales show strongly variable laldiyyeolarized emission, and in many cases, the
emission is optically thick.

These characteristics of ultracompact jets as well as tttelat the core is usually the brightest com-
ponent in the jet, can be explained by smooth changes ircfedensity of the flowing plasma (Lobanov
& Zensus 1999). The acceleration of the flow is gradual, sbttteagreatest Doppler beaming occurs some
distance from the central engine (see, e.g., Vlahakis &igl&#004). Furthermore, the flow should start out
very broad and become more collimated as it acceleratessiomam. The acceleration and collimation of
relativistic jets are observed with VLBI observations (Juat al. 1999; Bach et al. 2005; Krichbaum et al.
2006a)
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Figure 3.5. Sketch of accelerating jet model and decelerating jet modédtaken from Marscher 1995).

There are other explanations for the ultracompact jets. @ribem is that the core is a conical “re-
collimation” shock that accelerates particles and amglifie component of the magnetic field that is parallel
to the shock front without decelerating the flow too seve(Blgly & Marscher 1988; Gomez et al. 1995;
Bogovalov & Tsinganos 2005). The expectation of this sifigdi model is quite comparable with VLBI
observations (see Cawthorne 2006). According to this mitieultracompact jets would then be the first
conical shock if it could be imaged at= v,,,. However, at lower frequencies the secondary standing<shoc
would be seen, which are indeed revealed in VLBI images (@t al. 2001; Kellermann et al. 2004).

3.4.3 Accelerating and decelerating jet models

There are at present two main models accounting for the wdits@ns of the relativistic jets. In the accel-
erating jet model (Blandford & Rees 1974; Maraschi et al.2)%h external pressure (hydrostatic and/or
magnetohydrodynamic) that decreases along the jet axdsaad collimating agent. The internal energy of
the plasma is converted to bulk kinetic energy and the jetéglerated and focused. The electrons interact
with a predominately random magnetic field and cool througickrotron radiation and adiabatic expan-
sion. In this model the synchrotron emission at UV, opticad éR frequencies is confined to the region
closest to the central engine, opaque to the radio emissitwe. radio emission is produced outside this
region, with the maximum intensity occurring where the lmdeefactorl” is highest. Following this model,
self-Compton scatteregt and X-rays are produced in coincidence with the synchnermission in the UV,
optical and IR bands closest to the central engine and irettiie core as well. Moreover, inverse Compton
reflection of optical and UV photons produced by the accretiisk would take place in the vicinity of the
central engine, again producing X- angay emission.

In a model considering a decelerating flow of relativistisipons and electrons (Melia & Konigl 1989),
the jets are assumed to be accelerated to super-relatimtentz factors by hydrodynamic and electro-
magnetic processes close to the black hole, and are Condpagged td", < 10. In this model the UV
photons produced by the accretion disk are up-scattered émdy-ray energies. Radio and infrared syn-
chrotron emission (plus self-Compton scattered X-gimdy emission) is produced where the Lorentz factor
decreases down to a value-010.

As is shown in Figure 3.5 for the accelerating jet and deeélay jet models, the relative position of
the emission region at each wavelength is quite model degpéndBoth models connect the emission in
the different wavelengths, and the location along the je¢netihe emission takes place, so in principle it
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should be possible to discriminate between models and lawe #sight to the nature of the inner jets in
compact radio sources by means of multifrequency obsenatiln particular, the careful measurement of
the time lags, during outbursts, between various wavehamuieipally the high and low energy bands, and
the measurement of the relative amplitude of variabilityha high and low energy bands can distinguish
the two models. Another way to test these jet models is dssmlig section 3.5.3.

3.4.4 Matter content of jets

One of the most important issues about the relativistic gétsompact radio sources is their nature and
composition:Are they made up of a normal (electron—proton) plasma, a fel&ctron—positron) plasma,
or a combination of the twa? Answering this question or constraining these possigdliis crucial for
understanding the physical processes occurring withinglagivistic jets. However, with the 40-years study
of the relativistic jets, the question has been poorly amsdie Arguments and evidence in favor of each
composition are actively being advanced, but they are abinitj each other.

1. Electron—proton plasma: Heavy jets

The radio observations tell us that the relativistic el@asrand the accompanying magnetic field must
exist in the relativistic jet to produce the synchrotron &sion. There is presumably another charged
particle species carried outward with the electrons andetigfield that provides charge neutrality,
but its nature has remained generally obscure and obsamad$i inaccessible. Hence, indirect ar-
guments have been put forward to favor various candidaties, &s positrons, protons, and possibly
other species.

Celotti & Fabian (1993) advanced arguments in favor of etectproton jets. Using synchrotron self-
Compton constraints from radio-core observations andinéion about the energetics of jets from
radio-lobe studies, they showed that in the case of purérefepositron jets, the required number of
electron-positiond*e ™) pairs is too high to be delivered from the central engine.

From X-ray observations of blazars associated with ogtie@lent variable quasars, Sikora & Made-
jski (2000) place constraints on the pair content of thea-doliid quasar jets. They exclude both pure
light jets, as these over-predict the soft X-ray flux, andepugavy jets as these predict too weak non-
thermal X-ray emission. Although the pair number densitiaiger than the proton number density,
the jets would be dynamically dominated by the protons.

2. Electron—positron plasma: Light jets

Dunn et al. (2006) found that low power radio sources, sudi&sand Perseus (3C 84), are predom-
inantly composed of an electron-positron pair plasma, ajeils associated with powerful sources are
energetically dominated by a proton component. They hamsetier, no robust explanation of such a
discrepancy between results supporting electron-pradonimiated jets and their work.

Circular and linear polarization observations of jets carubed to constrain the low-energy patrticle
distribution, the magnetic field strength and the partiocletent. Depending on whether this is intrinsic
to the synchrotron emission or produced by "Faraday coiu@r®f linear polarization to circular,
different limits can be set on the low-energy particle disttion (e.g, Homan 2005).

Wardle et al. (1998) measured circular polarization fromZ3®@ and, considering that most likely
this results from Faraday conversion, set an upper hnit, < 20, which would be evidence for
electron-positron jets in this source. Further obsermatmf PKS 0528+134, 3C 273 and even 3C 84,
detected circular polarization, but no limits op;, have been determined (Homan & Wardle 1999,
2004). In any case, more recently Ruszkowski & BegelmanZp8i@owed that the observations of 3C
279 could be consistent with both types of jet, by arguing tivalinear and circular polarizations ob-
served could, depending on the field configuration, be ctargisvith different plasma compositions.
Therefore, no strong conclusion can (yet) be drawn on suasorements.

3.5 VLBI observations as a tool to investigate relativistigets

The underlying physics of jets in compact radio sources earebealed by high angular resolution VLBI ob-
servations, since many of the compact radio sources arégtt nd highly variable, and emit over several
decades in wavelengths. For about 40 years, many attemiptsthe VLBI technique to reveal the nature
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Figure 3.6. Apparent superluminal velocity as a function of the viewingangle for v=1.5,2,4,5,10. The black dotted line shows
the maximum velocity Bapp,max(= B7) at the anglefmax (cosOmax = B).

of the compact radio sources have been made. As the VLBI igebiis developed the attempts are largely
stratified into four categories: multi-epoch observatimwyti-frequency observation, polarization observa-
tion, and survey observation. For one particular sourég natural to make a large observational campaign,
including all of the first three categories for investiggtithe kinematics, spectral evolution, and polariza-
tion of the source. For statistical studies of many (exg100) sources or a pre-survey to support frontier
projects (e.g, mm-VLBI or space-VLBI observation), a lasgevey should be made with a large (sometimes
complete) sample. Here, we discuss the observable featiites compact radio sources through VLBI ob-
servations in the categories defined above except for gatéwn observation and in particular suggest the
way to investigate the relativistic jet models with VLBI say observations.

3.5.1 Multi-epoch VLBI observations

Since many of the compact radio sources are highly variabtadio frequencies, observing them in a
very short time interval should give rise to very interegtiasults for possible structural changes.In the early
1970s, VLBI observation (Whitney et al. 1971) discovereihteresting phenomenon: the apparently faster-
than-light expansion between components in the milliaresd-scale structure, referred tosagerluminal
motion which had been predicted by Rees (1966). Since the firsbaisg, the phenomenon has been
observed in many other compact radio sources (see Zensusi&dPel987). The apparently faster-than-
light velocity B.pp (in light speed units) is derived from a simple geometry #ratemission region at a
cosmological distance moves with a relativistic spead an anglé to the line of sight, taking into account
time dilationdue to the relativistic Doppler effect:

(sin @
1— Bcosb’
where = v/c andc is the speed of light. Whefi — 1 (y > 1) the apparent velocity is very sensitive
to the intrinsic velocitys and the viewing anglé as shown in Figure 3.6. The maximum apparent velocity

Bapp,max IS Obtained by solving?% =0:

(3.36)

ﬁapp =

ﬁapp,max = 5’77 (337)

at the viewing anglé,,..., = cos~! 3. The apparent velocity is also related with observationhles such as
redshiftz, the dimensionless Hubble constantassuming thatl, = 100k km/s/Mpc), the cosmological
density parameter of matté,,,, and the measured angular proper motiofn mas/year):

Omz+ (O —2)(V1+Qmz—1)

Bapp = 94.9 1 oz . (3.38)
Here we have takefi,,, = ©D1,/c, whereDy, is the luminosity distance, given by:
Qm Qm —2)(V1I+Qmz—1
py, = 2¢ [Im2 € = DVI+ 8z = D] (3.39)

Ho 0z
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Figure 3.7. (a) Component tracks near the core of 3C345 and (b) positionrayle of the ejection point of the different components
(they are referred to as C1,C2,C3,...etc) (taken from Klareet al. 2005).

Since for objects at ~ 1 a superluminal motion at a velocity af) c can be obtained from measuring a
proper motion of a few tenths of a mas/year, one has to keeptonimg over many years for measuring
velocities ofl c or even less.

Detailed long-term monitoring of 3C 345 for 20 years has ghtivat many jet components have been
ejected and apparently speeded up to superluminal vedsditinwin et al. 1983; Zensus et al. 1995a;
Lobanov 1996; Ros et al. 2000; Klare et al. 2005). The sperdgaths of successive components are
different and in particular the trajectories of successivaponents are strongly curved. The different paths
and position angles of the different components are showigiare 3.7. The superluminal motion is known
to be observed when the relativistic jets move with high ntzdactor (e.g.;y ~ 10) at a very small angle
to the line of sight. If the viewing angleis ~ 1/~, the maximum apparent velociti6s,, max Of yc can be
observed. In this case the small change in the true jet aaglbe magnified and then produce the apparent
velocity and angle changes. The detailed analysis of thg-term monitoring of the highly variable com-
pact radio sources suggests a possible precession of thefakie ejection (e.g., Klare et al. 2005; Agudo
et al. 2005).

3.5.2 Multi-frequency VLBI observations

In the radio regime, the compact radio sources emit overraedecades in wavelength. In order to in-
vestigate the physics of the compact radio sources, edlyezidhe milliarcsecond-scale (or parsec-scale)
jets, VLBI observations at several radio frequencies ghbel carried out. The compact “core” seen in the
VLBI map at each frequency is to be understood as a regionthedrase of the jet where radio emission is
first seen, at the transition point where its optical deptiatising over from optically thin to optically thick
towards the origin of the jet. It was suggested and confirmedlBI observations that the core is closer
to the jet base at higher frequencies, with a frequency digese of roughly—! (Lobanov 1998b). Figure
3.8 shows the frequency-dependency of a core positionngdkio account the core shift, multifrequency
VLBI monitoring made it possible to study the spectral etiolu of the parsec-scale jet in the quasar 3C
345 (Lobanov 1996, 1998a; Lobanov & Zensus 1999). The coedbitata at different frequencies can be
used to derive the basic properties of synchrotron specttiaeoVLBI core and the jet components: the
spectral index distribution, the turnover frequency, timaover flux density, and the deduced magnetic field
strength across the core-jet structure. The distributich@turnover frequencies of the parsec-scale jet in
3C 345 is shown in Figure (3.9).

3.5.3 VLBI surveys

Throughout much of the electromagnetic spectrum, surveynabservational area have been used effec-
tively to study the nature and environments of the compatibrsources, because of their complex structure
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Figure 3.8 Sketch of a “core” position at different frequencies (takenfrom Lobanov 1996).
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Figure 3.9. Distribution of the turnover frequency of parsec-scale jetin 3C 345. The contours are drawn at 0.1...15 GHz, which
are indicated with numbers. (taken from Lobanov 1998a).
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and various emission mechanisms. The data from the Spitresys (Fadda et al. 2004) in the far-infrared
regime have already yielded a fundamental result on obsoaria compact radio sources (AGN) (Urry &
Treister 2005). The optical data from deep surveys sucheasnigoing SDSS survey (York et al. 2000)
have addressed the structure and demographics of AGN (Hetkital. 2004), and the AGN-SMBH co-
evolution (Urry & Treister 2005). The extensively large alzases from many other surveys like ROSAT,
IRAS, ISO, SIRTF, FIRST and NVSS, and deep observationsthgHST, XMM, and Chandra have trig-
gered the activity of AGN research.

Since VLBI makes it possible to observe the close vicinityhaf central engine of the compact radio
sources, a number of ground and space VLBI surveys have akso bndertaken to study the nature of
jets in the compact radio sources. In the centimeter regimaditst VLBI imaging survey with a sample
of 65 powerful compact radio sources has been carried ouebysBn & Readhead (1988) (referred to as
the Pearson-Readhead survey or PR sutyeyho found out the fundamental morphology of the compact
radio sources: asymmetric core-jet structures, compawirstric structures, etc. The asymmetric core-jet
structure can be explained IDoppler favoritism Objects with jets oriented close to the line of sight have
their flux density strongly Doppler boosted, and so they aegepentially found in flux-limited samples
of sources chosen at centimeter wavelengths (e.g., Veeme&uiCohen 1994). Later on the series of the
Caltech-Jodrell Bank VLBI surveysCJ1 (Polatidis et al. 1995; Thakkar et al. 1995; Xu et al.5)%nd
CJ2 (Taylor et al. 1994; Henstock et al. 1995), have been rtaiden, increasing the number of sources
imaged up to 200 and lowering the flux density limit§o> 0.35 Jy. The large sample of CJ1 and 2 made
it possible to study cosmological evolution of the compaatio sources and misalignment between pc-
and kpc-scale structures. The data of nearly 300 sourcémigaltech-Jodrell Bank Flat-spectrum (CJF)
survey (Taylor et al. 1996) have provided a homogeneous Eaengample integrated from the PR, CJ1 and
CJ2 surveys.

At a higher frequency (15 GHz), but still in the centimeteginee, the VLBA 2 cm Surveyhas made use
of the Very Long Baseline Array (VLBA), which is a dedicatetl B instrument with an array of ten anten-
nas, to yield 171 sources imaged at multi-epochs and 25@ssanalyzed with visibility data (Kellermann
et al. 1998; Zensus et al. 2002; Kellermann et al. 2004; Kawat al. 2005). This survey has revealed a
wealth of information about morphology, kinematics andletion of radio-emitting material in the nuclear
regions and relativistic outflows in AGN on sub-parsec scai#atistical study of the kinematics showed that
the jets are moving always outwards from the core and maslylike jet flow seems to follow a continuous
path. The distribution of the apparent speeds showed tkatdty high Lorentz factorsy(> 25) are quite
rare in the relativistic jets of the compact radio sourcese Visibility analysis showed that the brightness
temperature estimates and lower limits for the VLBI core poments typically range betwedg!! and
1013 K, but they extend up t6 x 103 K, apparently in excess of the equipartition brightnesspermature
or the inverse Compton limit for stationary synchrotronrses. At low frequencies (e.gs; 20 GHz) what
is seen as the core in VLBI images should be the section oktheljere the optical depth is roughly unity
at the frequency of observation. In that case, the measuigltibess temperature will indicate the ratio of
relativistic electron to magnetic energy density, follogrthe formula for the ratio of the relativistic electron
ure 10 magnetic energy density,,, as shown in Readhead (1994):

Urc

o T'°505, (3.40)

Umag

whereT} is the rest frame brightness temperature &pds the flux density at the self-absorption turnover
frequencyr,,. Homan et al. (2006) have analyzed the dataset of the beghttemperatures from the
visibility analysis (Kovalev et al. 2005), finding that cerare typically near equipartitiod{ ~ 3 x 10'°K).

It should be noted that the “core” seen at 15 GHz does not septahe base of the jet, since the turnover
frequency, below which the synchrotron self-absorptiotiaminated, is usually at short millimeter or even
sub-millimeter wavelengths (see Impey & Neugebauer 1988).

The VLBA 2cm Survey was followed by a long-term, systematidl-Stokes imaging survey of a
large complete sample in which the selection effects aréuvlerstood: the Monitoring Of Jets in AGN
with VLBA Experiments (MOJAVE) prograf(Lister 2003a; Lister & Homan 2005; Homan & Lister
2006). There are many other ground-based VLBI surveys ircéméimeter regimes for various purposes:
VIPS (Taylor et al. 2005), VCS (Beasley et al. 2002; Fomadtral. 2003; Petrov et al. 2005, 2006; Kovalev
et al. 2007), RRFID (Fey et al. 1996; Fey & Charlot 1997, 2088 VLBApIs (Fomalont et al. 2000).

lpearson-Readhead and Caltech-Jodrell Bank surveys: wiwwealtech.edu/ tjp/cj/
2VLBA 2 cm Survey: www.cv.nrao.edu/2cmsurvey/
3Monitoring Of Jets in AGN with VLBA Experiments (MOJAVE): ww.physics.purdue.edu/astro/MOJAVE/
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Figure 3.1 Prediction for flux density per unit length of relativistic j ets by various jet models. (Marscher 1995,taken from).

Since the resolution of VLBI imaging is proportional g B, where) is the wavelength and is the
length of the baseline, higher resolutions can be achieyeekiending the baseline as long as possible,
or by going to the higher frequencies. One way to achieve ifjleen resolution is using the VLBI array
with antennas distributed over the world (global VLBI) or ra@xtreme way, putting an antenna above the
Earth (space-ground VLBI). The extreme idea had come trdebaen devoted to study the compact radio
sources. A space VLBI survey has been conducted, being l¢tkbySOP (VLBI-Space Observatory Pro-
gram) mission (Fomalont et al. 2000; Hirabayashi et al. 26@@iuchi et al. 2004; Lovell et al. 2004; Scott
et al. 2004). An 8-m telescope shipped on the dedicatedisateimed HALCA has provided the longest
baseline to ground based telescopes, yielding high angesatutions of up to 3 times greater than with
ground arrays at the same frequency. The VSOP survey enabtedtudy the sub-milliarcsecond structure
of a flux density-limited sample of compact radio sourcestarmbtain higher brightness temperature mea-
surements well above the inverse Compton limit, confirmimgDoppler boosting effect to the brightness
temperatures.

Another way to achieve higher resolution is to go down to sharvelengths (e.g., 86 GHz). Althoughthe
large atmospheric phase and amplitude errors make thetfidélimm-VLBI” imaging worse, four major
mm-VLBI surveys have been carefully carried out (Beasleglefi997; Lonsdale et al. 1998; Rantakyrd
et al. 1998; Lobanov et al. 2000), yielding a total of 24 btighurces imaged out of 124 sources observed.
Comparing with the surveys in the centimeter regime thd tatmber of sources imaged in the millimeter
regime is too small to conduct the statistical analysis camalple to that done at centimeter wavelengths.
Since the turnover frequency, however, is usually at mm bfram wavelengths, mm-VLBI survey can be
used to investigate the innermost region of compact jets@tebt observationally the inner jet models (see
section 3.4.3 and 3.4.4). The prediction (see Figure 3rbd) the jet models (see section 3.4.3) led to the
fact that the flux density per unit length of a relativistit, jéS, /dR, along the distance from the origin,
R, shows a slope of-2.8 in an outer regionf > R.) of the jet and the varying slopes of -1 to 1 in the
inner region R < R.) depending on the models (Marscher 1995). The spectrumeofitit section of
the jet peaks at a progressively higher frequency as onedmashe section closer to the origin of the jet.
Since VLBI observations generally show that the seof a component should be inversely proportional
to the peak frequencyf,) of its spectrum, the factar?Q) in (2.55) is constant andS, /dR o Tiu.
Therefore, it is implied thal”;, o« v* with ¢ = 2.8 below a critical frequency., which is corresponding
to the peak frequency of the spectrum of the secfianand with—1 < ¢ < 1 beyondv,., depending
on the jet models. By measuring the intrinsic brightnesgtenatture at several frequencies (e.g., 15 GHz,

4Highly Advanced Laboratory for Communication and Astroryom
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43 GHz, and 86 GHz), which should be around we would be able to constrain the physical conditions
(e.g., composition and dynamics) of the innermost regioroofipact sources.

Data from the VLBI surveys have also been used effectivelyaftdressing the physical questions for
the compact radio sources, including AGN evolution (Shatexl. 1996) and population modeling (Lister
& Smith 2000; Lister 2003b; Homan et al. 2006), jet format{tpbanov et al. 2000), fundamental astro-
physical emission processes (Lister & Marscher 1999; iKmldean 2002), and cosmology (Gurvits et al.
1999).



Chapter 4

A Global 3 mm-VLBI Survey

4.1 Introduction

Very long baseline interferometry (VLBI) at millimeter walengths offers the best tool for imaging com-
pact radio structures on scales of several dozens of micseeonds. The first detection of single-baseline
interference fringes by 89 GHz (3.4 mm) VLBI observation wesorted by Readhead et al. (1983), demon-
strating the feasibility of 3mm-VLBI. After that, many VLBbbservations at 86 GHz have been made,
probing the most compact regions in active galactic nu@€i]). However, the number of objects detected
and imaged at 86 GHz has remained small, compared with theeuohobjects imaged with VLBI at lower
frequencies.

Sensitive VLBI observations at 86 GHz have been made forakseurces, including 3C 111 (Doeleman
& Claussen 1997), 3C 454.3 (Krichbaum et al. 1995, 1999; Bageal. 2004), NRAO 150 (Agudo et al.
2005), NRAO 530 (Bower et al. 1997), M87 (Krichbaum et al. @) 3C 273 and 3C 279 (Attridge 2001).
In order to increase the number of objects imaged at 86 GHa, detection and imaging surveys were
conducted during the 1990s, with a total of 124 extragataatiio sources observed (see Beasley et al. 1997;
Lonsdale et al. 1998; Rantakyro et al. 1998; Lobanov etG002. In these surveys fringes were detected in
44 objects, and only 24 radio sources have been successfidied. Table 4.1 gives an overview of these
surveys. The low detection and imaging rates of previoust8s €urveys were caused by the relatively poor
baseline sensitivities, small numbers of telescopes amd shserving times.

In October 2001, a large global 86 GHz VLBI survey of compaciio sources started. The survey was
conducted during three sessions of the global millimeteBVarray, which are in the transition period of the
Coordinated Millimeter VLBI Array (CMVA) (Rogers et al. 199 and the Global Millimeter VLBI Array
(GMVA)!. The main aim of this VLBI survey is to increase the total nemtf objects accessible for future
3 mm-VLBI imaging by factors of 3-5. In the following sectiome describe briefly the survey observations.
The data reduction procedure of the survey is discussedtail desection 4.3 and the imaging technique
for the 3mm-VLBI survey data is summarized in section 4.4sénation 4.5, we present the results of the
survey, including the maps of all the imaged sources, alipaters of each image, and statistical properties
of the survey sample. This chapter is summarized in sectibn 4

4.2 Survey observations

4.2.1 Source selection

The source selection is based on the results from the VLBlesgrat 22 GHz (Moellenbrock et al. 1996)
and 15 GHz (Kellermann et al. 1998), and on source fluxes mddarom the multi-frequency monitoring
data from Metsahovi at 22, 37, and 86 GHz (Terasranta €t9l8) and from Pico Veleta at 90, 150, and
230 GHz (Ungerechts, priv. comm.). Using these databasesgelected the sources with an expected flux
density above 0.3 Jy at 86 GHz. We excluded some of the beghtairces already imaged at 86 GHz, and
focused on those sources which had not been detected ordnratiee previous surveys. Sources at higher
northern declinationsiy(> —40°) were preferred, in order to optimize thg-coverage of the survey data.

1GMVA: www.mpifr-bonn.mpg.de/div/vibi/globalmm/indeixtml
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Table 4.1 VLBI surveys at 86 GHz

Ref. Nant AS Alm Dimg Nobs Nyet Nimg
®» @ ® 4) (©) (6) ™ ()

1 3 ~0.5 45 12

2 2-5 ~0.7 79 14

3 6-9 ~05 ~30 70 67 16 12

4 3-5 ~04 ~20 100 28 26 17
Total number of unique objects: 124 44 24

Properties described in this thesis
12 ~0.2 <10 50 127 121 109

Notes Columns: 1 - references; 2 - number of participating antennae; 3 aaéebaseline sensitivity [Jy]; 4 - average image sensitivit
[mJy/beam]; 5 - typical dynamic range of images; 6 - numbeonirces observed; 7 - number of objects detected; 8 - numbbjexts
imaged.References:1 - Beasley et al. (1997); 2 - Lonsdale et al. (1998); 3 - Ramtakt al. (1998); 4 - Lobanov et al. (2000).

According to the aforementioned selection criteria, altofdl27 compact radio sources was selected
and observed, consisting of 88 quasars, 25 BL Lac objectsdit galaxies, 1 X-ray binary star (Cyg X-3),
and 2 unidentified sources. The general information ab@ubbiserved sources is summarized in Table 4.2.
In Figure 4.1, the sky-distribution of the observed souiseshown.

4.2.2 Snapshot observations with GMVA

The survey observations have been conducted during thes@éoss of the global millimeter VLBI array
(GMVA) on October 2001, April 2002 and October 2002. The Idgh®e survey observations is sum-
marized in Table 4.3. It should be noted that several soumoeobserved in more than one epoch. In
Table 4.4, the technical information of the participatimgesnnae is described. The participation of large,
sensitive European antennas (like the 100-m radio telesabgffelsberg, the 30-m millimeter radio tele-
scope at Pico Veleta, thexd 5-m IRAM interferometer on Plateau de Bure) and the 8 VERAtennas
available at 86 GHz provides a single baseline sensitiViity 6.1 Jy, and an image sensitivity of better than
10 mJy/beam.

Every source in the survey was observed for 3-4 scans of tmuration $napshotnode). Although
theuv-coverage of such an experiment in snapshot mode limitsythardic range and structural sensitivity
of images, the large number of the participating antennaessa globaliv-coverage for the sources at both
low and high declinations (Figure 4.2). The data were resgrither with a 128 MHz bandwidth (epoch
A and B) or a 64 MHz bandwidth (epoch C), using the MKIV VLBI $9 in a sampling mode either of
1-bit (epoch A and B) or 2-bit (epoch C). The observationsawaade in the left-hand circular polarization
(LCP). We recorded 3-4 scans per hour, using the time betWesh scans for focus checks, pointing and
calibration. The data were correlated at the Mark IV (MKI\féafter) correlator at the Max-Planck-Institut
fur Radioastronomie (MPIfR), Bonn with an integration éraf 1 sec.

4.3 Data reduction

In this section, we describe the post-correlation proogssi the 3 mm-VLBI survey dataset. Before loading
the data from correlator into AIPS (Astronomical Image Rs®ing System) a post-processing is heeded.
By using the HOPS (Haystack Observatory Postprocessirtgi@ysnd a modified AIPS taskK4IN (Alef

et al. 2000), we are able to export a correlator output inteIMoreover a precise determination of phase-
residuals out of the correlation is essential for 3 mm-VLBkervations since the coherence time is short
(e.g., 10s — 30s), the sensitivity is low, and the fringe fitutes have to be inspected scan by scan in order
to determine whether the fringes have been detected. Weedeeahore precise determination technique in
order to detect the fringes on weaker sources for this suMéeyused the fringe-fitting progranmfeurfit -

1The VLBA is an instrument of the National Radio Astronomy @story, which is a facility of the National Science Foutiaia
operated under cooperative agreement by Associated \ditiesy Inc.
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Declination

Right Ascension

Figure 4.1 The sky-distribution of 86 GHz VLBI sources: 109 detected ad imaged sources (red), 12 detected and non-imaged
sources (blue) and 6 non-detected sources (green). Symbditars are quasars (Q), triangles are BL Lac objects (B), cicles are
galaxies (G), diamonds are unidentified sources (U) and a gjle open star represents a star, Cyg X-3 (S).
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Table 4.2 Source list

Name Obs.  a@2000 82000 Status 2 Type mv  Ss6cHz
1) (2 (3 4) (5) (6) ) (8)
0003-066 NRAOOO5 C 00 06 13.89289 —06 23 35.3356 ++ 0347 B 19.5 2.16
00074106  11Zw2 C 0010 31.00587 +105829.5038 -++ 0.089 G 15.4 0.60
0016+731 B 001945.78642 +732730.0174 ++ 1781 Q 18.0 0.84
0048-097 C 005041.31739 —092905.2103 ++ B 17.4 0.60
0106+013 4C01.02 A 01 08 38.77104 +01 3500.3232 ++ 2107 Q 18.3 1.36
0119+041 C 0121 56.86169 +04 22 24.7343 +—+ 0.637 Q 19.5 0.68
0119+115 C 01214159504 +114950.4131 ++ 0570 Q 19.5 0.68
0133+476 AB 013658.59481 +475129.1001 ++ 0859 Q 18.0 4.257
0149+218 AC 0152 18.05900 +2207 07.6997 ++ 1.32 Q 20.8 0.98f
0201+113 C 02 03 46.65706 +11 34 45.4096 ++ 3.61 Q 20.0 0.39
0202+149 4C15.05 A 02 04 50.41402 +151411.0453 ++ 0405 Q 22.1
0202+319 C 02 05 04.92537 +321230.0956 +-+ 1466 Q 18.2 1.01
0212735 AB 0217 30.81336 +734932.6218 ++ 2367 Q 19.0 0.78f
02184357 C 0221 05.47330 +3556 13.7910 ++ 0944 Q 20.0 0.58
0221+067 C 02 24 28.42819 +06 59 23.3416 ++ 0511 Q 19.0 0.59
0224+671 4C67.05 B 02 28 50.05146 +67 21 03.0292 ++ 0523 Q 19.5 1.34
02344285 4C28.07 AB,C 023752.40568 428 48 08.9901 ++ 1.207 Q 18.9 3.11f
0235+ 164 A 02 38 38.93006 +163659.2789 ++ 0940 B 19.0 1.62
0238-084 NGC1052 B,C 02 41 04.79852 —08 15 20.7518 ++ 0.005 G 12.1 0.63
0300+470 B 03 0335.24222 +47 16 16.2754 ++ B 17.2 3.11
0316+413 3C84 AB,C 031948.16010 +413042.1030 ++ 0.017 G 12.6 4.711
0333+321 NRAO140 A 0336 30.10760 +3218 29.3430 +-+ 1.263 Q 17.5 1.77
0336-019 CTA26 A 033930.93771 —014635.8040 +-+ 0852 Q 18.4 211
0355+508 NRAO150 AC 0359 29.74726 +5057 50.1615 —++ Q 7.181
0415+379 3C111 B,C 04 18 21.27700 +38 01 35.9000 ++ 0.049 G 18.0 2.371
0420+022 C 04 22 52.21464 +021926.9319 ++ 2277 Q 19.5 0.48
0420-014 B 04 23 15.80072 —01 20 33.0653 ++ 0915 Q 17.8 5.83
0422+004 B 04 24 46.84205 +-00 36 06.3298 ++ 0310 B 17.0 1.46
0430+052 3C120 B,C 04 3311.09553 +052115.6194 ++ 0.033 G 14.2 3.197
0440-003 NRAO190 C 04 42 38.66076 —00 17 43.4191 ++ 0.844 Q 19.2 0.88
0458-020 4G-02.19 B 0501 12.80988 —0159 14.2562 ++ 2291 Q 18.4 1.12
0521365 C 052257.98463 —36 27 30.8516 ++ 0.055 G 14.5
0528+134 A 05 3056.41665 +133155.1484 ++ 2.07 Q 20.0 2.02
0529+075 A 0532 39.02004 +07 3243.3466 -++ 1254 Q 19.0 1.13
0552+398 DA193 A 0555 30.80564 +39 48 49.1654 ++ 2363 Q 18.0 1.34
0605-085 A 06 07 59.69905 —083449.9798 +m 0872 Q 18.5 1.28
0607157 B 06 09 40.94953 —154240.6726 ++ 0324 Q 17.0
0642+449 B 06 46 32.02598 +445116.5901 ++ 3408 Q 18.5 1.67
07074-476 C 07 10 46.10490 +473211.1426 ++ 1292 Q 18.2 0.27
0710+439 C 0713 38.16412 44349 17.2069 — 0518 G 19.7 0.22
0716+714 B,C 07 21 53.44846 +712036.3633 ++ B 15.5 3.677
0727-115 B 07 3019.11247 —114112.6004 ++ 1591 Q 22.5
0735+178 B 07 38 07.39374 417 4218.9982 ++ 0424 B 14.9 1.23
0736+017 A 07 39 18.03380 +01 37 04.6180 +-+ 0.191 Q 16.5 2.24
0738+313 C 07 41 10.70330 +311200.2286 -++ 0.630 Q 16.7 0.47
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Table 4.2 Source list (continued

Name Obs. 2000 52000 Status =z Type my 586 GHz

» @ ©) 4) (©) (6) ™ ()
0748+126 B 07 50 52.04573 +123104.8281 ++ 0.889 Q 17.8 1.80
08044499 C 08 08 39.66627 +49 50 36.5304 ++ 1432 Q 19.1 0.38
08144425 C 08 18 15.99961 +42 22 45.4149 ++ 0530 B 18.5 0.50
08231033 A 08 2550.33800 +03 09 24.5100 ++ 0506 B 18.5 1.02
0827+243 B 08 30 52.08619 +241059.8204 ++ 0941 Q 17.3 2.16
0834-201 C 08 36 39.21522 —2016 59.5038 +m 2752 Q 19.4
08364710 4C71.07 C 08 41 24.36528 +7053 42.1730 ++ 2218 Q 16.5 1.16
08504581 C 08 54 41.99638 +57 57 29.9392 ++ 1322 Q 18.2 0.26
08514202 0J287 B 08 54 48.87492 +20 06 30.6408 4+ 0.306 B 14.0 271
08594470 0J499 C 09 03 03.99010 446 51 04.1375 ++ 1462 Q 19.4 0.42
0906+015 B 09 09 10.09159 +012135.6176 ++ 1.018 Q 17.3 2.43
0917+624 A 09 21 36.23053 +62 1552.1763 ++ 1446 Q 19.5 1.01
0945408 4C40.24 A 09 48 55.33817 +403944.5872 4+ 1252 Q 17.9 0.95
09541658 A 09 58 47.24428 465 3354.8108 ++ 0.367 B 16.7 1.16
1012+232 B 1014 47.06544 +230116.5709 ++ 0565 Q 17.5 1.01
1044+719 B 1048 27.61991 +714335.9382 ++ 1150 Q 19.0 0.87
11014384 Mk421 c 1104 27.31394 +381231.7991 ++ 0.031 B 13.3 0.58
11284-385 C 113053.28261 438 1518.5470 ++ 1733 Q 18.6 0.97
1150+497  4C49.22 C 1153 24.46664 449 31 08.8301 ++ 0334 Q 17.4 1.02
1156+295 4C29.45 A 1159 31.83390 +29 14 43.8295 ++ 0729 Q 17.0 4.42
12194285 C 1221 31.69051 428 1358.5002 ++ 0.102 B 16.5 0.36
12264023 3C273B A 1229 06.69973 402 03 08.5982 ++ 0.158 Q 12.9 10.81
1228+126 3C274 A 1230 49.42338 +122328.0439 ++ 0.004 G 9.6 4.16
1253-055 3C279 C 12 56 11.16656 —05 47 21.5246 ++ 0538 Q 17.8 16.90
13084-326 A 1310 28.66372 +322043.7818 ++ 0.997 Q 19.0 1.44
14184546 C 1419 46.59741 +542314.7872 + 0.152 B 15.9 0.93
14584718 3C309.1 C 14 59 07.58386 +71 40 19.8677 — 0.904 Q 16.8 0.65
1502+106 Cc 1504 24.97978 41029 39.1986 ++ 1833 Q 18.6 0.82
15044-377 C 1506 09.52995 +373051.1324 + 0.674 G 21.2 0.51
1508-055 C 1510 53.59143 —054307.4171 ++ 1191 Q 17.2
1510-089 C 1512 50.53292 —09 0559.8296 ++ 0.360 Q 16.5 2.10
1511-100 C 1513 44.89341 —101200.2646 ++ 1513 Q 18.5 0.81
15464027 C 1549 29.43683 40237 01.1632 ++ 0412 Q 17.3 1.04
15484-056 C 1550 35.26924 40527 10.4482 ++ 1422 Q 17.7 1.71
16064106 C 16 08 46.20318 41029 07.7758 ++ 1226 Q 18.5 1.26
16114-343 A 16 1341.06416 434 1247.9093 +m 1401 Q 17.5 1.83
16334382 4C38.41 A 16 35 15.49297 +38 08 04.5006 +m 1.807 Q 17.7 5.81
1637574 C 16 38 13.45630 +57 20 23.9790 ++ 0.751 Q 17.0 1.70
1638+398 NRAOS512 C 16 40 29.63277 +39 46 46.0285 + 1666 Q 18.5 0.50
16414+399 3C345 A 16 42 58.80995 439 48 36.9939 +m 0594 Q 16.6 6.33
16421-690 C 16 42 07.84853 468 56 39.7564 ++ 0751 Q 19.2 1.36
16524-398 DA426 A 16 53 52.22700 +39 45 36.4500 ++ 0.033 B 14.2
1655+-077 C 16 58 09.01145 407 41 27.5407 ++ 0.621 Q 20.8 1.00
17394522 C 17 4036.97785 +521143.4074 ++ 1379 Q 18.5 1.45
1741-038 C 17 43 58.85614 —03 50 04.6168 ++ 1.057 Q 18.6 4.16
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Table 4.2 Source list (continued

Name Obs. as000 2000 Status 2 Type my  SsecHz
1) (2 3) 4) (5) (6) Q) (8)

17494701  4C09.57 A 17 48 32.84008 +700550.7705 — 0.770 B 17.0
17494096 C 17 51 32.81857 40939 00.7285 ++ 0320 B 16.8 4.03
18004-440 B 18 01 32.31485 +44 04 21.9003 ++ 0.663 Q 17.5 1.07
18034784 A,C  180045.68364 +782804.0206 ++ 0.680 B 17.0 1.48
18074698 3C371 A 18 06 50.68063 +69 49 28.1087 ++ 0.050 B 14.4 1.54
1823+568 4C56.27 A 18 24 07.06809 +56 51 01.4939 ++ 0.663 B 18.4 1.30
1828+487 3C380 A 18 29 31.72483 +48 44 46.9515 ++ 0.692 Q 16.8 1.96
18421681 A 1842 33.64129 +68 09 25.2314 ++ 0475 Q 17.9 0.74
19014319 3C395 C 1902 55.93886 +315941.7020 ++ 0.635 Q 17.5 0.59
1921-293 A 1924 51.05590 —29 14 30.1210 ++ 0352 Q 17.0
19234210 B 19 2559.60537 +21 06 26.1621 ++ U 16.1 1.73
19284738 AC 19 28 00.00000 +73 00 00.0000 +-+ 0.303 Q 16.5 2.521
19544513 C 1955 42.73827 +513148.5462 ++ 1223 Q 18.5 0.66
19574+405 CygA C 19 59 28.35400 +40 44 02.1200 ++ 0.056 G 17.0
20054403 A 2007 44.94499 44029 48.6113 +m 1.736 Q 19.5 1.25
2004777 A 2005 30.99883 +775243.2493 ++ 0342 B 16.5 0.92
20134370 B 2015 28.71260 +37 1059.6940 ++ B 21.6 2.89
20214614 C 2022 06.68167 +61 3658.8047 — 0.227 G 19.5 0.58
20234-336 B 202510.84209 +334300.2145 ++ 0219 B 1.77
2030+407 CygX-3 AB  203225.76740 +405728.2794 — S
20314405 MWC349 A 20 30 56.85000 +402920.2000 — U 1.17
20374511 3C418 B 2038 37.03475 +511912.6626 ++ 1.687 Q 20.0 1.44
21214053 A 21234451727 +053522.0971 ++ 1941 Q 17.5
2128-123 A 2131 35.26150 —1207 04.7980 -++ 0501 Q 155
2131-021 C 213410.30961 —015317.2393 + 1285 B 18.7 1.15
21344004 DA553 A 2136 38.58615 +004154.2195 ++ 1932 Q 17.1 2.03
2136+141 C 213901.30926 +142335.9921 +m 2427 Q 18.5 1.03
2155-152 B 2158 06.28190 —150109.3280 —++ 0.672 Q 17.5
2200+420 BllLac A 22 0243.29138 +421639.9899 ++ 0.069 B 14.5 3.57
22014315 4C31.63 A 22 03 14.97564 +314538.2749 ++ 0298 Q 15.5 2.97
22094-236 C 2212 05.96631 +235540.5438 +m 1125 Q 19.0 0.68
2216-038 B 22 1852.03772 —033536.8794 ++ 0901 Q 16.5 0.97
2223-052 3C446 B 22 2547.25929 —04 57 01.3907 ++ 1404 Q 17.2 3.90
22344282 A 2236 22.47100 +282857.4200 ++ 0.795 Q 19.1 1.03
2251+158 3C454.3 A 225357.74786 +16 08 53.5655 ++ 0859 Q 16.1 5.97
2255-282 AB  225805.96289 —275821.2568 ++ 0927 Q 16.8
2345-167 B 2348 02.60851 —163112.0220 ++ 0576 Q 17.5

Notes Column designation: 1 - observing epocha:- October 2001;B - April 2002; C - October 2002; 2 , 3 - source coor-
dinates; 4 - status: " - not detected; %" - detected; “+m” - detected and only model fitted;++" - detected and imaged;
5 - redshift; 6 - optical classQ - quasar;B - BL Lac object; G - radio galaxy;S - star; U - unidentified; 7 - optical magnitude;
5, 6 - information obtained from Véron-Cetty & Véron (2008 - information obtained from NASA/IPAC Extragalactic 2hase,
http://nedwww.ipac.caltech.edu; 8 - total flux density] [(gbtained from pointing and calibration scan measuremerdde at Pico
Veleta); {: mean value of measurements on multiple epochs.
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Table 4.3 Log of survey observations

Epoch BitRate Frequency Sampling Bandwidth
Date Code  (Mbit/s)  Channels Mode (MHz) Sources Telescopes
@ ) 3 4 (5) (6) ™ (8
2001 October 26-29 A 256 16 1 128 48 VLBA + (Eb,PV,0n,Mh,HA)
2002 April 20-23 B 256 16 1 128 35 VLBA + (Eb,PV,0n,HA)
2002 October 24-27 Cc 256 8 2 64 60 VLBA + (Eb,PV,PdB,HA)

Notes Column designation: 1 - observation Epoch; 2 - code of egutle 3 - total recorded bit rate in Mega—bits per second;
4 - number of baseband channels; 5 - sampling mode [bit]; 6at tbserving bandwidth; 7 - number of sources observed {12 o
the 127 observed sources were observed during more thareesier); 8 - telescopes participatingLBA - Fort Davis, Hancock,
North Liberty, Owens Valley, Pie Town, Mauna Kea, Los Alami§it Peak;Eb - Effelsberg;PV - Pico Veleta;On - Onsala ;Mh -

Metsahovi;PdB - Plateau de BureHA - Haystack.

Table 4.4 Participating telescopes

Name code D G  Tsys na SEFD AS?56:30s  Threshold
(1) @ 6 @ (5) (6 (7) (8) (9)

Effelsberg Eb 100 0.140 130 0.07 929 20 143
Haystack HA 37 0.058 200 0.15 3448 39 273
Plateau de Bure  PdB 31 0.180 120 0.65 667 17 121
Pico Veleta PV 30 0.140 120 0.55 857
Onsala On 20 0.053 250 0.45 4717 45 321
Metsahovi Mh 14  0.017 300 0.30 17647 89 621
Fort Davis Fd 25 0.034 120 0.17 3529 40 278
Hancock Hn 25 0.035 120 0.17 3429 39 274
North Liberty NI 25 0.055 270 0.17 4909 47 328
Owens Valley Ov 25 0.020 100 0.17 5000 47 331
Pietown Pt 25 0.024 100 0.17 4167 43 302
Kitt Peak Kp 25 0.025 110 0.17 4400 44 310
Los Alamos La 25 0.051 160 0.17 3137 37 262
Mauna Kia Mk 25 0.023 100 0.17 4348 44 308

Notes column designation: 1 - name of the participating telesgdp- abbreviation of the telescope name; 3 - diameter [m]; 4 -
typical zenith gain [K/Jy]; 5 - system temperature [K]; 6 -eafpre efficiency; 7 - typical zenith SEFD [K] obtained frohetformula,
SEFD = Tsys/G; 8 - baseline sensitivity [mJy] on baseline to Pico Veletsuaming a recording rate of 256 Mbps and a fringe-fit
interval of 30 seconds; 9 w7detection threshold [mJy].
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of the HOPS package aeRING in AIPS. In the following sections, we describe the procedufrsuch a
essential post-correlation processing for the 3 mm-VLBVey presented in this dissertation.

4.3.1 Fringe-fitting: fourfitand FRING

1. Loading the output from correlator

When we loaded the output from the correlator, it consisfemsanany directories as the number of
scans observed. Each directory contains three kinds of R@©OTfile (type O file, ASCII, one per
scan), correlated data file (type 1 file, binary, one per lrsé@hcluding autocorrelation), station file
(type 3 file) (Alef et al. 2000). We construstformatfile for summarizing correlator data files, using
a taskalist in HOPS package. With the A-file, one can investigate, sodt edlit the correlated or
fringe-fitted data.

2. Fringe-fitting withfourfit
Using the fringe-fitting progranfpurfit, we monitored the quality of the correlated data and deter-

mined precisely the residuals of the fringe-rate and dedayaining after the correlation. The specific
procedure for the fringe-fitting consists of three steps:

e to run the firstfourfit with a wide search window (e.g. a width ofusec for singleband delay,
2 usec for multiband delay and 500 psec/sec for delay rateposshtit zero point,

e to calculate a mean value and rmas of the determined (or detected) residuals on each baseline
and run the seconiurfit with ano - search window, which has a width 2& with an offset of
the mean value,

e and using the residuals determined for the detected soamsterpolate the offset of the sin-
gleband delay for non-detected scans, and then, run thefdindit with a interpolatedsearch
window with a width of 0.0Z:sec for singleband delay, centered at the offset interpdlat

Since the probability of false detection for fringes coull feduced, i.e. the signal-to-noise ratio
(SNR) threshold for detection is lowered from 7 to 5, by naing the search window of fringe fit,
more weaker sources are detected (see section 4.3.2). fdmdeals should be exported to AIPS,
sincefourfit gives a more precise estimate of the detection threshoidth@aFRING in AIPS.

3. Exporting data to AIPS witMK4IN

Since all MKIV correlators are lag based, which implies tthat correlated data are complex numbers
in delay-space, whereas AIPS expects data in the crossapdomain, one requires an interface
program in order to export the raw data from the MKIV correfainto AIPS. A program, called
MKA4IN , was written by Alef & Graham (2002), which uses the raw dathe cross-spectral domain
written by fourfit as an input. UsingIK4IN , the data are exported into AIPS following the steps
below;

e Selecting data
The final data-set is selected, using the HOPS taskfit andlinkdata. Once we are satisfied
with the fringe fitted data byourfit, we sort the data in the order of the observed date, time
and baseline served, usiagdit. For a more sophisticated selection such as removing duglic
data by getting rid of bad data with extraordinarily shotegration times (which makes data
looking good with high SNR) and choosing good data with SNR, we used a script, called
best52mkdwritten at the MPIfR. Based on the A-file of summarizing thiede fitted, sorted
and edited data, we createdrarror data directory with the tasknkdata. This mirror data
directory servetMK4IN as an input.

e Reading data
MK4IN in AIPS reads the ovex-file (Alef et al. 2000), sets up the Ale&der and creates the
AN, SU, and FQ tables, which contain the information aboutipi@ating antennas, observed
sources and observing frequencies, respectively. The-@actra, théourfit solutions, and the
correlator model are read, reformatted and written to a &/fhe BS table, and the CL table,
respectively. The BS table contains the baseline delagaadl phase solutions. The CL table is
a table for the calibration parameters. The input pararaéteMK4IN are 32 lags (NCHAN),
0.05 minutes of CL table increment (CLINT), 0.5 of weightekhold (WTTHRESH), 7.2 of
SNR threshold.
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e Sorting and indexing data

The AIPS data files created BMK4IN are in an arbitrary order. They are sorted in time-baseline
order using the AIPS tasklVSRT. The AIPS tasKNDXR creates an index (NX) table and
indexes the UV-file.

e Running BLAPP

The baseline-based residuals from the BS table generatddkisyN are used to derive the
antenna-based residuals and create a first solution (SK)wath a slightly modified version of
BLAPP.

4. Fringe fitting withFRING

Once the data are correlated and fringe-fitted \atlrfit and exported into AIPS witMK4IN , they

are in principle ready to be calibrated and then imaged.eSoafit makes use of manual phase-cals,
one can define the necessary phase correctiondauitfiit. However, there are residual phase errors
such as a gradient in phase between IFs (due tmtiié-banddelay) and also small gradients within
each IF (caused by thg@ngle-banddelay). These phase errors are mainly caused by the unéleida
correlator model errors for each station, that is errorbingeometrical time delays for each station,
arising from propagation effects through the troposphsgedre in mm-wavelength) and ionosphere,
inaccurate Earth geometry, etc. So, it is assumed thatitigde-banddelay is the same in each IF;
therefore the difference between thelti-bandandsingle-bandielays should be constant for a single
telescope during the observation. In addition to thesaugaqy dependent phase errors, the phase also
suffers from the time-variable phase variatiopisase rateswhich is equivalent to the residual fringe
rate.

It is one of the main purposes of fringe-fitting with the t&dRING (antenna-based fringe fitting) of
AIPS, to correct these frequency- and time-dependent prases for each antenna. And the other
purpose of this step is to detect fringes for weaker sourassdon thglobal fringe-fitting (Schwab

& Cotton 1983). Although the fringes for weaker sources halveady been fitted to each baseline
with fourfit (baseline-based fringe fitting), it is necessary to fringeéhfée data withFRING again
with lower SNR threshold and narrow search window in ordeyiétd the detections afion-detected
sources or baselines. For achieving these goals, the proecedifringe fitting withFRING in AIPS

is as follows;

e Applying fourfit solution

Apply the phase solution of thiurfit-MK4IN -BLAPP run to the data in order to start the
calibration with baseline-based fringe fit solutions.

o Reference antenna and solution interval

Select the appropriate reference antenna and the optirhaiosointerval for the subsequent
fringe fits. Since “Pico Veleta” is the most sensitive anegeamong the rest (see Table 4.4), it
serves the fringe fits as the reference antenna for the datad with European and VLBA
antennas. In case of sources observed only with VLBA, “FatiB’ is selected as the reference
antenna. Due to the tropospheric effect over each anten@ghiase of each baseline varies in
time with a time scale of0 ~ 20sec at 86 GHz. However, the solution interval for fringe fit
should exceed the time scatmherence timgn order to achieve a higher SNR for a true fringe
search of weak sources. The full length of a single scan (Tta#) is selected as the solution
interval for the subsequent fringe fits.

e Manual phase calibration

Select a single scan on a strong source or other source thest lgigh-SNR fringe solutions
(the residuals; single-band delay, multi-band delay ate) @ver all antennas. In case that such
a scan does not exist, select another scan which has godtbeeléor the missing antennas
(including the reference antenna) and combine fringe fiitgmis from those scans into a single
solution table. Fringe fit on the data with relatively high Bkhreshold (e.g: 7), since the
source is quite strong and core-dominant. Apply the fringsdiutions to the other sources.

e GlobalFringe fit on the whole data

After applying the manual fringe fit solutiolobal fringe fit the whole data using one baseline
for coarsesearching. Assuming that single-band delays in each IFharsame, during &lobal
fringe fit, the difference between model phases and meagiraskes is minimized by solving
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for the antenna-based instrumental phase, rate, and défleredce between single- and multi-
band delays for each antenna. In order to avoid false detes;tfringe fit the data with the
SNR threshold of 5 and the searching-window widths of 100orsecond for delay and 300
mHz for rate, and then fringe fit the data again with 4.5, 100oasecond and 200 mHz for
SNR threshold, delay-window width and rate-window wid@sspectively. After each fringe fit,
the solutions detected from strong sources are appliecetadfacent weaker sources by linear
interpolation.

4.3.2 Fringe detection

Fringes were first searched for each baseline. With the gigdoarrowing search window of the single
band delay, the total number of fringe detections for theeyudata increased by up to 20%. Figure 4.3
shows the number of fringe detections for each baselinegbeftd after applying the window-controlling to
the baseline-based fringe fittinfp(rfit). During the fringe fitting fourfit finds the signal within the search
windows with widths ofll,q, IT,,,q andIly, for the single band delay, the multi band delay and the delay
rate, respectively, and calculates the SNR of the signagjudge the quality of the detection, the probability
of false detection®FD) is estimated, which is given by

PFD = 1— [1 — e SNE*/2]n o e~ SNE*/2, (4.1)

where n is the number of independent points in the threetineal search over single band delay, multi
band delay and delay rate, and sox IgpqllLpallg,- If there is atrue fringe signal which has a SNR 6
andwell-behavedesiduals (e.g. single band delay) along the stream ofuwakidn time, the signal should
be detected with a narrow search window. Figure 4.4 showsahioue fringe signal with SNR of 6.3 could
be found by narrowing the search window. With wide searctoaivs and so higPFD of 2.1 x 1073, we
could not find the fringe signal of 2209+236 for the baselihelaystack-Pico Veletaupper pané), while
with narrow windows and so loWwFD of 9.3 x 109, the fringe signal was found with tH&inge quality
of 9 (lower pane). TheFringe qualityof thefourfit program is judged by several criteria, ranging between
0 to 9, whereD means non-detection of the signal ahtb 9 mean, in principle, detection. Among those
criteria, the most crucial one BFD. If PFD < 104, then 0 is given, whereas#FD > 10~4, 1 to 9 would
be given with a few indication letters of error accordinghe test of the criteria.

With the fringe fit offourfit, 121 out of 127 observed sources have yielded fringe detectvith SNR>
6. Figure 4.5 shows the fringe SNR distribution in the wholevey data. Only 6 sources (0710+439,
1458+718 (3C 309.1), 1749+701 (4C 09.57), 2021+614, 2080{8yg X-3), 2031+405 (MWC 349)) are
not detected. The highest SNRs are 425 on the “Pico Veledted®l de Bure” baseline of 1741-038 and 425
on the “Effelsberg-Pico Veleta” baseline of 1633+382.

4.3.3 Amplitude calibration

The fringe fitted data were amplitude calibrated using regaoieasurements of the system temperatures
and antenna gains and the weather information for eaclostdtiring the observations. Where possible,
time-dependent factors in the antenna power gains wereuataxb for by applying atmospheric opacity
corrections. The AIPS task APCAL is used to calibrate theldoge. As a check for the accuracy and con-
sistency of the amplitude calibration, we have investidditedependently for each of the detected sources)
the calibrated visibility amplitudes using the best fit Gaas component models obtained from the data (the
corresponding models are given in Table 4.6). For each dleces, the antenna gains were allowed to be
scaled by a constant factor so as to optimize the fit by the skausnodel.

The obtained corrections are within 20% for most of souredsch is also reflected in the average
correction factors listed in Table 4.5. On the average, #ie factors for Pico Veleta, Onsala, North Liberty,
Owens Valley, and Los Alamos remain within 10% during the lghabservations. The average gains for
Effelsberg do not change much except for the session C. Faristand Mauna kia yield larger average
corrections by more than 20%. Time-dependent errors miipstpresent in the calibrated data. Therefore
we expect overall calibration accuracy of~280%

4.4 Imaging

With the phase- and amplitude-calibrated data, the imagasiade using the DIFMAP software (Shepherd
et al. 1994). Theuwdata are averaged over 30 seconds. Some bad data are flaftgrdaveraging and
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Figure 4.3 Fringe detections on each baseline for epoch A (Oct. 2001) drepoch C (Oct. 2002). The grey-filled and the
black-outlined histograms are for the fringe detections béore (the first fourfit run) and after (the final fourfit run) applying the
window-controlling of single band delay, respectively.
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Figure 4.4. Mk4 Fringe Plots of 2209+236 on the baseline of Haystack-RicVeleta. The plots on the upper and lower panel
are resulted from the first and the final fourfit, respectively. Each panel consists of three subplots of ntidand delay (top),
singleband delay (bottom left), and averaged correlated gtrum (bottom right). In the right side, formal informatio n of
fourfit is listed; “Fringe quality”, “SNR”, “PFD”, etc. It sh ould be noted that although “SNR” is same on both cases “Fring
quality” is improved from '0’ to '9’ as “PFD” decreases. The search window is shown underneath of X-axis of multiband delst
plot in the lower panel and not shown in the upper because the imdow is larger than the length of X-axis.
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Table 4.5 Average antenna gain corrections

Telescope Session A Session B Session C
(1) (2) 3 4)
Eb 0.998+ 0.129  1.079:0.183  1.354+ 0.555
HA 1.1604+0.179  1.155+ 0.315 1.180f 0.350
PdB 0.964+ 0.150
PV 0.9714+ 0.157 0.938t 0.156  0.952+ 0.192
Oon 1.033+ 0.110 0.956+ 0.121
Mh
Fd 1.2154+0.216 1.213+-0.298 1.080+ 0.321
Hn 1.055+ 0.235
NI 0.996+ 0.136  1.003+ 0.116  1.002+ 0.231
Ov 1.053+0.158 1.10A 0.181 1.079+0.221
Pt 1.139+0.286 1.131-0.284 1.046+ 0.183
Kp 1.104+ 0.172  1.059+ 0.150 1.123+ 0.259
La 1.009+ 0.163  1.058+ 0.266 1.076+ 0.182
Mk 1191+ 0.240 1.543-0.499 1.2414-0.268

Notes Column designation: 1 - abbreviation for the name of telpss; 2 - average and rms of antenna gains for observingaessi

3 - average and rms of antenna gains for observing session 8;etage and rms of antenna gains for observing session C.
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flagging, the visibility data for each object detected areleifitted with a single-component Gaussian model
instead of a point source model. In case that the data areelbfitted with a single-component Gaussian
model, we model fit theiv~data with multiple Gaussian components. The satisfacayssian models are
subsequently used as starting models for hybrid mappingapiéy the self-calibration method (Cornwell
1995) to the visibility phase, in order to reveal the soutogcture in detail. A natural weighting is applied
to the visibility data during the imaging, in order to impeothe sensitivity of the image. In the following
sections, the standard procedure for imaging the surveyisaummarized in detail.

4.4.1 Model fitting

Model fittingis a technique which is generally used for solvingitherse problenin which the true distri-
bution of a certain variable needs to be recovered from thesored distribution (Lobanov 1996). In VLBI
experiments, this technique has been used to recover thesksubrightness from the observed visibility
data, by describing the source brightness distributioriims of Gaussian components. Through the model
fitting, these Gaussian components are obtained by mimgitie agreement factoy?, between the ob-
served visibility and the calculated values from the moaehponents. Detailed discussions on this issue
are found in Chapter 2.

Since model fitting is very useful for interpreting sparsepoorly calibrated data, and for quantitative
analysis, we employ the model fitting technique in order i@®at the source brightness distribution and
estimate the astronomical quantities (e.g. the size of aojet components, the position of secondary and
tertiary jet components, and the uncertainties in the nreasent) for the survey data with the snapshot
observation.

In the first step of the model fitting, we fit the visibility datdth a single circular Gaussian component
using the DIFMAP program. Since most of the sources obseav&® GHz are expected to be described
with a one- or two-component model, a single Gaussian coenda a good starting point for the model
fitting. Moreover the speed of the fitting should be incredsgdhe single Gaussian model rather than a
point-source model which is frequently used for a startirggled.

In case that the respective single-component model doagpi@sent the data satisfactorily, we apply a
multi-component model to the data. In order to assess thgemaality or the reliability of the final multi-
component model, we make use of the agreement factor, thetemass of residual flux, and noise in the
final image. At first, we monitor the changes of the agreemeastbfs with increasing number of Gaussian
components in the model. The modeling is stopped wheneeeinttoduction of an additional Gaussian
component does not lead to a sensible improvement of thexfitéssed quantitatively by the reducett
agreement factors). Secondly, we check the smoothnes® aésidual flux, which should be distributed
smoothly, with a nearly zero mean and comparable positidenagative amplitudes. Thirdly, we check the
noise in the final image, which should have a Gaussian digioib and is expressed quantitatively by the
quality (&) of the residual noise. Suppose that a residual image hass, rand the maximum absolute
flux density|s,|. For Gaussian noise with a zero mean, the expectatiepief

N 1/2
Srexp| = 0 [V21n [ —222 , 4.2

ool <oV (22 )] @2
where Ny, is the total number of pixels in the image. The quality of thsidual noise is given bg, =
sr/srexp- When the residual noise approaches Gaussian rgise, 1. If & > 1, not all the structure has
been adequately recovered, and.if< 1, the image model has an excessively large number of degfees o
freedom (Lobanov et al. 2006). The valuegpfor the images in the survey are presented in Table 4.6 and
the distribution of them is shown in Figure 4.6, implyingttitze images adequately represent the structure
detected in the visibility data.

4.4.2 Hybrid mapping

Hybrid mapping is a process of making an image of a sourceishstrong enough to be detected in a
coherence time, but has poorly calibrated initial phased,iavolves an iterative procedure in which both
the source structure and the antenna calibrations arendiet. This procedure is now usually just called
self-calibration since the self-calibration method is predominantly emgtbfor this procedure. Detailed
discussions on this self-calibration method are found im@ell & Fomalont (1999) and Cornwell (1995).
The satisfactory Gaussian models are subsequently usegdrisgsmodels for hybrid mapping with
DIFMAP, so we could obtain the most reliable models for theeseduv-data quickly. We apply the
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Figure 4.6. Distribution of the image quality factor &.. The median and mean of the distribution are presented.

self-calibration method to the visibility phase, in orderreveal the source structure in detail. We start
with locating a tight CLEAN window around the brightest egiis region, which is largely central. A
couple of CLEANSs with ten iterations and a gain factor of @,lare applied until the first negative flux
is obtained. Then the obtainéecomponents model is used for self-calibration. If anyidittvely bright
emission around the CLEAN window appears in a residual mapthe&r CLEAN window is put around
the emission region. Since the second bright emission iallysnot as bright as the brightest emission
in the center of the map, a CLEAN with 100 (or 200) iterationd @ gain factor of 0.010.05Jy is run
until the first appearance of negative flux. The resultir@pmponents are used for another self-calibration.
If there is no longer distinctively bright emission regidn,an attempt to find a detail source structure,
a few more tight CLEAN windows slightly overlapped each ottege located around and a few CLEAN
with 200 iterations and a gain factor of 0.01 Jy are conductéw series of self-calibration stops as soon
as the residual flux is smoothly distributed with a nearlyozeean and comparable positive and negative
amplitude. The reliability of the resulting models is judd®y the quality of the residual noisg,

We do not modify the visibility amplitudes, except for intiecing an overall, time-constant gain cor-
rection factor wherever it is required for improving the @egment between the CLEAN model and the data.
Addition to the check for the antenna gain corrections dieedrin section 4.3.3, we investigated the changes
of the visibility amplitudes with and without introducinbé time-constant gain correction factor, by using
the correlated flux densitieSs, St, at the shortest and longest baselidgs B, (presented in Columns
4-7 in Table 4.6), for each of the sources. The correlatedd&nsitiesSs 1, with introducing the antenna
gain corrections are compared with the flux densifigsaind.S; before the gain corrections. As shown in
Figure 4.7 for the distributions of the ratid& = Ss/S§ and Ry, = Si./S],, the visibility amplitudes at
the shortest and longest baselines for each of the souraesneechanged for most of the sources during
the hybrid mapping. For exceptional sources, the ratioh@fisibility amplitudes fall within a range of
0.75-1.25. This invastigation shows again that the angsialibration error of this survey observations is
20%-30%.

We introduce a zero-baseline flux to recover a faint strigcimrthe extended region by adding a fake
visibility at the origin of theuv plane. Since the shortest baseline of this survey obseravis about 50—
100 MA, no value is added to the pixel at the origin of theplane grid. For the faint structure in the extended
region of the sources, this may result in the faint structwfehe extended regions appearing to be negative
because the flux in every pixel of the map is offset by a smajhtiee amount. The effect may be countered
to some extent by adding the fake visibility at the originted tiv plane. The measured total flux density of
each sourcégg (listed Column 3 in Table 4.6) is used as the zero-baseline flu

4.4.3 Measuring image parameters

In order to extract physical quantities out of the images fihaluv-data are fitted by Gaussian-component
model, and then image parameters are measured: total akdlypedensities, positions, and sizes of each
component are obtained from the fit. Uncertainties in the etwdre estimated. The fluxes of core and jet
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Figure 4.7. Distributions of the correlated flux density ratios (a) Rs(= Ss/S§) and (b) Rr(= SL/Sj,). The means and
medians for the distributions are presented in each panel. fie correlated flux densitiesSg 1, are listed in Table 4.6.

components are measured by removing each component ogtfitt¢ld image and investigating the residual

map whose distribution is reflecting the Gaussian comporiEm off-source rms noise is measured from

the statistical information of pixels within the whole rdgal map. As expected, the overall noise in the
images are less than 10 mJy/beam. The measured paramdter$nfiges are presented in section 4.5. The
uncertainties of the fit parameters are obtained using thef guations (2.40)-(2.44).

4.5 Results of the survey

In this section, we present the graphical results of theg|l86 GHz VLBI survey of compact radio sources.
Out of 127 sources, 109 sources are imaged and investigateder to estimate physical parameters. This
survey made the first 3mm-VLBI maps for 90 sources, incregptfia number of sources ever imaged with
3 mm-VLBI observations up to 110. All images are shown witl ghots of the corresponding visibility
amplitudes againstv-radius and of theiv-sampling distribution. The image parameters and modedfit p
rameters are also summarized here, which are obtained frerocedure explained in section 2.4.2. The
interesting properties of the sample are also discussed.

45.1 Images

In Figure 4.8, we present two plots and one contour map fdn eaarce at each epoch. In the left panel,
the plot of the visibility amplitudes againgt-radius is shown. The correspondimgsampling distribution
is given in the inset. The X-axis of the plot of the visibiléynplitude represents the~radius which is the
length of the baseline used to obtain the correspondinbiliigipoint. Theuv-radius is given in the units of
105, where) is the wavelength of the observing emission. The Y-axis efgiot shows the amplitude of
each visibility point (i.e., correlated flux density) in tsof Jy. Theuv-sampling distribution in the inset of
the left panel describes the overall distribution of thébiiisy in the uv-plane, whose maximum scale equals
to that ofuw-radius. In the right panel, the contour map of each sourshdsvn with the X- and Y-axis in
the units of milliarcsecond. The name and observing datee&burce are put in the upper left corner of
the map. The lowest contour level is also presented in thedoight corner of the map. The shaded ellipse
represents the FWHM of the restoring beam in the image. lofdfle images, the contours are drawn at -1,
1, 1.4,...1.4" of the lowest flux density level shown in each map of Figure 4.8

For 12 sources (0133+476,0149+218,0212+735, 0234+288;084, 0316+413, 0355+508, 0415+379,
0430+052, 0716+714, 1928+738, 2255-282), multi-epoclgesare presented in turn. Most sources are
centered on the brightest component (VLBI core), but forva $eurces with a larger structure, we have
shifted the center to fit the image in the box.

In Table 4.6, the parameters of the images shown in Figurard.8ummarized. For sources imaged at
multi epochs, the source name only at the first epoch, wheriielse is presented, and for the rest of the
epochs, the name is not shown. For each image, Table 4.6Hestsource name, the observing epoch, the
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total flux density,Sse (Jy), obtained from pointing and calibration measurementing the observation,
the correlated flux densitiesis 1, (Jy), measured on the shortest and longest baseliBies, (10°)), the
parameters of restoring beam (the size of the major a@js(ias), and the minor axid3, (zas), and the
position angle of the beanBpa (°)), the total flux,S; (mJy), the peak flux densityy,, (mJy/beam), the
off-source RMSg (mJy/beam), and the quality of the residual noise in the enage section 4.4.1).

Table 4.6 lists all of the parameters of each model-fit corepgirthe total flux,S;,; (mJy), peak flux
density, Speax (MJy/beam), sized (pas), minimum resovable sizd,,;, (nas), radiusy (nas) (only for
jet components), position anglé(°) (only for jet components), and measured brightness teatyer, T},
(101°K). For sources with multiple components, parameters oé camponent are followed by those of
jet components in turn. Sources observed at multiple epanhdisted with the indices of epochs. The
uncertainties estimated by the procedure in section 4ré.§igen next to each parameter. The upper limits

of size,d and the lower limits of brightness temperaturg, are in italic with brackets (e.g< for upper
limit and > for lower limit).
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Table 4.6 Image parameters
Name Obs Sgg Ss Bg S1, Br, Ba By, Bpa St Sp o &r
@ @ @O ) ®) 6) @) ® (9 @9 a1y d2 d13) @4

0003-066 C 216 0.7H0.30 60 0.29£0.16 2450 461 49 -6.2 613 209 17 0.86
00074106 C 0.60 0.59t 0.00 10 0.35:0.06 2470 457 54 -2.7 372 181 9 1.00
0016+731 B 0.84 0.48:0.13 60 0.25-0.08 3130 75 51 -11.6 434 181 8 091
0048-097 C 0.60 0.43t0.13 60 0.110.06 2440 466 42 -3.3 486 163 6 0.75
01064013 A 136 0.49-0.06 100 0.24:-0.05 2390 900 45 -8.6 447 354 15 0.62
01194041 C 0.68 0.20t 0.06 70 0.20£0.09 2390 602 79 -9.9 233 227 9 0.77
0119+115 C 0.68 0.34£0.12 60 0.16:0.06 2390 400 44 -7.1 232 176 10 0.63
0133+-476 A 3.96 1.990.86 60 0.09:0.03 3140 170 51 -16.4 2148 675 17 0.80

B 453 0.70£ 0.39 30 1.36:0.54 2430 206 43 5.1 4164 881 20 0.79
01494218 A 0.96 0.38:0.14 130 0.0A40.04 2450 266 39 -7.1 425 230 12 0.68

C 0.99 0.41+0.12 50 0.06:0.03 2420 262 50 -5.4 529 278 10 0.77
0201+113 C 0.39 0.2&0.10 60 0.16:0.05 2470 455 47 -2.6 212 159 8 0.66
0202+149 A .. 032£0.08 140 0.2H0.04 2470 381 44 -6.0 370 193 9 081
0202+319 C 1.01 0.59:0.16 60 0.10:0.05 3140 230 44 -153 684 263 8 084
0212+735 A 0.77 0.16+-0.06 60 0.10.03 2960 109 48 -445 174 136 4 0.87

B 0.79 0.33t£0.14 230 0.26t0.07 670 1354 151 -65.3 430 229 11 0.49
0218+357 C 0.58 0.14t 0.04 60 0.1:0.03 3140 229 43 -17.2 182 109 4 090
02214067 C 0.59 042£0.06 110 0.1H0.02 2470 582 68 -0.2 357 272 25 0.59
0224671 B 1.34 0.2#0.10 40 0.29-0.06 2380 183 50 385 362 209 9 1.04
02344285 A 298 2.0A0.30 210 0.13:0.07 2380 215 37 -3.3 2110 549 12 0.95

B 324 244+048 210 0.1A0.06 2310 218 42 29 2691 1073 25 0.74

C .. 1.47+0.20 60 0.24-0.04 2460 466 53 -6.4 1662 931 38 0.75
0235+164 A 162 0.99-0.30 410 0.45:0.06 2470 298 37 21 966 482 22 0.73
0238-084 B .. 0.2H0.06 250 0.08:0.02 2420 425 35 -6.2 246 155 8 074

C 0.63 0.33:0.11 60 0.12-0.00 2430 1001 51 -4.7 307 247 9 0.67
03004470 B 3.11 09H0.15 240 0.13:0.05 2460 178 36 -9.5 953 377 4 0.99
0316+413 A 476 1.84+0.28 60 0.21+0.07 2470 203 43 -15.6 2849 426 20 1.20

B 480 1.23+051 30 0.22-0.09 2380 353 61 -1.1 1530 419 12 0.76

C 456 0.90+0.20 60 0.1740.06 3140 187 47 -23.7 1347 339 8 094
0333+321 A 1.77 0.42-0.16 210 0.34:0.07 2440 211 42 -2.6 624 273 16 0.98
0336-019 A 211 1.09+0.60 300 0.22+0.03 2280 368 52 -3.4 1971 461 14 0.69
0355+508 A 6.76  3.86-0.79 60 0.2A0.06 3140 150 47 -28.6 4198 653 47 0.82

C 7.59 4.03£0.40 70 1.36£0.54 1470 697 90 -31.3 4140 2487 95 1.01
0415+379 B 2.17  0.56t 0.26 90 0.18:0.06 2460 203 44 -7.9 2696 508 24 0.77

C 257 1.53£0.23 60 0.13:0.07 3120 220 42 -16.7 1445 375 30 0.69
04204022 C 0.48 0.33:0.15 60 0.10:0.04 2470 684 51 -0.7 234 161 7 0.76
0420-014 B 5.83 1.42-0.89 50 0.48:0.12 2470 445 48 -5.8 1866 879 43 0.84
04221004 B 146 0.62t0.25 60 0.3 0.09 2460 438 48 -5.3 667 409 12 0.92
0430+052 B 4.05 0.14-0.08 100 0.20:£0.05 2460 359 43 -5.7 3585 555 26 0.71

C 232 0.87+t0.12 60 0.3%£0.07 2460 594 56 -0.8 1523 542 16 0.77
0440-003 C 0.88 0.3&0.12 70 0.31-0.06 2470 497 56 -2.4 481 337 12 087
0458-020 B 1.12 0.56t 0.18 50 0.1A0.04 2460 433 49 -5.4 501 357 9 0.77
0521-365 C ... 0.43:0.17 40 0.22-0.09 1400 1196 150 -13.5 330 297 18 0.53
0528+134 A 2.02 0.540.06 140 0.2%:0.05 2410 336 50 -1.3 1051 391 6 0.82
0529+-075 A 113 0.2%:0.07 270 0.25:0.07 2250 840 52 2.9 267 260 20 0.68
05524398 A 134 0.72:0.12 60 0.15-0.03 2470 248 41 -9.9 778 348 11  0.77
0607-157 B ... 1.00+0.40 60 0.41+0.14 1350 718 127 -23.9 1188 798 16 0.84
06421449 B 1.67 1.16£0.11 60 0.18:0.05 2470 214 43 -6.1 1295 486 7 073




4.5. RESULTS OF THE SURVEY 55
Table 4.5 Image parameters ¢ontinued
Name Obs Sgg Ss Bg St Br, Ba By, Bpa St Sp o &r
1) (2 3 4 (5) (6) n G @O (@) @11 @12 @13 14

07074476 C 0.27 0.08:0.02 330 0.08:0.02 2470 255 37 -4.9 75 72 3 0.67
0716+714 B 1.16 0.510.10 50 0.29-0.04 2470 141 49 35 565 369 12 0.92

C 251 0.61+043 100 0.6H0.06 3120 122 40 -159 1020 865 29 0.89
0727-115 B .. 0.65-0.24 70 0.45-0.15 620 928 265 -21.8 675 545 25 0.69
0735+178 B 1.23 0.36t0.11 50 0.12:0.05 2390 315 42 -0.5 629 141 5 071
0736+017 A 224 1.36-0.48 320 0.24-0.09 2400 341 49 -1.9 1990 577 18 0.79
0738+313 C 0.47 0.4140.08 30 0.08:0.04 2320 303 51 6.1 439 254 8 0.81
0748+126 B 180 0.52£0.20 270 0.33:0.09 2400 333 42 -2.0 1628 506 14 084
0804+499 C 0.38  0.20t 0.07 40 0.10+0.04 2360 213 40 0.0 175 113 4 071
08144425 C 0.50 0.39:0.10 40 0.05+-0.01 2380 232 43 2.8 409 178 7 0.74
08234033 A 1.02 0.59t0.09 60 0.15-0.05 2400 348 39 -3.6 590 239 8 071
08274243 B 2.16 0.55-0.16 70 0.50+0.06 2380 314 54 -19.7 720 535 13  1.02
0836+710 C 1.16 0.39:0.11 90 0.16-0.09 3000 156 62 211 451 361 14 0.85
0850+581 C 0.26 0.14£ 0.01 50 0.09-0.03 2470 247 37 -13.8 165 72 4 083
08514-202 B 2.71 0.6Gt 0.20 60 0.29-0.12 3140 366 52 -12.0 901 505 19 0.83
08594470 C 0.42 0.33:0.09 40 0.14+-0.03 2330 230 43 10.5 306 174 8 0.88
0906+015 B 243 0.73t0.29 60 0.36-0.09 2470 452 46 -5.1 649 488 16 0.86
0917-624 A 1.01 0.2A0.12 50 0.04-0.04 2350 154 44  -16.8 142 116 6 0.92
0945+408 A 0.95 0.1 0.06 170 0.22£0.07 2890 180 46 -16.8 798 229 13 0.93
0954+658 A 1.16 0.43-0.12 50 0.2A4-0.02 3040 144 45 -4.0 784 336 8 0.95
10124232 B 1.01 0.7#0.11 60 0.040.05 3110 345 41 124 693 191 7 0.99
10444719 B 0.87 0.26t0.14 60 0.30-0.06 2470 218 49  -30.2 204 181 8 0.92
11014384 C 0.58 0.33:0.09 90 0.12:0.03 2470 220 44 -6.8 407 169 5 0.84
11284-385 C 0.97 0.440.19 170 0.16:t0.03 3140 213 43 -2.0 482 258 10 0.74
11504-497 C 1.02 0.46:-0.14 160 0.33:0.14 2390 284 48 13.1 616 392 11 0.92
11564295 A 442 29H0.62 220 0.93:0.21 2470 188 37 -85 3006 1176 28 0.97
12194285 C 0.36 0.23t 0.06 50 0.0 0.01 2470 343 38 -5.3 179 104 3 0.75
1226+023 A 10.81 2.05-0.33 100 0.32£0.17 2440 439 54 -5.5 2160 630 27 0.65
12284126 A 416 0.94t0.16 180 0.16£0.07 1590 198 78 -4.8 897 568 35 061
1253-055 C 16.90 2.32:0.83 70 3.04:-0.54 2460 440 56 -43 8653 4286 158 1.29
13084-326 A 144 0.45-0.07 150 0.44-0.05 2330 215 46 14 734 466 12 0.76
15024106 C 0.82 0.45-0.12 150 0.28:0.02 2450 440 47 -2.3 564 298 11 0.76
1508-055 C ... 049015 130 0.16:£0.07 2310 469 45 -0.3 1192 285 16 0.62
1510-089 Cc 210 064024 130 0.66:0.10 2350 400 42 -4.7 1864 576 46  0.69
1511-100 C 0.81 0.64-0.15 120 0.18:0.03 2440 580 40 -1.3 598 264 16 0.67
15464027 C 1.04 0.506:0.26 140 0.28:-0.07 2470 407 a4 -4.0 436 220 19 0.74
15484056 C 1.71 0.63:0.16 260 0.18-0.07 2470 464 44 -2.8 551 248 12 0.84
1606+106 C 1.26 0.3#0.10 70 0.53-0.11 3140 401 52 -10.1 397 344 16 0.98
1637H-574 C 1.70 113037 110 0.6#0.08 3130 118 36 -58.1 1186 741 12 1.10
1642+-690 C 1.36 0.5Q6:0.11 60 0.23-0.09 3140 107 43  -59.9 512 360 12 111
16524398 A .. 0.24+0.09 230 0.1G6t0.05 720 805 145 78.7 245 159 10 057
16554077 C 1.00 0.49%0.22 130 0.2A40.08 2470 381 a4 -7.4 569 330 11 0.85
17394522 C 1.45 112011 320 0.45-0.08 3140 115 35 -46.6 1030 693 8 0.96
1741-038 C 416 3.73:0.58 160 0.34-0.13 2470 448 38 -4.7 3210 1293 41 0.87
17494-096 C 4.03 2.3#0.50 70 1.4H0.14 2470 390 46 -7.6 2388 1978 26 0.89
18004440 B 1.07 0.7®0.11 60 0.18:0.07 3140 170 49 -18.8 508 357 11  1.00
18034784 C 148 1.06:0.19 240 0.2H0.06 3140 85 38 -394 996 382 5 0.89
1807698 A 154 0.25£0.05 200 0.22-0.07 2360 181 49 84.7 231 225 7 0.75
18234568 A 1.30 0.2+ 0.08 100 0.29-0.09 3080 130 50 24.5 1000 332 14 091
18284487 A 196 084045 220 0.18:0.04 2940 182 65 -47.2 1995 587 19 0.76
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Table 4.5 Image parameters ¢ontinued

Name Obs Ss6 SS BS SL BL Ba Bb BPA St Sp e fr
® @ © 4 ®) (6) m ® O (@0 11y @32 @13 14

1842+681 A 0.74 0.24:-0.03 120 0.16:0.02 3110 162 50 241 259 159 7 0.79
19014319 C 0.59 0.2& 0.06 50 0.12£0.05 2370 312 94 -12.3 248 185 6 0.70
1921-293 A . 278+ 0.41 60 0.22-0.11 1770 727 102 -24.0 2896 1477 44  0.67
19234210 B 1.73 1.22£0.17 60 0.23:-0.04 2470 280 46 -10.1 919 443 13 0.93
19284738 A 2.60 0.62-0.18 60 0.14:0.03 3130 106 57 411 487 294 9 0.86

C 243 0.75£0.33 60 0.2A40.07 3120 132 43 -9.6 1383 325 24 0.85
19544513 C 0.66 0.35:0.13 70 0.25£0.05 3110 137 49 -44.4 354 276 13 1.06
19574-405 C .. 01A0.08 480 0.13:0.04 2080 175 58 -455 192 133 22 057
200H-777 A 0.92 037/ 0.13 250 0.2H-0.06 3130 108 39 64.8 352 215 6 1.00
2013+370 B 289 204021 60 0.2%£0.10 3070 206 47 -13.0 2083 958 26 0.89
2023+336 B 1.77 0.98:0.27 60 0.18:0.12 2920 227 48 -13.7 825 402 19 0.82
2037511 B 144 0.74-0.14 180 0.3H0.06 3130 146 46 -37.3 596 317 16 0.87
21214053 A 0.39£0.10 350 0.1H-0.02 2350 296 42 -4.7 391 247 14 0.62
2128-123 A .. 0.31£0.13 70 0.1A0.05 480 772 335 -17.8 338 212 10 0.72
21344004 A 2.03 0.28£0.10 140 0.25:0.08 2350 346 44 -5.3 186 187 18 0.68
2155-152 B .. 0.38+:0.10 190 0.16:0.09 1280 476 119 -14.7 369 224 7 074
2200+420 A 357 141011 110 0.96:0.09 2400 326 48 -20.5 1495 1137 17  0.67
22014315 A 297 1.02£0.31 220 0.66:0.19 710 287 169 75.3 1098 783 30 0.78
2216-038 B 0.97 056t 0.08 100 0.3x0.11 480 722 294 -35.9 444 391 11 0.54
2223-052 B 3.90 1.29t0.15 80 0.19+0.07 2460 399 48 -4.7 1556 382 17 0.76
22341282 A 1.03 0.66+ 0.00 70 0.13:0.03 2320 242 58 -225 365 271 13 0.77
2251+158 A 597 164017 110 0.92:£0.11 2430 292 55 -10.8 4084 865 18 0.86
2255-282 A 1.56+ 0.40 30 0.84:0.26 600 2856 207 -31.1 1861 1475 45 0.69

B 0.73£0.24 90 0.53+-0.13 1280 666 129 -23.3 1007 981 51 0.70
2345-167 B 0.33+0.14 70 0.24+0.00 340 1077 500 4.0 349 281 16 0.58

Notes Column designation: 1 - source name; 2 - observing epaghsOctober 2001B - April 2002; C - October 2002; 3 - total
flux density [Jy] (obtained from pointing and calibratioraeameasurements made at Pico Veleta); 4,6 - correlated fhsitddJy]
measured on baselines 5,7 i1 8-10 - restoring beam: 8 - major axigds]; 9 - minor axis fias]; 10 - position angle of the major
axis [°]; 11 - total CLEAN flux density [mJy]; 12 - peak flux density [giBeam]; 13 - off-source RMS in the image [mJy/beam];
14 - quality of the residual noise in the image (see sectidri).
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Table 4.6 Model fit parameters of sources

Name Obs Stot Speak d dmin r 6 T

1) (2 (3 4 O (6) ) (8 9)
0003-066 C 20384 213t61 <42 42 > 2.6
181+161 13697  179+127 73 57264 -3.3+ 6.3 0.13t0.18
0007H-106 C 185-93 196+-67 < 53 53 > 1.2
48+63 65+51 < 155 155 46160  -138.3:7.4 > 0.036
00164731 B 312293 194157 <28 28 > 18
51+51 56138 65+-44 41 11522 114.6£10.8 0.55-0.77
0048-097 C 268-73 17941 42+10 20 2511
63+32 53+20 <42 42 266+8 6.3+ 1.7 > 0.6
76177 44+38  12A-111 64 76@-55 7THA42 0.07#-0.14
01064013 A 431125 35179 368 34 147.7
01194041 C 21498 22871 < 65 65 >14
01194115 C 20172 1844+-48 < 30 30 >59
01334476 A 971180 689104 AH7 9 134.1
284+86 1944+-48 51413 15 9%-6 -70.2+ 3.7 3.3:1.7
4644336 154106  212-146 20 82273 -10.A4 5.1 0.32+0.43
01334476 B 1771725 106Q@:372 4H16 18 2417
670+581 179150 206+172 20 124786 -1.9+4.0 0.48+0.81
2671236 171127  194+144 41 180%72 -14.3t 2.3 0.22+0.33
301+313 95t94  31#314 27 2803157 -26.1 3.2 0.091-0.18
208+190 138:105 498380 43 3776190 -29.9-2.9 0.026:0.039
01494218 A 42'H149 18459 66+21 13 3.%24
01494218 C 494+209 303109 6122 23 5.£3.6
02014113 C 18374 15A-48 < 36 36 >11
02021149 A 246+119 18371 <34 34 > 4.8
132+66 5726 81+37 24 7819 -93.6£13.4 0.46:0.43
02024319 C 614-389 321180 56£31 27 7.948.9
02124735 A 16220 13A-13 2H3 5 112
02124735 B 164+98 184+-73 <184 184 > 0.27
359+345 TH72  A5HA429 85 668214 113.5-17.8 0.095-0.18
02184357 C 15494 118+57 <34 34 > 4.3
02214-067 C 355-89 2957 48+9 30 3.81.5
02244671 B 28#178 219108 <33 33 > 6.6
0234+285 A 1256504 368142 65t25 10 1#8.3
80+84 6955 <55 55 84422 128.114.6 > 0.96
611+318 21A#106 6130 14 139-15 20.3t 6.1 6+5.8
4231+384 10H-89 83+73 17 15637  -161.5+13.7 2.2t3.9
02344285 B 1312349 604146 66£16 10 1#5.3
672+350 260+126 86+-42 17 7621 12.2+15.4 3.3t3.2
505+303 302155 6131 27 12116  -170.9-7.4 4.9+5.1
02344-285 C 986207 799131 39+6 19 24-7.7
485+50 392131 42+3 9 2402 -32.2£ 0.4 10+1.6
218+24 172£15 45+4 10 8382 -17.8+ 0.1 3.9+0.67
0235164 A 38574 38852 <13 13 > 69
678+401 158+91 83148 13 6824 -89.6+19.4 3.1-3.6
0238-084 B 267486 142+-40 47+13 17 211
0238-084 C 292+100 252+65 <47 47 > 2.2
03004470 B 924+277 259E75 7221 6 2.91.7
03164413 A 724+167 43H-86 51410 10 4.%1.9
247+109 192+67 41+14 23 1647 140.3+ 2.5 2.5t1.7
813+383 19891  238+109 10 43855 175.9: 7.1 0.24+0.22
305+173 122+64 119+63 18 104331  -149.# 1.7 0.36+0.38
476+425 9180 387339 15 1412170 -160.% 6.8 0.053:0.093
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Table 4.6 Model fit parameters of sources ¢ontinued

Name Obs Stot Spcak d dmin T 6 Ty
(D) @ @) 4) ®) (6) @) () 9)
03164413 B 474£59 394+38 46+4 11 . 3.%£0.72

224+109 188t70 62+23 42 39@12 -177.41.7 0.9%0.73
272+130 152:63 275114 32 85357  -161.6t 3.8 0.06:0.05
362+289 128£96 579435 36 2729218 -165.% 4.6 0.018:0.027

0316+413 C 599:129 35165 62+12 10 2.60.97
138+40 125+27 28+6 17 2503 160.4£ 0.7 2.91.3

207+111 90644 14471 19 50535 168.4 4.0 0.1#0.16

44144 51433 < 64 64 74921  -159.4- 1.6 >0.18

51448 55+35 <58 58 1052£19  -143.3 1.0 >0.25

0333+321 A 384+135 28280 32+9 18 1479
208+169 8866 56+42 27 7221 -75.5£16.2 2.5£3.7

147+£153 58t56 72+70 33 144£35 -89.2£13.6 1.12

0336-019 A 832+138 49971 6710 11 5.61.6
477141 308t77 59+15 21 1997 89.8+ 2.1 4.2+2.1

706+177 28165 1306£30 12 101%15 58.9t 0.9 1.3:0.59

0355+508 A 1184776 6374368 82+47 24 2334
239+251 277190 <60 60 152+21 66.3t 7.7 >1.1

415+236 440E172 <32 32 248+6 136.4£ 1.4 > 6.8

209+251 249192 <70 70 36327 49.1H 4.3 > 0.7

0355+508 C 2953831 2557544 63t13 43 125.2
1064+629 769368 173t83 80 37@41 89.8£ 6.4 0.58:0.56

0415+379 B 130&922 556+361 65+42 24 5.36.9
374+264 198123 8H:54 29 27227 743t 5.7 0.85:1.1

147+£205 161152  119:112 91 165256 52.3t 1.9 0.18:0.36

0415+379 C 1104:741 455£282 68+42 23 4.%51
425+159 22975 62+20 16 93t10 78.8t 6.3 1.9+1.3

0420+022 C 230668 173t41 43+10 31 6.£3.2
0420-014 B 1332£493 902276 4714 28 1912
156+137 1774103 < 86 86 79925  -167.9:1.8 > 0.66

04224-004 B 629416 426£233 < 49 49 >5.6
0430+052 B 110#365 575+168 5917 18 5.43.2
912+407 37Gt153 8033 19 23217  -105.8:4.1 2.4:2

1270+£770 278165  249:147 15 88@74 -114.4: 48 0.35:0.41

04304-052 C 668157 566:101 34£6 26 9.83.5
331+137 22477 91431 39 6416 -116.8:13.1 0.68:0.47

96487 113t66 <113 113 664:33  -108.7# 2.9 >0.13

148+71 10942 100+38 48 137419  -118.6£ 0.8 0.25:0.19
77+£85 10668 148+96 147 264348  -121.6£1.0 0.06£0.083

0440-003 C 364162 33@:109 < 46 46 >5.2
62454 70+40 <98 98 30928  -175.5:5.2 >0.2

0458-020 B 50185 37G£50 476 14 123.3
0521-365 Cc 33127 303t18 TH5 22 0.920.11
05281134 A 51Gt219 405£136 <32 32 > 25
268+103 160t53 58+19 24 98t10 120.5: 5.6 427

85423 8716 <23 23 21A2 70.0£ 0.6 >8

114+69 73+37 69435 39 815:18 35412 1.2£1.2

0529+-075 A 259+51 26036 <27 27 >13
05521398 A 480t52 362+31 35+3 6 223.7
128+37 102£23 26+6 17 48t3 68.9+ 3.5 16:4.7

127+80 5733 85+49 24 224£25 112.6: 6.2 0.97#1.1

0607—-157 B 965:137 814+88 85+9 26 2.9-0.63
132+£39 117426 56+13 56 346 53111 0.92+0.41

42+49 65+41 <270 270 39985 72.6£12.0 >0.013
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Table 4.6 Model fit parameters of sources ¢ontinued

Name Obs Stot Speak d dmin r 6 T

@) (2 3 4 (5) (6) ™ 8 9)
06421449 B 59095 352+49 52+7 7 16+4.4
585+180 16449 290+-86 7 17343 98.4+-13.9 0.5-0.3
119469 5730 154+-80 22 119740 87.6-1.9 0.36:0.38
0707-476 C 83t9 72+6 2142 6 7.%11
0716+714 B 545+276 398t163 34+14 23 7.46.4
0716+714 C 1048-304 872:195 22t5 12 36:-16
0727-115 B 64066 573t44 142411 32 1.40.21
0735+178 B 395+192 184+81 62+27 22 2421
178+85 76+33 70+31 20 27115 96.4+ 3.2 0.85:0.74
0736+017 A 832£352 589203 4014 29 1a7
387+129 232+66 60+17 21 129:9 -94.6+ 3.8 2.1H1.2
329+144 215+79 50+18 29 200:9 -92.2+ 2.6 2.6t1.9
160+190 119114  124+118 82 41359 -67.2+ 8.2 0.2£0.4
07384313 C 447#243 270126 58+27 32 3.63.3
0748+126 B 679244 480:141 3611 23 16-9.6
4424157 209+67 65+21 17 23110 77.H 2.6 3.2+2.1
0804+499 C 143:38 113+-24 30+6 15 6.2£2.6
0814+425 C 31198 17447 58+16 14 2.31.3
08234033 A 374+161 21479 43t+16 23 53.8
262+204 5743 1006t76 18 6938 87.128.9 0.65:0.99
08274243 B 598t222 557151 < 30 30 >21
0836+710 C 583508 375275 <42 42 > 17
0850+581 C 10430 7H18 35+8 15 3.215
08514202 B 618186 533t121 266 25 2a-9
150+118 116+72 144+89 60 105445 -118.5:2.4 0.16+0.2
0859+470 C 22259 180+37 2H6 15 1251
91447 42+19 64430 20 65215 9.4+1.3 0.9+0.84
09064015 B 670345 489204 <40 40 > 14
0917-624 A 135+68 114+-44 3H14 25 43.1
0945+408 A 36349 23927 52+6 6 . 511
246+175 13986 118t73 29 852-36 159.2- 2.4 0.65:0.81
0954+658 A 325+187 282122 <28 28 >95
223+134 17482 32+15 27 9618 -80.2- 4.5 4.944.7
96+70 69+41 78+46 31 665-23 -60.1H 2.0 0.35:0.42
10124232 B 30947 195+25 45+6 9 3.91
140+96 81148 68+40 38 33@:20 99.3t 3.5 0.78:0.93
10444719 B 204£96 18063 < 30 30 > 8.3
11014-384 C 292193 164+95 48+28 29 2.425
11284385 C 504266 273t127 53t25 22 8.%75
44+47 60+38 <75 75 208t24  -156.9: 6.5 > 0.35
11504497 C 455+165 376£105 2H8 25 147.7
69436 76126 <41 41 1357 -155.7# 3.0 > 0.9
78+52 63133 7941 45 65121 -129.4 1.8 0.2#40.29
1156+295 A 1629+388 919+191 4249 9 26t11
1143+379 51A#156 4915 11 797 66. 74 5.4 14+8.2
177+143 191105 <45 45 88+12 11179 >25
12194-285 C 186:38 1106+19 46+8 11 1.6:0.56
12264023 A 828t435 584+251 4318 43 8.57.4
698+404 291155 144175 32 121438  -92.2£17.3 0.6A40.71
377+300 279178 10#-68 66 42034 54.0- 4.7 0.63t0.81
1228+126 A 1046254 624+130 99+-21 14 1.80.74
1253-055 C 56152493 44531549 <40 40 > 89
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Table 4.6 Model fit parameters of sources ¢ontinued

Name Obs Stot Speak d dmin r 0 T

1) (2 (3 4 5) (6) ) (8 9)
1308+326 A 640t+219 482+132 34+9 19 189.9
106+41 86126 36+11 23 3365 -79.06+ 0.9 27116
1502+106 C 360102 312t67 <25 25 > 27
77+25 61+15 43+11 27 5195 127.2£ 0.6 1.9+0.99
92457 52+28 14881 41 143240 135.4- 1.6 0.2£0.21
1508-055 C 503153 318t82 63116 22 4624
270+201 207122 6740 60 776:20 88.6- 1.5 2.2£2.6
199+171 154+105 8054 69 133227 59.9+ 1.2 1.115
1510-089 C 668-414 538t260 < 46 46 >7
483+141 23963 64+17 16 6958 -6.4+ 0.7 2.6+1.4
1511-100 C 55@:171 35192 4H12 24 165.4
1546+027 C 306246 228+147 < 58 58 >21
223+111 142+60 46+19 33 33310 -176.A4 1.7 2.4£2.1
1548+056 C 367A177 270105 < 38 38 > 10
241+130 168-74 59+26 41  120%#13 1.9+ 0.6 2.8+2.4
1606+106 C 342103 345£73 <29 29 > 15
1637+574 C 1145-323 777181 32t7 10 3215
148+56 119435 2949 14 58t4  -123.3t 4.2 543
53+51 66+39 <43 43 142+13  -146.# 5.2 > 0.81
1642+690 C 597396 389216 3318 23 1618
1652+398 A 28350 152+-24 188+30 27 0.14-0.043
16554077 C 462£131 346E79 358 21 14.6
20+31 39+27 <211 211 2106t73 -22.8+19.3 > 0.012
17394522 C 847211 596+121 29+6 8 3916
264+236 60+52 75+65 12 14633 42.2+13.2 1.8:3.2
1741-038 C 2404860 868292 6622 15 19413
656+550 218+173 92+73 32 21637  -122.9+9.9 2.6+4.2
1749+096 C 2379510 197#326 29+5 17 6120
1800+440 B 43284 37655 26t+4 11 1#&5.2
57+53 72+42 < 60 60 10417 -88.4+ 9.7 > 0.43
18034-784 C 785-306 324+117 52£19 8 85.8
296+371 4758 92+114 10 13257 -135.3:23.3 0.9%2.4
1807+698 A 21866 22848 <19 19 > 10
1823+568 A 485+202 3806124 3110 19 149.1
212497 118+-47 114-44 17 50322  -157.2+ 2.5 0.470.38
334+181 121-62 189+96 14 112948  -168.4t 2.4 0.26+0.26
295+159 116+58 14171 15 155#35 -171.2£1.3 0.41-0.41
18284-487 A 1183+331 708t170 112427 15 2.61.3
232+127 225+89 514-20 38 96310 -55.1H- 0.6 2.5t2
952+571 333t189 21G6+119 20 398z59 -31.4- 0.9 0.6+0.68
1842+681 A 253t128 17172 41417 24 3.63.1
1901+319 C 21263 188+-42 42+9 32 3.21.4
59+36 44+21  232+113 57 116457 114.2+ 2.8 0.029:£0.029
1921-293 A 2069549  1594+335 108t23 41 3.91.7
328+234 272t150 214+118 113 103859 -12.6+ 3.3 0.16+0.18
313+230 264148  250t140 117 108870 -37.3t 3.7 0.110.13
19234210 B 574160 41594 4149 17 5.62.5
387+181 17675 150t64 20 186t32  -114.4 9.7 0.28:0.24
1928+738 A 349+137 256+81 40+13 17 443
149+-48 106+-28 46+12 13 566 -6.7+ 6.1 1.5+0.79
1928+738 C 656395 46H-227 5125 24 5454
618+554 264+218  166-137 24  103#68 140.8- 3.8 0.48+0.79
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Table 4.6 Model fit parameters of sources ¢ontinued

Name Obs Stot Speak d dmin T 6 Ty

@ &) @) 4) ®) (6) @) ®) 9)
1954+513 C 279123 27987 247 24 1811
1957+405 C 178:65 144£41 339 22 2.&1.6
2007777 A 195+49 196£35 <11 11 > 37
108+85 48+-34 76+54 19 TH27 -717.#21.0 0.410.59
20134-370 B 1252213  1005:133 345 10 184.7
3074123 256£79 40+12 23 1956 176.4£ 1.8 3.2t1.9
2023+336 B 579157 507104 43t9 17 6.32.6
176+87 15457 8933 31 294-17 -15.9: 3.2 0.44+0.33
2037511 B 345k48 316£32 1942 7 42:8.6
116+88 90+54 6941 34 15221 -134.6£ 7.7 1113
21214-053 A 414+159 23677 48+16 19 8.#£5.9
2128-123 A 2323 212+15 158+11 31 0.23:0.034
66161 72£45  353t£222 313 1216111 26.9£5.2 0.013:0.017
2134+004 A 220t147 18494 <48 48 > 4.6
2155-152 B 293t65 25442 64+11 32 20.66
104+£33 66+18 168t46 38 72023 351+ 1.8 0.10.055
22004-420 A 113483 1136£58 <6 6 > 550
168+80 154+54 <37 37 1597 -138.8- 2.4 >21
2201+315 A 817349 706E227 59+19 57 33.3
3414268 12494 2424178 56 258:-89 63.4:19.1 0.12:0.18
2216-038 B 458t72 40748 15419 45 0.580.14
2223-052 B 642129 395E67 59+10 14 7.325
283+87 205t51 4712 23 34#6 146.6 1.0 5.12.5
183£75 11139 65+23 27 48@:11 146.8: 1.4 1412
139480 66+34 72£37 32 736:19 91.2:1.5 1.H11
22344-282 A 405£179 278101 52+19 28 4432
22514-158 A 696+332 764246 <41 41 > 13
138+145 189117 <97 97 105-30 -116.5:16.0 > 0.45
238+159 264119 <57 57 24713 -100.2 2.9 >2.2
275207 268:145 < 60 60 33916  -105.2 2.7 > 2.3
124+167 172:135 <131 131 618£52 -105.6t 4.8 > 0.22
3544308 214+159  193t143 52 232%72 -97.4-1.8 0.29:0.43
2255-282 A 1868:330 147@:204 174124 79 20.56
2255-282 B 993t403 98H-283 <77 7 >5.3
2345-167 B 365£112 29470 28869 131 0.1£0.054
59+57 7946 <512 512 1259148 121.# 6.7 > 0.0058

Notes Column designation: 1 - source name; 2 - observing epdchOctober 2001B - April 2002; C - October 2002; 3 - model
flux density of the component [mJy]; 4 - peak brightness olviddal component measured in the image [mJy/beam]; 5 -[gias]:
italic numbers indicate upper limits; 6 - minimum resohablze Lias]: 7 - radius fas]; 8 - position angle”]; 9 - measured brightness
temperature % 1019K]: italic numbers indicate lower limits.
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Figure 4.8. 123 contour maps of 109 sources with the distributions of thev-sampling and of the visibility amplitude against
uv-radius. In the left panel, X-axis represents the visibiliy amplitude (correlated flux density) in Jy, averaged over 3Geconds,
and Y-axis shows theuv-distance in10%\. The correspondinguv-sampling distribution is given in the inset. In the right panel,
a contour map of the cleaned image is shown. The axes of the nmghow the relative offset from the center of image in
milliarcsecond. Minimum contour level is shown in the lowetright corner of each map. Image parameters of each image are
summarized in Table 4.6.
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Figure 4.7. - continued.
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Figure 4.7. - continued.
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Figure4.7. - continued.

4.6 Discussion

4.6.1 Source compactness

For imaged sources, we discuss here the source compacthessng the distributions of the total flux den-
sity Sgs, the CLEAN flux densityScrean, and the correlated flux densiti®s ;, measured on the shortest
and longest baselines, listed in Table 4.6. In Figure 4.8pmsent the distributions of the flux densities
and the indices of source compactness. The distributiomentidtal flux densityssg (top left panel) peaks at
1.3Jy, and shows that almost all sources are brighter ttgadyQwhich is corresponding to the flux limit of
our source selection. The median value of the CLEAN flux dgri&irgan (middleleft panel) is 0.6 Jy and
the peak of the distribution is around 0.5 Jy, indicating thach of the emission at 86 GHz from the compact
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radio sources are resolved out at milliarcsecond scales.sbhrce compactness on milliarcsecond scales
ScrLean/Sse is also shown in Figure 4.8dp right panel). The median compactness on milliarcsecond
scales of our sample is 0.51.

While the median correlated flux density at the longest lir@sél, is 0.22 Jy bottom left panel), quite
a many sources have considerable flux at the longest baséding, Pico Veleta and Kitt Peak). Among 95
sources whose correlated flux density at projected basdbnger than 2000 Mis able to be measured, 82
sources have the correlated flux density greater than OFkdgn the distribution of the source compactness
on sub-milliarcsecond scaléh,/Ss (middle right panel) we can see that most of the imaged sources are
resolved. A few sources have slightly greater flux densitytten longest baseline than on the shortest
baseline, since they are very compact and faint, givinggelacatter of visibility points on the long baselines.
Although most of the imaged sources are seen as resolvgdatbenighly core-dominated in fludog¢ttom
right panel). Quite a number of single-component sources have a coréndowe indexScore/ScLEAN
higher than unity due to the uncertainty of model components

The imaged sources consist of 78 quasars, 22 BL Lac objerds3 aadio galaxies. Despite the signifi-
cant difference in the number of sources between the optiasses, the dependence of sub-milliarcsecond
scale compactness,/Ss on the optical class is apparent in the distribution. Qusaaad BL Lacs have
quite similar distributions (the average is 0.54 for quasend 0.48 for BL Lacs, and the median is 0.48 for
guasars and 0.42 for BL Lacs), and radio galaxies have avaiatiifferent distribution (the average is 0.38
and the median is 0.41). The dependence is also evident ind=#y9, which shows the normalized mean
visibility function in terms ofuv-radius, averaged for Quasars, BL Lacs, and radio galaklesnormalized
mean visibility amplitudes for radio galaxies are, on agerdower than those for quasars and BL Lacs. At
the longuv-radius ranging from 700 Mto 2500 M\, the amplitudes for the radio galaxies are quite distinct
from the others, whereas for the quasars and BL Lacs no distinis seen. Overall, the radio galaxies are
less compact than the others, but BL Lacs and quasars aflarsimtompactness.

This dependence implies thatour sample quasars and BL Lacs are more compact than radio galaxies on
sub-milliarcsecond scales. If we do the same work with a momplete sample in the future, the apparent
compactness of the compact radio sources can be investigatzording to the unification paradigm of
AGN (Urry & Padovani 1995), it is predictable that quasard 8h Lacs on sub-milliarcsecond scales are
still more compact than radio galaxies since the former aem @t smaller viewing angle and so Doppler
boosted. Our results from the 86 GHz VLBI survey are conststdth this.

4.6.2 Brightness temperaturel},

Figure 4.10 shows the distributions of flux density and aagsize for the core components. Most of the
cores are smaller than 0.1 mas in angular size. The core§ feoutces are resolved and for 32 sources are
unresolved. Most of the unresolved sources are quasarsai28y few sources are BL Lacs (7) and radio
galaxies (2).

Figure 4.11 shows the distributions of the measured coghtiress temperature in the source frame.
The median value of these brightness temperaturesid0'? K. The tail of the distribution extends up to
5 x 102 K. Only about 1% of the imaged sources yield brightness teatpees greater than0 x 102K,
which is the maximum value of the inverse Compton limit (Kethann & Pauliny-Toth 1969), and about
8% have higher brightness temperatures tBanx 10! K, which is corresponding to the equipartition
limit (Readhead 1994). This distribution shows lower bfitggss temperatures by a factor of 10 than those
derived from the VSOP survey at 5 GHz (see Horiuchi et al. 2@04l VLBA 2 cm Survey (see Kovalev
et al. 2005). Higher brightness temperatures of compaai sadirces can be explained by Doppler boosting,
transient non-equilibrium events, coherent emissionssimin by relativistic protons, or a combination of
these effects (see Kardashev 2000; Kellermann 2003,aedsdi®n in section 3.3.4). A more detailed
discussion on the brightness temperature is presented imetkt chapter.

4.6.3 Intraday variable sources

In order to identify intraday variable (IDV) sources in oangple, we used the list of IDV sources compiled
in Kovalev et al. (2005,and see references therein). Alraighe imaged sources are clearly identified
except 6 sources; 1044+719, 1150+497, 1842+681, 19232P13+370, and 2023+336. From the refer-
ences in Kovalev et al. (2005), they are identified as “nok*IBources. In total, 26 sources are identified
as “IDV” sources in our sample.
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Table 4.7. Statistics of IDV and non-IDV selected sources

Sy SL/Ss Score/ SCLEAN
Sample Number Mean Median Mean Median Mean Median
IDV 26 0.36+0.06 0.26 0.530.08 0.46 0.7%0.04 0.78
Non-IDV 83 0.310.04 0.21 0.5%0.04 0.44 0.760.03 0.75
S(éore d‘gore 10g(Tb)C
Sample Number Mean Median Mean Median Mean Median
IDV 26 0.70+£0.11 0.42 0.0320.004 0.035 1140.1 11.1
Non-IDV 83 0.62+0.08 0.46 0.05%0.005 0.043 104£0.1 10.8

Notes a - Sy, andScore are in Jy; b dcore is in mas; ¢ -Tj, is in Kelvin. Each mean value is presented with its corredpanlo
error, assuming a normal distribution.

Figure 4.12 shows the distributions of the correlated flursitg at the longest baseling, (top left
panel), and the core flux density.... (top right panel), as well as the distributions of the sidg,,..(middle
right panel) and brightness temperattifg(bottomright panel) of core component. The source compactness
on sub-milliarcsecond scalés, / Ss (middleleft panel) and the core dominanc® ../ ScrLean (bottomleft
panel ) are also shown. The statistics of the distributions arersarized in Table 4.7 and the statistical
significance of the difference between IDV and non-IDV sedcsources with respect to these parameters
are shown in Figure 4.13.

For the correlated flux density at the longest basefinethe IDV and non-IDV sources have different
mean values of 0.36 Jy and 0.31 Jy, and medians of 0.26 Jy 2hdy) respectively. A Kolmogorov-Smirnov
(K-S) test (Press et al. 1992a) shows that there is a 17% ehaat the IDV and non-IDV samples are
derived from a common distribution. This is a somewhat irdasive result due to a few points at higher
flux densities in the non-IDV sample, which affects strontjlg statistical results. If we exclude those
outliers, then the mean of the non-IDV sample gets smalkar that of the IDV sample and the probability
decreases to 15%. However, it is difficult to conclude that Edurces have higher flux densisy, than
non-IDV sources in our sample.

The distributions of the compactness indgx/Ss for IDV and non-IDV sources have means of 0.53
and 0.51 with medians of 0.46 and 0.44. A K-S test shows thainanwon parent distribution for IDV
and non-IDV sources is very much acceptable at the 100%. |éndtigure 4.14, it is shown that the sub-
milliarcsecond compactness,/Ss for the IDV sources is, on average, nearly identical to the-HV
sources.

For the core dominancg..../ScLean, the IDV sources have a mean of 0.75 with a median of 0.78,
and the non-IDV sources have a mean of 0.76 with a median &f O_fie K-S comparison percentile plot
(bottom left panel in Figure 4.13) shows quite similar distributions for IDVdanon-IDV sources with the
K-S probability at the 80% level, clearly indicating thathsamples are from a common parent population.
Therefore, it is clear that IDV sources are similar to noMdurces in core-dominance.

For the core parameters such as the core flux density, thesizereand the core brightness temperature,
we found different results. The distributions of the core fiensityS..,. for IDV and non-IDV sources have
means of 0.70Jy and 0.62 Jy, with medians of 0.42 Jy and 0.4BliBy have a 34% probability of being
derived from a common core flux density population. This igegdistinctive from the results for the rest
parameters. The distributions of the core sizg. for IDV and non-IDV sources have means of 0.039 mas
and 0.057 mas with medians of 0.035 mas and 0.043 mas. The abl@V sources are smaller in angular
size than those of non-IDV sources. A K-S test also yieldsobalility of less than 4% that the core size
has the same parent distribution for IDV and non-IDV sourddss result from the two parameters affect
the distribution of the core brightness temperature, stheecore brightness temperature strongly depends
on the core flux density and the core size. Means of the coghtméss temperature for IDV and non-IDV
sources arg0!!1+0-1 K and10!0-8+9-1 K, and medians aré0'!! K and 10'°-8 K, respectively. A common
parent population of the core brightness temperature fordbd non-IDV sources are rejected at the 92%
level. Although IDV sources have a similar core flux densityittat of non-IDV sources, their brightness
temperatures are higher than those of the non-IDV sourcesadilhe smaller angular core size.



4.7. SUMMARY 95

4.7 Summary

We have conducted the largest global 86 GHz VLBI survey of gachradio sources during three GMVA
sessions of October 2001, April 2002, and October 2002. Dtileet participation of many sensitive Euro-
pean and dedicated VLBA antennas, high baseline and imagdisities are achieved as expected, and as
aresult 121 out of 127 observed sources are detected ablease baseline and 109 sources imaged with a
typical dynamic range of 50. The result of this survey, farthore, extends the database of sources imaged
at 86 GHz with VLBI observations by up to a factor of 5.

By fitting the visibilities of each source with a simple mo@élcircular Gaussian components, we pa-
rameterize the physical characteristics of each compafahe sources; flux density, size, radius, position
angle, etc. With these results the source compactness mydnass temperatures are derived.

Almost all of the imaged sources are seen to be resolved anddies of about 70% of the imaged
sources are resolved. Radio galaxies are less compact tizesarg and BL Lacs. BL Lacs are similar to
guasars in the compactness at sub-milliarcsecond scales.

The distribution of the core brightness temperatures péak a0'' K and only 1% have brightness
temperatures higher thai!? K. This shows apparently lower brightness temperatures thase derived
from other VLBI surveys at lower frequencies (e.g., 5 GHz a6&Hz).

IDV sources in our sample are similar to non-IDV sources impactness at sub-milliarcseconds. The
cores of IDV sources are smaller in angular size and so yiglden brightness temperature than non-IDV
sources, since the core flux densities of both samples aiastmeach other.

The overall amplitude calibration error investigated toe bbservations is 20%—-30%, to which extent
the results of the flux densities and brightness tempemareaccurate.
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Figure 4.8 Distributions of the total flux density, Sge (top left), the CLEAN flux density, Scr,ean (middle left), the correlated
flux density on the longest baselineSt, (bottom left), compactness indices on milliarcsecond s@8 Scr.ean/Sss (top right)

and sub-milliarcsecond scalest, /Ss (middle right), and the core dominanceScore /ScrEaN Of the imaged sources. In the top
left panel, sources with the total flux density not availableare excluded.
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Figure 4.9: Normalized mean amplitude of the visibility function in terms of uv-radius for the survey sample. The visibility
amplitude is normalized by the CLEAN flux density Scr.ean for each source (which corresponds to points at 0 M), binned
with 200 M)\ wide bins ranging from 0 to 2600 M)\, and averaged. Not all bins are sampled for all sources.
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Figure 4.12 Distributions of the correlated flux density at the longest kaseline St, (top left), the compactness indexSt,/Ss
(middle left), the core dominanceScore /Screan (bottom left), the core flux density Score (top right), the size of core component
deore (middle right), and the brightness temperature T3, (bottom right) for IDV selected and non-IDV selected sourcs (see text
for reference).
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Figure 4.14 Normalized mean amplitude of the visibility function in terms of uv-radius for IDV and non-IDV sources (see text
for details). The visibility amplitude is normalized by the CLEAN flux density Scrgan for each source (which corresponds
to a point at 0 M\), binned with 200 M wide bins ranging from 0 to 2600 M\, and averaged. Not all bins are sampled for all
sources.



Chapter 5

Intrinsic Properties of Compact Radio
Sources

5.1 Introduction

It is very difficult to measure intrinsic properties of congpeadio sources because the jets of compact radio
sources are highly relativistic and therefore Doppler beibsObserved brightness temperatufigg €an be
used to study the intrinsic physical properties of the naktic jets.

One application is to study the intrinsic brightness terapees of VLBI “cores”, by using the observed
brightness temperatutg, and the maximum jet spee$},,. The method from Homan et al. (2006) was
applied to the 2cm survey data (Kellermann et al. 2004) ireotd study the intrinsic physical properties
of prominent AGN (Cohen et al. 2007). The method could alsafygied to our sample at 86 GHz with
the maximum apparent jet speeds at 15 GHz taken from Kellemreial. (2004), in order to constrain the
intrinsic brightness temperature.

The intrinsic properties of relativistic jets depend ondniet models (Marscher 1995). To test the
accelerating and decelerating jet models, the comparisthie drightness temperatures measured at 86 GHz
with those at lower frequencies (e.g., 2 — 43 GHz) can be Udeder the equipartition condition between jet
particle and magnetic field energy densities, the positiifhaf the VLBI cores between two frequencies can
be predicted (Lobanov 1998b). The brightness temperatnithe rest frame of sources and the predicted
core shift should be able to test the inner jet models.

In this chapter, the intrinsic properties of compact radiorses are discussed. In section 5.2 the bright-
ness temperatures at 86 GHz are compared with the maximuspgets at 15 GHz in order to constrain
the intrinsic properties. The inner jet models are testeskntion 5.3. The evolution of the brightness tem-
peratures along the jet is discussed in section 5.4. In@eétb, the main results of this chapter will be
concluded.

5.2 Intrinsic brightness temperature

The highly relativistic jets are Doppler boosted to appeacinrbrighter than their intrinsic brightness. More-
over, apparent proper motion of the relativistic jet as ditb@observables is very dependant on the viewing
angle of the jets, which is usually unknown. Therefore, itasy difficult to measure the intrinsic brightness
temperaturél,. However, the observed brightness temperatiit@ &nd observed proper motion (hence
jet speedi,,;,) can be used to constrain the intrinsic brightness temperalf a sample of the relativistic
jets (Homan et al. 2006).

The physical aspects of the jet can be parameterized by thentofactory;, the intrinsic brightness
temperaturel, and the angle to the line of sighf. From these intrinsic physical properties, one can
calculate the Doppler factdr, the apparent jet spe€tl,,,, and the observed brightness temperaiure

1
fo— 1 5.1
(1 — Beosts) &
- ﬁsin9j
Bapp = 1 — Beosb;’ (-2)

103
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Figure 5.1. Plot of the apparent jet speedGapp With the observed brightness temperaturel, for a single intrinsic brightness
temperature of Ty = 1 x 10'° K and several values of Lorentz factorsy; = 15, 20, and35. The dashed line represents where
sources observed at the critical angle would lie on this plotThe solid line represents the possible apparent speeds ofasource
with intrinsic brightness temperature given by Tp.

Ty, = T, (5.3)

where = (1 —;72)'/2 is the speed of jet in the rest frame of the source (unit9.of

Following Homan et al. (2006), we assume that a compact rsalimce contains an ideal relativistic
jet, which is narrow and straight with no bends between th&Mtore and the jet components. It is clear
that some jets are not straight and tHais not the same in the core and in the moving jet components.
The celebrated example of the jet bending is found in 3C 2789{&h et al. 2003). However, as long as
superluminal motion is found, the motion must be close tditieeof sight, and any changes in angle will
be strongly amplified by projection. An observed right-anigénd could correspond to an intrinsic bend of
only a few degrees (Cohen et al. 2007).

In this case, we can also assume that the maximum speed eft tt@npponent is the same as the speed
of the jet flow through the jet core. The flow speed of the jetssally different from the patter speed of
the jet in some low-luminosity sources. However, in thosgrees which are bright and straight, the pattern
speeds are the same as the flow speeds. For simplicity, wetmalkarther assumptions:

1. Alljets have the same intrinsic brightness temperafyrend

2. All sources have their viewing angles close to the clitiatuef. = arccosg for the maximal apparent
speed at a givefi.

Under the assumptions above, one can relate the obsergidriass temperature to the maximum jet speed:

0 =~ Bapp (5.4)

and
Ty, =~ BappTo- (5.5)
This resultant simple relation between the observed hniggd temperature and the apparent maximum jet

speed is described as a solid line in Figure 5.1. From equa{®.1) and (5.2), one can also relate the
apparent jet speedl,;,, to the Doppler facto§ and the Lorentz factoy;:

Buvp =/ (5%P)? — (67 — 1)2, (5.6)
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Figure 5.2 Plot of the apparent jet speed versus the observed brightnegemperature for the sources in our sample. Lower
limits of brightness temperatures are indicated by right triangle and solid circles represent measurements. The dashédine
represents sources observed at the critical angle that havle intrinsic brightness temperature of Ty = 6.5 x 109 K. The solid
grey line represents the possible apparent speeds oha = 35 source with intrinsic brightness temperature given byTp.

for the maximum and minimum possible Doppler factéfs. = 1/ anddmin = 1/(7 — /%% — 1),

as shown as the solid lines in Figure 5.1. The lines show Hgtthee apparent speeds for jets with the
maximum Lorentz factors of; =15, 20, and 25 as functions f,, corresponding to a varying jet viewing
angle. Homan et al. (2006) found that from the simulation oflativistically beamed population of 1000
fictional compact radio sources with givép and~;, approximately 75% of the sources fall below and to
the right of the dashed line representing the critical anglese sources located to the right and below are
indeed inside the critical angle, and they have large Dagptors. Many of them are close enough to the
line of sight to have small proper motions.

We use the observed brightness temperatures of VLBI cor@6 @Hz from this work and have taken
the apparent jet speeds from the 2cm VLBA survey (e.g., Kalan et al. 2004). As described in the
paper by Kellermann et al. (2004), we selected the fastegigormotion for each source, and we only
considered those motions that are ranked as “excellentdofEyood” (G) by the criteria laid out in that
paper. For some sources which are observed or do not yield@my measurements in Kellermann et al.
(2004), we have taken the apparent speeds from the on-go®dAVE project, assuming that the speeds
are maximum values of individual sources. Figure 5.2 shopt®&of the maximum apparent speggl,,
versus the observed brightness temperdafyréor 85 selected sources from our 3 mm-survey sample. The
dashed line indicates sources at the critical angle whisle ia = 6.5 x 10°K, and the solid grey line
was calculated using the same valueTgr The value ofl;; was chosen to have approximately 75% of the
sources fall below and to the right of the dashed line, whicthé same criterion for choosing the value of
Ty as in Homan et al. (2006). Since other choices for the sinaugtarameters described in Homan et al.
(2006) are expected to give a roughly similar distributiépaints and to yield fractions between 60% and
80% of sources within the critical angle, we take the comesling values off; = 5.7 x 10'9K for a 80%
fraction andl, = 8.6 x 10'9K for a 60% fraction as the range of uncertainty T

The intrinsic brightness temperature®f = 6.5 x 10° K is indeed less than the equipartition value of
5x 100K (see section 3.3). This implies that the VLBI cores seer6& Bz may be representing a jet region
where the magnetic field energy dominates the total enertheifet. In this circumstance we could expect
that the conversion of the magnetic field energy into thetidremergy of particles in the jet and the intrinsic
brightness temperature will increase as going down strefameget. Homan et al. (2006) actually found
that AGN cores at 15 GHz are near equipartition in their mediav state, yielding the intrinsic brightness
temperatures dfy = 3 x 10'°K for a 75% fraction and}, = 4 x 10'°K for a 60% fraction. Despite the
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different sample of sources they used, the difference imthiasic temperaturet; deduced at 15 GHz and
86 GHz may imply that there will be only a small number of s@srsuitable for VLBI at higher frequencies
(e.g.,> 215GHz). The decrease ©f would also give a favorable argument to the deceleratingetel or
particle cascade model as discussed by Marscher (1995kifi@matics of the innermost region of jet will
be investigated in the following section by comparing theesled brightness temperatures at 86 GHz with
those at lower frequencies.

5.3 Compact jets on sub-parsec scales

In an attempt to parameterize a relativistic jet, Blandf@rddnigl (1979) considered the idealized model
of a steady radio jet. They assume a narrow conical jet oflspahing angles whose axis makes an angle
6 with the line of sight of the observer (the observed openimgja@is ¢, = ¢ csc#). The jet is assumed
to be supersonic and free, and to have a constant spedthe magnetic field in the jeB should vary as
r~1, wherer is the distance from the apex of the jet (most likely the argngine). The flow of relativistic
particles in the jet is accelerated by converting the irgkerelativistic particle energy. to the bulk kinetic
energyyi, and their particle energy distribution 8(~.) = Nov. ® Or Ymin (1) < Yo < Ymax(r), Wheres

is the particle energy spectral index. Those electronstadie inhomogeneous synchrotron radiation with
a spectral indexx = (1 — s)/2. For a typicala = —0.5, the corresponding particle energy distribution is
N(v) = Nov; 2. Assuming the equipartition between the jet particle eparyl the magnetic field energy,
which is given byk,AB? /87 (ke < 1 andA = In(Vmax/Ymin)), the total radiated synchrotron power from
the emission region extending fram,;, t0 ry.x in the jetis

1
Ly = gkeA’YjﬁjCBQTQ(bOQa (5.7)

whereA = In(rmax/"min)-

The observed VLBI core at any given frequency is located a&géon where the optical depth to syn-
chrotron self—absorption is = 1 in the jet. Assuming that the magnetic field and particle dgiecrease
with r as B = By (r1/r)™ and N = Ni(r1/r)", whereB;, N; are the magnetic field and the electron
density atr; = 1 pc, the corresponding is given by (see Rybicki & Lightman 1979):

eB1 )6 0P,

27rme T(5m+n71)ye+1 ’

Ts(r) = Co () Nq ( (5.8)
wheree, m, are the electron charge and mass, respectively) andare the Doppler factor and the observed
jetopening angle. Here= 3/2 — o, andC5(«) is a constant at a given spectral index (Blumenthal & Gould
1970). For a typicaly = —0.5, C2(a) = 8.4-10%% in cgs units. The physical distance of the observed VLBI
core from the central engine is obtained by equating thealdiepthr; (r) to unity:

r= [ 1+ 2) T B (6.2 - 1018 Co ()i Ny }H/ (FD] ke, (5.9)

wherek, = ((3 — 2a)m + 2n — 2)/(5 — 2a) andk, = (3 — 2a)/(5 — 2a). Kdnigl (1981) shows that it
is most reasonable to use = 1 andm = 2 to explain the observed X-ray and synchrotron emission from
the ultra compact VLBI jets. In the casewof = 1,n = 2, the corresponding, = 1 does not depend on
spectral index.

Assuming that we observe the equipartition region of thetliet absolute position of the observed VLBI
corer is related with the total radiated synchrotron luminodity,, as

1/3
r= [{CTLSYH{I/(l + z)}_l/k‘} pe, (5.10)
with g
§=11-107— [62- 10'8Cy ()] HY (5.11)
and "
[B1 (6 Nago) /0] 7
C, = , (5.12)

'YjﬁjCBQQ/)OQ
whereLgy, is in erg/s and is in Hz.
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Figure 5.3 Brightness temperatures in source frame as a function of freuencies in source frame (a) and of absolute position
of the VLBI core components (b,c). All available VLBI measuements (excluding lower limits) of core components at 2 , 851
and 86 GHz for the sources in the 3 mm-VLBI survey are used. Saues with only one measurement at one frequency and with
large fitted size due to the lack of long baseline detectiong@excluded. The used parameters for the deduced position dfie
VLBI core are v; = 10, o = 1/4;2, B =1G, N1 = 5103 em™3, and rmax /Tmin = 100. In panel (c), individual sources
are indicated by solid lines with symbols: diamonds for NGC 052, circles for 3C 274, triangles-down for 3C 84, trianglesip for
3C 120, and squares for Mk 421.
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In order to investigate the physics of compact jets in sulsgrascale regions, we used the VLBI core
brightness temperatures at 86 GHz (this survey) and theatell brightness temperatures at lower frequen-
cies: 2GHz (A. B. Pushkarev & Y. Y. Kovalev, priv. comm.), 8 @lfA. B. Pushkarev & Y. Y. Kovaley,
priv. comm.), and 15 GHz (Kovalev et al. 2005). The core brighs temperatures were recalculated in the
source frame, and the measurements for the lower limits imgestigated to be excluded in the sample for
this test. From the multi epoch measurements of the brightteenperatures at 15 GHz, we have taken the
median value of them in order to take the near equipartitadnes(Homan et al. 2006).

Figure 5.3, shows the observed brightness temperatures in source ffame a function of frequency
in the rest frame of source, = v, (1 + z). One can see that in the rest frame of the source the brightnes
temperatures at lower frequencies between 2 and 10 GHz areaiging and start decreasing at 30 GHz.
The brightness temperatures observed at 86 GHz are quitr than those at lower frequencies (2, 8, and
15GHz). Despite the uncertainties due to the amplituddition error 020 ~ 30% at 86 GHz and the
source variability of a factor of 2, the brightness temperatures observed at 86 GHz are kitivedy lower
than those at the lower frequencies. From equation (5.8)ptsition of core is given age ! ke
Since the reasonable choice of the combination= 1, n = 2 givesk, = 1, the position of the core is
inversely proportional to the source rest frame frequembgrefore, Figure 5Bimplies that the brightness
temperature might be increasing from the innermost regibn 400 GHz) to the outer region{= 10 GHz)
of the jet.

In Figure 5.3, however, there is large scatter due mainly to the deperdehthe absolute position
of the core on the synchrotron luminosity of the source (speaton (5.10)). Since the particle energy
and magnetic field energy densities at 1 pg, and Ny, are different from source to source, and usually
unknown, one cannot easily determine the absolute posifitine core from equation (5.9) except for the
case that the apparent shift of the core position at sewagliéncies is measured (Lobanov 1998b). Under
the equipartition condition, the core position can be prtedi with a known synchrotron luminositysy,
by (5.10). The synchrotron luminosity can be calculateanftbe core flux measurements of each source
over the range of rest frame frequencigs,, <’ < v} Fitting the spectrum of the core gives the total

max"*

flux of the source over the range of frequencies. Then, thetspitron luminosityLs,,, is given by:
Legn = 47 DY Fy, (5.13)

whereDy, is luminosity distance. We use a Hubble constapt= 100 kms™* Mpc~! and a cosmological
density paramete®,,, = 0.3. Table 5.1 lists the calculated synchrotron luminosity #redcore flux density
measurements at four frequencies.

Figure 5.3 shows the brightness temperatures as a function of thendieted core position for all
sources with core flux measurements at several frequengitsources are assumed to have the same
Lorentz factory; = 10, jet opening angl®, = 1/+;, and viewing anglé = 1/~;. The magnetic field in
the jets are assumed to be constBnt= 1 G, and the electron density at 1 pch§ = 5 - 103cm 3. The
synchrotron emission is emitting from the region with thaledactor ofry,.x/rmin = 100 at frequencies
of 2GHz < ¢/ < 400 GHz. As one can see in Figure %,3he observed cores of sources at low redshifts
are much closer to the central engine. It should be possilile/estigate the formation and collimation of
the jets and the environments of the central engine in thogeees. We can actually see the jet collimation
of 3C 274 with high frequency VLBI observations (Krichbaumaé 2006b, 2007; Ly et al. 2007), and
the evidence of the torus around the central engine in NGQ {R&dler et al. 2004). As expected from
Figure 5.3, the brightness temperatures are increasingtfre inner region to the outer region of sub-parsec
scales, which implies that the energy of the radiating plediis increasing as they are driven out from the
central engine in the sub-parsec scale region of the jet.

In order to interpret the increase of the brightness tentpera along the jet, we modeled the jet with
power-law functions. One single power-law does not expllagmoverall trend very well as shown in Fig-
ure 5.4. Although there are few sources in the inner region 0.4 pc, the increasing pattern in the inner
region looks a bit different from the one in the outer regio» 0.4 pc. Two power-law functions with
restricted ranges of can explain the trend with the improved goodness of fit asatiegiin Figure 5.4
With three power-law functions, the goodness of fit is furtimere improved by50%, showing the slight
decrease of the brightness temperatures in the third regiof.3 pc of the jets, as described in Figure &.4

This picture matches very well with the magnetically drivaxcelerating jet model by Vlahakis &
Konigl (2004). They argue that in the sub-parsec scale esrfiux is initially constant and then increasing,
and in the outer region the mass flux gets constant again. dfentz factor also shows a similar trend such
as being constant in the inner region and then increasirtgeiotter region. As the mass flux gets constant,
the Lorentz factor also becomes constant in the outer redictually, the sub-parsec-scale accelerations of
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Figure 5.4. Brightness temperaturesT;, as a function of core positionr are fitted with one power-law function (a), two power-
law functions (b), and three power-law functions (c). The pwer indices are shown in each panel. Grey solid lines indicatthe
restricted ranges ofr for multiple power-law fitting.
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Table 5.1 Synchrotron luminosity

SocHz SsGHz S15GHz  S86 GHz Lsyn

Name z Qy) Qy) Qy) Qy) ¢rgs™1)
(1) (2) (3) (4) (5) (6) (7)

0003-066 0.347  1.530 1.590 .. 9.8-10%
0106+013 2.107  1.920 0.910 0.431 1.8-10%
0119+041 0.637  0.890 0.530 1.110 .. 2.5.10%
0119+115 0570  1.270 1.200 .. 1.9-10%
0133+476 0.859  1.380 3.150 1.120 1.771 9.6-10%
0149+218 1.32 1.330 0.494 7.6-10%
02014+113 3.61 0.840 0.670 0.590 .. 5.4-10%
0202+149 0.405  1.220 1.840 1.770 e 1.2.10%
0202+319 1.466 1.370 1.060 0.614 1.0-10%
02124735 2.367 2.400 0.162 1.3-10%7
02344285 1.207 3.480 1.110 0.986 1.3-10%
0235+164 0.940  1.080 1.300 0.760 e 1.2.10%
0238-084 0.005 0.610 0.520 0.267 2.5-10%°
0316+413 0.017 3.630 0.599 9.1.10%
03334321 1.263 1.030 0.384 5.2.10%
0336-019  0.852 1.670 0.832 3.8.10%
0415+379 0.049  0.130 1.280 1.104 1.0-10%3
04204022  2.277 1.050 0.230 2.4-10%6
0420-014 0.915 2.420 1.332 7.0-10%
0430+052  0.033 0.840 0.860 1.107 5.6-10%2
0458-020 2.291 2.040 0.501 4.7-10%
0521-365 0.055 1.750 0.331 5.1-10%2
0528+134 2.07 1.500 1.830 2.190 .. 8210
05524398 2.363  2.920 3.530 4.050 0.480 5.1-10%6
0607-157 0.324  1.580 3.190 6.920 0.965 5.4 -10%
06421449 3.408  0.840 3.190 2.060 0.590 1.0-10%7
0707+476  1.292 0.490 0.083 2.3-10%
0727-115 1591  2.500 3.400 1.720 e 9.7-10%
0735+178 0.424  0.960 0.690 0.395 3.5-10%
0736+017 0.191 2.260 0.832 1.3-10%
0738+313  0.630 0.280 0.447 1.0-10%
0748+126  0.889 2.860 0.679 5.1-10%
0804+499 1.432  0.410 0.480 1.020 0.140 3.3-10%°
08231033 0.506 0.610 1.100 0.374 4.7-10%
0827+243 0.941  0.510 0.790 1.820 .. 2.8-10%
0850+581  1.322 0.060 0.104 1.0-10%°
0851+202 0.306  1.600 1.950 2.560 0.618 2.7-10*
0859+470 1.462  0.350 0.520 0.222 3.6-10%°
0906+015 1.018  1.060 0.880 .. 4.6-10%
0917+624  1.446 0.640 0.135 4.1-10%
09451408  1.252 1.320 0.363 6.0-10%°
10124232  0.565 0.870 0.309 6.0-10%*

1044+719 1.150 1.540 1.110 5.3 -10%°
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Table 5.1 Synchrotron luminosity (continued)

SogHz SscHz S15GHz  S86GHz Lsyn
Name z Qy) Qy) y) Qy) ¢rgs™1)
(1) (2) (3) (4) (5) (6) (7)
11014384  0.031 0.290 0.380 0.292 1.1-10*2
1128+385 1.733 0.760 0.750 0.504 1.0-10%
1156+295 0.729  1.220 2.420 1.790 1.629 5.0-10%°
1219+285 0.102  0.180 0.160 0.230 0.186 8.1-10%2
1226+023 0.158 11.78 0.828 3.4-10%*
1228+126 0.004  1.420 1.290 1.720 1.046 6.2-10%0
1308+326 0.997  1.140 3.830 0.640 5.2-10%
1508-055 1.191 0.620 0.503 4.5-10%
1511-100 1.513 0.590 0.550 8.2-10%°
1606+106 1.226  1.900 2.460 1.040 .. 2.6-10%
1637+574 0.751 1.740 1.145 3.6-10%
16424690 0.751 0.360 0.597 1.9-10%

1655+077 0.621  0.580 0.780 1.170 0.462 9.6-10%
17394522 1.379  0.430 0.520 1.740 0.847 1.1-10%

1741-038 1.057  3.010 3.960 3.580 2.404 1.6-10%
17494096 0.320  1.700 3.210 2.375 1.1-10%
1800+440 0.663 0.890 0.432 1.1-10%

18034784  0.680 1.270 1.510 1.130 0.785 2.0-10%°
18234568 0.663 0.400 0.750 2.140 0.485 1.2-10%

1828+487 0.692 1.270 1.183 3.0-10%
19014319  0.635 0.790 0.212 6.3-10%
1921293  0.352 13.11 2.069 2.1-10%
1928+738 0.303 0.840 0.656 2.8-10%**
1954+513 1.223 0.560 0.279 3.0-10%
20374511 1.687 1.790 0.345 1.8-10%6
21214053 1.941  2.090 2.150 0.414 2.0-10%6
2128-123 0.501  1.650 0.500 .. 2.5-10%
2200+420 0.069  1.420 1.220 2.270 .. 7.3-10%
22014315  0.298 2.520 0.817 3.7-10*
2216-038 0.901  0.290 1.430 2.020 .. 7.2.10%6
2223-052 1.404 3.490 3.530 0.642 1.3-10%
22344282 0.795  1.800 1.220 0.230 0.405 1.3-10%
2255-282 0.927  0.890 5.990 5.650 .. 2.3-10%6
2345-167 0.576  1.130 1.520 0.780 .. 32.10%

Notes Column designation: 1 - source name; 2 - redshift; 3 - coredkensity at 2 GHz; 4 - core flux density at 8 GHz; 5 - core flux
density at 15 GHz; 6 - core flux density at 86 GHz; 7 - calculagachrotron luminosity.
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Figure 5.5. Brightness temperatures of individual emitting componentin 3C 120, 0642+449, 0736+017, 1823+568. Blue squares
and red triangles denote the measured and predicted valued the brightness temperatures, respectively.

relativistic AGN jets are reported in the cases of NGC 625id¢ et al. 2000) with moderately relativistic
speeds({.13c ~ 0.42c), of Cygnus A (Bach et al. 2005) for apparent relativitispeeds{.2 ~ 0.5 h~1c),
and of 3C 345 (Unwin et al. 1997; Lobanov & Zensus 1999) fohhjigelativistic speeds), ~ 35).

5.4 Do Jets expand adiabatically?

From the observed brightness temperatures of relatijests; we can investigate the adiabatic expansion
of the jets. Following the argument in Marscher (1990), waua%e that the individual jet component is an
independent relativistic shock with adiabatic energydsstominating the radio emission. The assumption
that the jet is adiabatic leads to the following power lawritisition of the relativistic electron energy:

N(E)=K(r)E~°,[E1(r) < E < Ey(r)], (5.14)

whereK (r) oc 7~1(572)/3 and E; » oc 7=2/3. The magnetic field falls off a&(r) o r—*. The Doppler
factor is assumed to be constant or varying slightly alomgeh These assumptions enable us to relate the
brightness temperaturé$ ; of the jet components to the brightness temperdiyre of the core:

Th,5 = Tv,c(dy/dc)t, (5.15)

whered; ¢ are the measured sizes of the core and jet component§,arfé(2s + 1) + 3a(s + 1)]/6. We
have taken here = 2.0 for a typical spectral index = —0.5 of synchrotron emission and= 1 for the
transverse structure of the magnetic field in the jet. Thghtniess temperature of the core components for all
sources is used for the core. The predicted values are stokigure 5.5. The measured and model values
of brightness temperatures agree well despite the largertaicties, suggesting that the jet components may
indeed be relativistic plane shocks.

5.5 Conclusion

Due to their highly relativistic physical environmentsetbompact jets of extragalactic radio sources are
Doppler boosted, making it impossible to measure direbiyrtintrinsic properties: the intrinsic brightness

temperaturdly, the Lorentz factory;, and the viewing anglé;. Under assumptions that all jets have the

same Lorentz factor and the intrinsic brightness tempegatind the jet is straight with no bends, the in-

trinsic parameters are simply related to the observed sathe observed brightness temperaflif@nd the
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apparent jet speeg.,,. Using the method by Homan et al. (2006), we have found thasi¢ brightness
temperature ofy = 6.5 x 10° K for 85 sources selected from our 3 mm-survey data. Thisevialless
than the one found by (Homan et al. 2006) in the case of theanddiv state by a factor of 5. Despite
the difference in both samples, the decreasg,ahay imply that the ultra compact cores in AGN at 86 GHz
are magnetic field dominated.

The VLBI cores of the compact radio sources are opticallgktat a given frequency. The distance
of the core from the central engine is inversely proportidadhe frequencyy. o« v~ /% (Kdnigl 1981).
Under the equipartition condition between the magnetid figlergy and particle energy density, the absolute
distance of the VLBI core can be predicted. From the datab&%& Bl surveys at lower frequencies (2,
8, 15GHz) and our measurements, the brightness tempesatutbe rest frame are investigated in the
sub-parsec regions of the compact radio sources. From dityiof the central engine, the brightness
temperatures increase slowly and then rise with steeppe sibhis implies that the jets are collimated and
accelerated by the magnetically driven force, as predicyedlahakis & Kdnigl (2004).

The relativistic jets can be explained as a collection dtreistic shocks. As shown in Lobanov et al.
(2000) the intrinsic brightness temperatures deduced &y population model differs significantly (by a
factor of 2-10) between the VLBI cores and the jet componehie difference of the intrinsic brightness
temperatures derived leads to the fact that the jet emistionld evolve substantially already on the sub-
milliarcsecond scales. The observed brightness tempegatidi the jet components in our survey are in a
good agreement with the predicted values of the brightmespératures obtained from a single set of model
parameters with the assumption that each of the jet comp®iean independent relativistic shock with
adiabatic energy losses dominating the emission. The emgnetecan be improved by taking into account
changes in the opacities and magnetic fields of the jet coenon
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Chapter 6

Conclusions

Studies of compact radio sources since the discovery ofagsiimve revealed a variety of physical proper-
ties: both in morphology and kinematics from sub-parsec tmddparsec scales, radiation mechanisms at
frequencies from the radio tp-rays, theoretical models for relativistic jets, etc. Trenfier discovery of
VLBI observations for the compact extragalactic radio sesthave triggered the extensive studies to inves-
tigate the underlying physics of the relativistic jets. histcontext, the highest resolution VLBI surveys of
ultra-compact radio sources provides the potentially irtgrtd statistical basis for future study.

There are over 100 extragalactic compact radio sourcestddtand imaged at sub-milliarcsecond reso-
lution from a global 3 mm-VLBI with the largest sample at 86 &H\ majority of them have a total VLBI
flux density at 86 GHz of> 0.2Jy. Almost 70% of the sources have resolved VLBI cores witlesiof
0.02 — 0.07 mas. Most of them have flux densities of 0.2 — 1 Jy.alof the sources are core dominated,
with some dominated by jet structures. In accordance witkggascale morphology, the quasars and BL
Lac objects are more compact than the radio galaxies, whithagreement with the unification paradigm
of AGN. The cores of intra day variable (IDV) sources are alljumore compact than non-IDV sources
in angular size, and hence have higher brightness tempesatdowever, we do not find any difference of
compactness in sub-milliarcsecond and milliarcseconkksdar the IDV and non-IDV sources.

Modeling the visibility functions of theiv—data with simple Gaussian components gives reliable esti-
mates of flux densities and sizes of sub-components of thepaotnadio sources. Taking into account the
signal-to-noise ratio of the fitted model of individual cooments, reasonable lower limits can be determined,
preventing us from estimating the intrinsic physical pmes of the compact radio sources on the line of
limitation. The estimated flux densities and sizes lead &htightness temperatures of sub-components
in the sources under the assumption that the individualcsubponents are represented by 2-dimensional
elliptical Gaussian models. The distribution of the coriglhiness temperatures peaks-at0'! K and only
1% have brightness temperatures higher th@#R K, exceeding the inverse Compton limits. The observed
brightness temperatures are relatively lower than thoseatkfrom other VLBI surveys at lower frequencies
(e.g., 2, 8, and 15 GHz).

The observed brightness temperatures of sub-milliarcab®BI cores enable us to investigate the
intrinsic physical properties of extragalactic compatd.jddespite the Doppler boosting effect due to their
relativistic environments, the intrinsic properties sastthe intrinsic brightness temperatiiig the Lorentz
factor~;, and the viewing anglé; can be related to the observed values: the observed brgghiEm@perature
T, and the apparent jet spegg,,. Here we should assume that all jets have the same Loreritr faed
the intrinsic brightness temperature, and the jet is dttaigth no bends. The deduced intrinsic brightness
temperature i, = 6.5 4 x 10°K for 85 sources selected from our 3mm-survey data. Thisevislless
than the one found by (Homan et al. 2006) in the case of theanddiv state by a factor of 5. Despite
the difference in both samples, the decreasg,ahay imply that the ultra compact cores in AGN at 86 GHz
are magnetic field dominated. Under the equipartition dioibetween the magnetic field energy and
particle energy density, the absolute distance of the Vidécan be predicted. From the database of VLBI
surveys at lower frequencies (2, 8, 15 GHz) and our measunsiitae brightness temperatures in the source
frame are investigated in the sub-parsec scale of the cdmgudio sources. From the vicinity of the central
engine, the brightness temperatures increase slowly ardriee with a steeper slope. This implies that
the jets are collimated and accelerated by the magnetidaltgn force, as predicted by Vlahakis & Konigl
(2004). The relativistic jets can be explained as a cobectf relativistic shocks. The difference in the
intrinsic brightness temperatures derived leads to thietlfiat the jet emission should have already evolved

115



116 CHAPTER 6. CONCLUSIONS

substantially on sub-milliarcsecond scales. The obsdovigthtness temperatures of the jet components in
our survey are in a good agreement with the predicted valtiggedrightness temperatures obtained from
a single set of model parameters with the assumption that efathe jet components is an independent
relativistic shock with adiabatic energy losses domirgatire emission.
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