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ABSTRACT

This thesis presents the author’s major contributions to the first Caltech-Jodrell Bank
VLBI survey (CJ1). It demonstrates convincingly that the VLBI snapshot technique is a
reliable and highly efficient method of making images of large samples of objects.

The CJ1 sample consists of 135 objects with 1.3 Jy > S5 gu, > 0.7 Jy, 6(1950) > 35°
and |b] > 10°. The combination of the CJ1 sample with the Pearson-Readhead sample pro-
vides a complete, flux density limited sample of 200 objects with S5 gu, > 0.7 Jy, 6§(1950)
> 35° and |b] > 10° for which all of the objects accessible to Mark II VLBI have been
mapped at both 5 GHz and 1.6 GHz. In this thesis we present the 5 GHz VLBI obser-
vations from the CJ1 survey and follow-up observations of 8 compact symmetric objects
(CSO) or CSO candidates at 8.4 GHz. In addition, we present 5 GHz MERLIN observa-
tions of 20 objects and 1.4 GHz VLA observations of 92 objects in the CJ1+PR sample.
The VLA maps, together with L band (1.3-1.7 GHz) maps available in the literature, pro-
vide a complete set of VLA maps for the CJ14+PR sample. Furthermore, we present new
redshifts, optical counterparts and optical polarimetry measurements of the objects in the
CJ1 sample.

Based on morphological attributes on scales < 5 kpc and > 5 kpc, we identify six
physically distinct classes in the CJ1+PR sample, one of which is the CSO class. Identifi-
cation of CSO’s may have a profound impact on our understanding of AGN. Detailed study
of one archetypal CSO, 23524495, has demonstrated that the CSO’s are likely a class of
short-lived powerful galaxies.

We have confirmed the bimodal distribution of the misalignment angle and identified

that the peak near 90° is contributed by a group of objects with high optical polarization,

high fractional core flux, high radio variability and flat radio spectrum. All of these are



vi

symptoms of relativistic beaming.

The mean angular sizes of the CJ14+PR objects show only slight dependence on redshift,
contrary to the finding by Kellermann. However, our results show that the angular size
distributions of objects with z < 0.1 and those with 2z > 0.1 are significantly different. This

may indicate an evolutionary effect.
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Chapter 1

INTRODUCTION

1.1. HISTORICAL BACKGROUND

Discrete radio sources were first distinguished from the general background radio emission
by Hey et al. (1946). Soon afterwards two of the strongest radio sources were identified
with the nearby galaxies M87 and NGC 5128 (Bolton & Stanley 1949) and later the pow-
erful radio source Cygnus A was identified with a relatively faint (15™) galaxy at z = 0.056
(Baade & Minkowski 1954). The association of discrete radio sources with extragalactic
objects was gradually recognized in the years following as more radio sources were identified
with various types of galaxies. Follow-up studies revealed that the optical counterparts of
the powerful radio galaxies tend to be luminous elliptical galaxies, frequently with peculiar-
ities and with strong emission lines (see, e.g., Woltjer 1990; McCarthy 1993 and references
therein). A fraction of the early identified radio sources were apparently associated with
stellar objects. Not until the early sixties did Schmidt (1963) identify the emission lines in
the spectrum of the 13™ stellar object associated with the radio source 3C 273 at a redshift
of 0.158. Enlightened by this major development, Greenstein & Matthews (1963) were able
to identify emission lines in 3C 48 with an even larger redshift z = 0.367. It suddenly
became clear that these stellar objects, which are called quasi-stellar radio sources, i.e.,
quasars (Chiu 1964), are at great distances and have very high luminosities. In the course
of identifying quasars, Sandage (1965) realized that there are a large population of blue

stellar objects which resemble quasars in many optical properties, but are radio quiet, i.e.,
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radio-quiet quasars. Later observations showed that most radio-quiet quasars do have low

level radio emission (Kellermann et al. 1989).

It became clear, as the observational data accumulated, that a small fraction of galaxies
are different from the majority. The majority of galaxies, i.e., normal galaxies, typically
have radio luminosities between 1036 and 103° erg s~!, while radio galaxies and quasars have
radio luminosities in the range of 10%! to 10*” erg s~!. The radio emission of normal galaxies
is synchrotron radiation from relativistic electrons in magnetic fields in the galactic disc and
free-free emission from H II regions. Most of the relativistic electrons in normal galaxies
are thought to be accelerated by supernova remnants produced by stars more massive
than M ~ 8 M. H II regions are ionized by these massive stars as well (Condon 1992).
In contrast, the radio emission of radio galaxies and quasars originates from synchrotron
radiation from active regions powered by a central engine in the nucleus of the galaxy.
Many of the radio galaxies and quasars have extended structures, with lobes on opposite
sides of the central galaxy. The radio lobes have tremendous total energy, as much as
10% erg, in the form of particle and magnetic field energy. Normal galaxies emit mostly
starlight at optical wavelengths, consisting of a thermal continuum plus absorption lines,
whereas Seyfert nuclei, radio-loud and radio-quiet quasars, and most of the radio galaxies
have strong emission lines and a nonthermal continuum. These differences show that this
small fraction of galaxies have an energy source not related to ordinary stellar processes.
These galaxies are distinguished from other galaxies as active galaxies. The nuclei of such

galaxies, where the activities occur, are named active galactic nuclei (henceforth AGN).

AGN with luminosities ~ 10*¢ erg s™! are formed in ~ 1% of galaxies at redshifts
around 2, whereas a few percent of galaxies contain AGN with luminosities ~ 10%* erg s=1.
It is possible that somewhat weaker AGN are still more common (Krolik 1992). Generally

speaking, there are three different types of AGN (Woltjer 1990):

(1) The radio galaxies and quasars associated with elliptical galaxies;
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(2) The BL Lac objects and OVV (i.e., optically violent variable) quasars associated with

elliptical galaxies and presumably involving relativistic jets seen at small angles;

(3) The Seyferts and radio-quiet quasars associated with spiral galaxies at the lower lumi-

nosities and possibly at least in part with ellipticals at higher luminosities.

Since 1950 the advent of interferometric techniques has dramatically improved the imag-
ing of the radio sources, providing high resolution and sensitivity, which make it possible
to study the morphology of these radio sources in great detail. Studies of strong radio
sources have made great contributions to our understanding of AGN and were a major
factor leading to the black hole hypothesis , namely that all active galaxies contain
~ 10° — 10°M, black holes in their nuclei and that these objects together with their orbit-
ing accretion disks are the prime energy generator for most of the powerful activities. One
of the most successful steps towards understanding these objects was the development of
the relativistic beaming model, which consists of a spinning supermassive black hole and
two well-collimated relativistic jets in opposite directions (Readhead, Cohen & Blandford
1978; Blandford & Konigl 1979; Scheuer & Readhead 1979; Readhead 1980; Orr & Browne
1982; Begelman, Blandford & Rees 1984; see Section 1.2.4 also). On this model, the lobe-
and core-dominated radio sources can be understood as similar objects viewed from differ-
ent orientations. Attempts are also made with some success to relate OVV quasars, quasars
and radio galaxies (Readhead et al. 1978; Barthel 1989; Hes et al. 1993; Kapahi 1990),
and to unify BL Lac objects with favorably oriented radio galaxies with low or moderate
luminosities, i.e., FR I sources (Blandford & Rees 1978; Bicknell 1994; Padovani & Urry
1992a; Urry et al. 1991; Urry 1993). The beaming model provides a ready framework for

understanding the nonthermal optical continuum, X-ray and v-ray radiation of AGN.
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1.2. EXTRAGALACTIC RADIO SOURCES

Extragalactic radio sources are usually placed in four classes:

Lobe-dominated Sources: having most of their emission in regions far away from

their nuclei, and almost exclusively steep radio spectra.

Core-Dominated Sources: having most of their emission in the nuclear regions,

and flat radio spectra in general.

Compact Steep-spectrum Sources: having small projected linear sizes (< 5 kpc)

(see Section 1.5) and steep radio spectra.

Gigahertz Peaked Sources: having simple convex radio spectra with steep spectral
indices at high frequencies and spectral turnovers near 1 GHz (e.g., O'Dea et

al. 1991).

The general properties of these classes are briefly summarized below. Detailed reviews
can be found in Miley(1980), Kellermann & Pauliny-Toth (1981), Bridle & Perley (1984),
Kellermann & Owen (1988), Saikia & Salter (1988), Muxlow & Garrington (1991), Fanti

et al. (1990a) and O’Dea et al. (1991).

1.2.1. THE LOBE-DOMINATED SOURCES

Lobe-dominated sources consist of a central component and extended double structure
which straddles the central component. Many of them have well-collimated jets, which
connect the central component to at least one of the outlying extended lobes. The
lobe-dominated sources typically have steep radio spectra (flux density § « v®; spec-
tral index a ~ —0.7). Their projected linear sizes can be up to a few megaparsecs.
The lobe-dominated sources show a change in morphology at an absolute luminosity of
Pyzgmuz ~ 5 x 10?2 W/Hz. Fanaroff & Riley (1974) discovered that sources weaker than

this appear limb-darkened, whereas brighter sources show limb-brightened outer structure.
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The two classes are referred to as Fanaroff-Riley type I and type II (FR I and FR II),
respectively. The lobe-dominated sources generally exhibit a high degree of polarization at
radio wavelengths. Radio jets with linear polarization up to 40% are common while those
with low polarization (< 5%) are exceptional at centimeter wavelengths. In outer edges of
hotspots the polarization approaches values as high as ~ 30%. Degrees of polarization ap-
proaching the theoretical maximum of 75% (for @ = —1) have also been seen in filamentary
structures and on the outer edges of shells embedded in diffuse lobes (e.g., Bridle & Perley
1984; Saikia & Salter 1988). The polarization observations have revealed that apart from
their difference in luminosities, FR I and FR II sources also have different magnetic field

structures, as described below.
1.2.1.1. FR I SOURCES

FR I sources are almost exclusively associated with galaxies, often found in nearby rich
clusters. The most luminous FR I sources are usually associated with bright D or c¢D
galaxies located in the center of their associated clusters. Almost all FR I sources have
a prominent central component and smooth two-sided jets running into large-scale lobe
structures. Most straight jets are one-sided close to the core but become two-sided after a
few kiloparsecs. The jet with the one-sided base tends to be brighter on the large scale. Al-
though jets on opposite sides usually have comparable brightness (within a factor of a few),
some FR I sources do show significant side to side asymmetry. For example, in NGC 6251
the jet to counterjet brightness ratio is ~ 50:1 (Willis et al. 1982). The morphologies of
FR I sources are often distorted by processes in the clusters. A subclass of FR I sources
has two-sided jets which have been bent by ~ 90° on each side and merged into long diffuse
tails. They are referred to as narrow-angle tail (NAT) sources. Such objects are found in
clusters of galaxies where the parent galaxy has a large proper motion with respect to the
cluster. Another subclass of FR I sources has C-shaped structures, which are referred to as

wide-angle-tail (WAT) sources. They are associated with the optically dominant galaxies in



rich clusters (Owen & Rudnick 1976). Their outer structure is characterized by disrupted
lobes with inner hotspots linked to the central component by jets. VLBI observations of
the central components of FR I sources are sparse. However, a trend has begun to emerge:
in most cases the jet on parsec-scales is one-sided and points to the brighter kiloparsec jet
(Jones et al. 1986; Venturi et al. 1993a). An example of twin jets has also been discovered

recently in 3C 338 on scales < 10 mas, i.e., 4 pc (Feretti 1993).

The magnetic fields in the FR I sources are predominantly orthogonal to the jet axes,
although they may be parallel at the bases of the jets. Some jets have a configuration with
the field perpendicular to the jet axis near the center but becoming parallel to the axis near
one or both its edges. This configuration is often found where jets bend with the outer
edge being more strongly polarized. In some cases the fields wrap around the edges of the
lobes. The magnetic fields in the tails of both NAT and WAT sources are directed largely

along their axes.

1.2.1.2. FR II SOURCES

FR II sources are usually identified with giant elliptical galaxies not usually in rich clusters
and quasars which are probably associated with elliptical galaxies also (Véron-Cetty &
Woltjer 1990). Compared with the host galaxies of FR I sources, the host galaxies of FR II
sources are more likely to appear ‘disturbed’, perhaps due to interaction with companion

galaxies (Heckman et al. 1986).

In FR II sources identified with galaxies, there are hot-spots either located at the
farthest edges or embedded in diffuse lobe structures. A relatively weak compact core is
often seen in the center of the galaxy, but in some cases the core is too faint to be seen in
even the best images. There are many examples in which the core has been detected once
maps with high dynamic range are made. A weak one-sided continuous jet can be seen

connecting the core with the outer hot spots in some cases (Fernini et al. 1993). A counter
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jet has been detected in a few sources, namely Cygnus A, 3C 438 and 0319-454 (Saripalli

et al. 1994 and reference therein).

In FR II sources identified with quasars, the structure is basically similar to that
of FR II galaxies, but the core tends to be stronger and bright one-sided jets are more
common than in FR II galaxies with similar luminosities. Moreover, the lobe structures in
quasars show a greater degree of bending or distortion than that found in galaxies (Leahy
et al. 1989). Candidates for counterjet emission are detected in 7 out of 12 extended
quasars selected from the 3CR sample with deep VLA imaging (Bridle et al. 1994). VLBI
observations show that the cores of FR II quasars have one-sided jets which always lie on
the same side of the source as the kiloparsec jets (Hough 1986; Hough & Readhead 1987;

Hough et al. 1993). This indicates that there is a common origin of the one-sidedness.

In FR II sources, the one-sided jets tend to have magnetic fields parallel to their
axes which appear to follow bends and wriggles. Some knots have perpendicular fields
while fainter emission near them has parallel fields. In the jets that have been resolved
transversely, the polarization tends to be higher on outer edges where the jet bends. The
magnetic fields in the outer lobes are often circumferential at the outer edges, parallel to the
ridge line, and sometimes change to orthogonal to the ridge near the center. Recent studies
by Laing (1988) and Garrington et al. (1988) revealed that the lobe on the opposite side
of the one-sided jet is always more depolarized, which strongly indicates that orientation
and relativistic beaming are the major factors determining the asymmetry of the powerful

radio sources.

1.2.2. THE CORE-DOMINATED SOURCES

With the advent of the Very Large Array (VLA), the quality of radio images has improved
dramatically. At a dynamic range of a few thousand to one, most core-dominated radio

sources have been found to have faint extended emission around them with luminosities
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comparable to that of FR II sources (Browne et al. 1982; Perley et al. 1982; Murphy
1988; Murphy et al. 1993; Rusk 1988; see Chapter 3 also). On the kilo-parsec scales,
the extended structures of the core-dominated sources show diverse morphologies. For
simplicity, they could be classified as (1) halo-like; (2) one-sided; and (3) two-sided. Some
of the two-sided core-dominated sources resemble FR II sources except that their cores
and/or one-sided jets are relatively much stronger. These objects have been the prime
targets of VLBI studies, many of which have been imaged with milliarcsecond resolution.
These observations demonstrate that the majority of the core-dominated sources have an
asymmetric morphology on parsec scales, which consists of an unresolved core at one end
and a jet with a spectrum steeper than that of the core. These studies also show that the
parsec-scale jet almost always lies on the same side of the core as the kiloparsec-scale jet.
In a few cases where the parsec-scale jet apparently points away from the kilo-parsec-scale
jet, detailed studies have shown that the VLBI jet bends through a large angle and then
connects with the kilo-parsec jet, e.g., 3C 395 (Saikia et al. 1990) and 1347+539 (Xu et al.
1993). Significant bending of the jet, especially near the core, is a common feature in the
core-dominated sources. One of the most important achievements of VLBI observations
was the discovery of superluminal motion of bright knots in the parsec-scale jet. This
is quite common in core-dominated sources (Pearson et al. 1987a; Porcas 1987). Many
core-dominated sources show variability on time scales as short as days (Quirrenbach et al.

1992; Witzel et al. 1993).

1.2.3. THE COMPACT STEEP-SPECTRUM SOURCES

The compact steep-spectrum sources have steep spectra typically with o < —0.7 and small
overall linear sizes (< 10 ~ 15 pc). Systematic observations with the VLA, MERLIN and
VLBI have been undertaken by several groups. These observations reveal a wide variety of
morphologies. Some sources resemble the doubles seen in larger sources while others appear

to be asymmetric core-jets. Many have complex structure and cannot easily be classified.
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There is a clear division between structures of quasars and galaxies in this class: the
galaxies are generally doubles while the quasars tend to be triple at moderate resolution
(~ 0.1”) with a steep spectrum dominant central component. At higher resolution the
central components often turn out to be one-sided jets, which are much brighter than in

large radio sources and often exceed 80% of the total flux density (Fanti et al. 1990a,b).
1.2.4. THE GIGAHERTZ-PEAKED SPECTRUM SOURCES

Gigahertz-peaked spectrum radio sources (GPS) have simple convex radio spectra with
steep spectra at high frequencies and turnovers near 1 GHz (e.g., O’Dea et al. 1991).
These sources tend to be very compact ~ 100-1000 pc (e.g., Mutel & Phillips 1988). Their
radio luminosities are comparable to the most powerful quasars. VLBI observations reveal
that GPS sources identified with galaxies often have symmetric structure, which consists
of two well-separated emission regions with similar flux densities (within a factor of a few)
and similar spectra, strongly in contrast with the asymmetric one-sided jets found in core-
dominated sources (Phillips & Mutel 1980, 1981, 1982; Hodges et al. 1984; Hodges &
Mutel 1987; Mutel et al. 1985; Mutel & Hodges 1986; Pearson & Readhead 1988). GPS
sources exhibit less variability and less polarization than core-dominated sources (Rudnick
& Jones 1982; Seielstad et al. 1983; Rusk 1988). Recent studies have established a new class
of symmetric sources—compact triple (Conway et al. 1990, 1992), which was first noted
by Readhead et al. (1984). To avoid confusion we have introduced the term ‘compact
symmetric object’ (CSO) to describe objects with proven symmetric structure on scales <
5 kpc (Readhead 1993; Wilkinson et al. 1994; see Chapter 5 and 7 also). CCD images
of small samples of GPS galaxies suggest that they probably are interacting or merging

(O'Dea et al. 1990a; Stanghellini et al. 1993).
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1.3. THE RELATIVISTIC BEAMING MODEL AND UNI-
FICATION SCHEMES

The different morphologies of lobe-dominated and core-dominated sources were a great
puzzle in the pre-VLBI era. However, it is well-accepted now that powerful extragalactic
radio sources have a common origin, largely due to the VLBI discovery of the common
phenomena of one-sided jets and superluminal motions in AGN. The standard model con-
sists of two well-collimated relativistic outflows in opposite directions, as illustrated in Fig.
1.1. The central energy source of the outflow is believed to be a super-massive black-hole
(e.g., Begelman, Blandford & Rees 1984; Rees 1984). Although the current observation
techniques are not able to detect black holes directly, they have provided much evidence
supporting this model besides the one-sided jets and superluminal motions in AGN, such
as rapid variability with time scales as short as 1 min., increases in the central velocity
dispersion of stars within nearby galaxies, existence of faint broad emission lines in most
galactic nuclei, and so on (e.g., Blandford 1990). Another piece of radio astronomical evi-
dence is the persistence of radio source axes fixed in space for times as long as ~ 107 years
in some cases (Readhead, Cohen & Blandford 1978; Bridle & Perley 1984). A spinning
supermassive black hole is capable of maintaining the angular momentum on such time

scales.

Many attempts have been made to unify active galaxies under this model (Readhead
et al. 1978; Blandford & Konigl 1979; Scheuer & Readhead 1979; Readhead 1980; Orr &
Browne 1982; Barthel 1989), among which unification between lobe-dominated and core-
dominated sources has been the most successful. According to this model, when the rela-
tivistic outflow is moving close to the line of sight to the observer (i.e., the angle between
the direction of the outflow and the line of sight to the observer § < y~!, where 7 is the bulk
Lorentz factor of the outflow), the radio source appears core-dominated. When 8 is larger

than 77!, the source appears lobe-dominated. The luminosity of the outflow within a cone
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1 is boosted whereas that outside the cone is dimmed by the

of half opening angle ~ v~
Doppler effect. It naturally accounts for many radio observational results. Moreover, since
the core-dominated sources are lobe-dominated sources seen “pole-on,” it is expected that
they are surrounded by a low brightness, steep-spectrum halo. This has been confirmed
(Browne et al. 1982; Perley et al. 1982; Murphy 1988; Murphy et al. 1993; Rusk 1988; see
Chapter 3 also). The existence of counterjets in FR II sources expected on this model have
also been confirmed recently (Bridle et al. 1994; Saripalli et al. 1994). Other unification
schemes, such as radio galaxies with quasars, BL Lac objects with FR I objects, radio-quiet

quasar and radio-loud quasars, are also successful at some level (e.g., Antonucci 1993; Urry

1993).
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1.4. MOTIVATION FOR THIS THESIS

Our understanding of extragalactic radio sources has been improved dramatically over the
past two decades. However, there are many fundamental questions still to be answered.
For example, what is the nature of the central engine? Do the morphological differences
reflect a fundamental difference in the central engine or are they caused by environmental
differences in their parent galaxies and surrounding medium? What is the evolutionary
history of active galaxies? Moreover, unification schemes are often only tested qualitatively,
and still require thorough quantitative tests. To address these questions, one must identify
physically distinct classes of objects and determine the relative population of each class,
which has initiated studies of complete samples of active galaxies (Pearson & Readhead
1981, 1988; Fanti et al. 1985, 1990a,b; Hough 1986; Zensus & Porcas 1986; Eckart et
al. 1987; Hough & Readhead 1989; Wehrle et al. 1990, 1992). For this thesis, I have
undertaken the First Caltech-Jodrell Bank VLBI Survey (CJ1) at 5 GHz. The CJ1 sample
extends the flux density limit of the Pearson-Readhead sample from 1.3 Jy to 0.7 Jy and

increases the total number of sources from 65 to 200.

1.5. A SYNOPSIS OF THIS THESIS

In Chapter 2 we define the CJ1 sample, describe the selection of VLBI targets, and obser-
vation strategy; Chapter 3 concentrates on radio observations with VLBI, MERLIN and
the VLA and the data reduction. VLBI and MERLIN images at 5 GHz, VLA images
at 1.4 GHz and radio spectra are presented. Chapter 4 presents complementary optical
observations—new redshifts, optical identifications and optical polarimetry for sources in
the CJ1 sample are reported. In Chapter 5 we discuss a physical classification scheme based
on morphological attributes on both parsec- and kilo-parsec-scales. Examples of five out of
eight possible physically distinct classes have been identified, although some classes have

only a few members. It is found that ~ 10% of the sources belong to the class of compact
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symmetric objects; Chapter 6 reports on the distribution of the position angle differences
between parsec scale and kilo-parsec scale radio structures (i.e., misalignment angle) for the
combined CJ1+PR sample and also on the angular-size-redshift relation on parsec scales.
The bimodal distribution of misalignment angles is confirmed in a subsample of sources
with high optical polarization. Further study reveals that the peak near 90° is contributed
by a group of objects with high optical polarization, high fractional core flux densities,
flat radio spectra and high radio variability. The 6-z diagram of this sample does show
only slight dependence of angular size on redshift contrary to the finding by Kellermann
(1993). Chapter 7 presents details of the C50’s and CSO candidates in the sample. VLBI
observations at 1.6 and 5 GHz and at 8.4 GHz in some cases enable us to estimate spectral
indices for individual emission regions, which show that the outer emission regions have
similar spectra. We have identified the core in at least 1 case, 04044768, and possibly
another, 12254368, based on the spectral information. In Chapter 8 we summarize the

major findings of this survey. References are given at the end of the thesis.

1.6. SOME DEFINITIONS

Spectrum: Throughout this thesis we adopt § « v*. A spectrum having a spectral index
a < —0.5 1s defined as a steep spectrum and that having a spectral index a > —0.5

as a flat spectrum.

Compact & Extended Sources: In this thesis we select 5 kpc as the division between
extended and compact sources, i.e., sources with projected linear sizes < 5 kpc are

compact and others are extended.

Dynamic Range: This term is usually used to indicate the quality of maps. We define the
dynamic range as the ratio between peak flux to rms noise measured in a blank

area.

Hg and go: Hg = 100 km/s/Mpc and q¢ = 0.5 are adopted throughout the thesis.
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Chapter 2

THE FIRST CALTECH-JODRELL BANK
SURVEY

2.1. BACKGROUND

The advent of the Very Long Baseline Interferometry (VLBI) technique has brought radio
astronomy into a new regime with its high resolution. The global VLBI network, consti-
tuted by radio telescopes throughout the world, can provide an angular resolution of ~ 1
milliarcsecond (mas) at 5 GHz, which corresponds to a linear resolution of 0.15 pc at z =
0.01 and 4 pc at z = 2. Routine observations with VLBI can be made at several wavebands
below 23 GHz, and pilot observations at 43 and 100 GHz have been performed successfully,
providing angular resolution as high as 0.05 mas, i.e., a linear resolution ~ 7.573 pc at z =
0.01 and 0.2 pc at z = 2. To put this in perspective, the black hole’s gravity may begin to
dominate at ~ 10 pc, the broad line region is on the order of 1 pc, and the central engine
is on the order of 107 pc. So far VLBI is the only routinely available technique which can
image active galactic nuclei with parsec and even subparsec resolution. VLBI studies of
compact radio sources have greatly improved our understanding of the central engine and
will certainly continue to do so, even though they cannot provide direct observations of the
central engine itself and the radio emission detected by VLBI is only a small portion of the

energy output of the central engine.

VLBI observations have demonstrated that active galactic nuclei have a variety of radio

morphologies on mas scales. The majority of compact sources show a one-sided core-jet
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morphology which consists of an unresolved flat spectrum core at one end and a jet with
steeper spectrum (e.g., Pearson & Readhead 1988; Wehrle et al. 1992). The jets are often
comprised of one or several knots. These knots are frequently observed to move away from
the core with apparent superluminal speed (e.g., Zensus & Pearson 1987, 1990). Complex
structures are observed in some CSS sources (Fanti et al. 1990a) and compact symmetric
structures similar to the classical doubles are also known (e.g., Readhead et al. 1984;

Conway et al. 1992; Readhead 1993; Wilkinson et al. 1994).

The relationship between the various types of sources and the underlying causes of
the different morphologies remains unclear. For instance, the nature of CSS and GPS
sources and their relation to other sources are still unclear. It is also not known whether
the morphological differences reflect fundamental differences in the central engine, or are
caused by environmental differences in the parent galaxies or the surrounding medium. In
order to answer these questions, one must identify physically distinct classes of objects
and determine the relative population of each class. For the past 15 years a number of
groups have been studying complete samples of active galaxies with VLBI. Eckart et al.
(1987) and Witzel et al. (1988) have studied 13 flat spectrum sources selected from the
S5 survey (Kiihr et al. 1981) with § (B1950.0) > 70° and S5 gy, > 1 Jy. Weak cores of
lobe-dominated sources have been studied in several orientation unbiased samples; results
on more than 30 objects have been published so far (e.g., Hough 1986; Zensus & Porcas
1987; Hooimeyer et al. 1992; Giovannini et al. 1992; Hough et al. 1993). About 50 CSS
sources selected from the 3CR and Peacock & Wall (1982) catalogues have been mapped at
multiple frequencies (e.g., Fanti et al. 1985; Fanti et al. 1990b; Sanghera 1992). A group
of astronomers mainly from Brandeis University has been studying the radio polarization
of quasars and BL Lac objects on mas scales; results on 24 objects have been published
to date (Cawthorne et al. 1993a,b). Wehrle et al. (1992) have been conducting a VLBI

survey on 41 sources with flux density exceeding 4.5 Jy at 8.4 GHz at any epoch.
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The largest systematic study with VLBI prior to this thesis was that of Pearson &
Readhead (1988), who studied a flux-density limited complete sample of 65 objects with
Ss gHz 2 1.3 Jy, 6(1950) > 35° and |b| > 10°, selected from the S4 and S5 surveys (Pauliny-
Toth et al. 1978; Kiihr et al. 1981). They mapped 45 objects (all those accessible to Mark
II VLBI) with VLBI at 5 GHz. Most of these sources have also been observed at 2nd and
3rd epochs. They made a provisional morphological classification with five major classes:
very compact and asymmetric sources, compact double sources, compact steep spectrum
sources, irregular flat spectrum sources, and lobe-dominated sources, some of which are
divided into subclasses. They also found that the distribution of the difference in position
angle between milliarcsecond scale and arcsecond scale structures peaks at both 0° and 90°,
which may imply that there are different types of central engines. But the result is not

overwhelmingly convincing since it is drawn from a small number of sources.

The interpretation of Pearson & Readhead’s results has been hampered by the small
size of their sample. The large number of different classes of AGN, some of which have only
one or two members, raises the question of whether the full range of morphological types
has been observed and identified. Moreover, it is impossible to perform statistical tests
within these classes due to their small sizes. An increase of the number of sources by a
factor of three would constitute a major improvement. Therefore, we decided to treble the
size of the sample. This project is a joint effort between California Institute of Technology
(Caltech) and Nuffield Radio Astronomical Laboratories at Jodrell Bank, UK (University
of Manchester). To distinguish this survey from another survey which followed, we have

named it the first Caltech—Jodrell Bank survey or CJ1 survey.
Our main objectives were:

(a) To identify physically distinct classes of AGN based on all information accessible,
such as morphological attributes on both milliarcsecond and arcsecond scales,

spectral indices, linear sizes, optical identifications, etc.
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(b) To provide a sample which is large enough to make interesting statistical tests
both as a whole and within and between different classes. In particular, we can
investigate the distribution of misalignment angles between structures on the mil-
liarcsecond scale and arcsecond scale (Pearson & Readhead 1988) and study the
cosmological evolution of different classes using the luminosity-volume test (e.g.,
Herbig, Readhead & Xu 1995). Testing the applicability of “Unified Schemes”
is another goal of this study. It has been suggested recently that the relation
between VLBI angular size and redshift can be used as a probe of universal geom-
etry (Kellermann 1993; Gurvits 1993). This sample can also be used to test such

findings.
(c¢) To identify objects with particularly interesting or unusual structure.

(d) To provide first-epoch observations for a systematic study of superluminal motion

in a large complete sample (Vermeulen & Cohen 1994).

2.2. THE FRIST CALTECH-JODRELL BANK SAMPLE

The Caltech—Jodrell sample is selected from the NRAO-MPIfR 5 GHz strong sources survey

(S4 & S5) (Pauliny-Toth et al. 1978; Kiihr et al. 1981) by the following criteria:
1) total flux demnsity at 5 GHz: 0.7 < Ssgn. < 1.3 Jy;
2) declination (B1950.0) é > 35°;
3) Galactic latitude |b] > 10°.

The S4 and S5 surveys contain 137 sources satisfying the above criteria. One of them,
17584666, is identified with a planetary nebula and another, 10384528, consists of two
independent quasars (Owen et al. 1980), neither of which is brighter than 0.7 Jy at 5
GHz. Thus these two sources have been excluded and the final CJ1 sample contains 135

objects, which are listed in Table 2.1. This sample is an extension of the PR sample to
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lower flux densities. The combination of the CJ1 and PR samples forms a flux-density

limited complete sample of 200 sources, by far the largest sample studied by VLBI.

2.3. OBSERVATION STRATEGY

To identify physically distinct classes of AGN, information as complete as possible on var-
ious aspects is required. Through extensive literature searches, we collected information
on optical identifications, redshifts and radio spectra and images made with various instru-
ments at different frequencies. We filled the gaps in information wherever necessary with

our own observations. Thus this project involved observations with several instruments.

2.3.1. VLBI OBSERVATIONS

The global VLBI network was used to obtain milliarcsecond scale structures, which is the
most crucial part of the project. Many VLBI images show two or more knots, and it is
often difficult to identify the core, which introduces ambiguity into classification. In light
of this, we decided to observe at two frequencies—a high frequency which can provide
high resolution and a low frequency which can detect steep-spectrum extended structure.
Balancing the availability and reliability of the antennas participating in the global VLBI
network, we chose 1.6 and 5 GHz as our working frequencies. Traditionally, VLBI images
were made with long track (~ 8-10 hours) observations. Such an observing scheme is
unsuitable for studying large samples. In order to finish the dual-frequency observations
of such a large sample within ~ three years, we decided to make a VLBI snapshot survey
with three 20 — 30 min. snapshot on each object (Chapter 3). We were very successful in
persuading both the US and European VLBI networks to allocate the required observing
time. The actual observations often yielded maps with dynamic range ~ 200:1 as expected.
Our success has proven the reliability and efficiency of the snapshot technique, which has
initiated the second Caltech-Jodrell Bank VLBI Survey (CJ2) (Taylor et al. 1994) and the

second epoch observations of the CJ1 sample.
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The narrow band (1.8 MHz) Mark II recording system can only image sources with
a compact component brighter than ~ 100 mJy. For reasons of time and economy, we
did not perform a finding survey like PR; instead, we used the radio spectra and images
we collected to identify targets for VLBI observations. We sorted the sources into three

groups:

1) Sources which had been observed previously with VLBI and for which the maps
were of sufficient quality to allow us to make an unambiguous classification. There are
seven sources in this group, namely, 02484430, 07164714, 1039+811, 11504812, 15044377,
16374826, 20074777 (Alef 1988; Eckart et al. 1987; Zensus & Porcas 1985). Six of these
(except 1637+826) were observed again in the CJ2 survey. The CJ2 team has generously

offered the data to us.

2) Sources which are almost certain to have structure that can be mapped with Mark II
VLBI. This group consists of sources unresolved by the VLA, preferably at high frequency,
sources with overall angular size < 2” if no observations with higher resolution available,
extended sources with core flux density at 5 GHz above 300 mJy, and all objects observed
with VLBI by Preston et al. (1985) for which at least 20% of the total flux density is

detected on intercontinental baselines. There are 81 sources in this group.

3) Sources which do not have a strong enough compact feature to be mapped by
Mark II VLBI. These sources are predominantly large, lobe-dominated sources with weak

or undetected cores. There are 47 sources in this group.

In our 5 GHz VLBI observations, we observed all sources in group 2, and in addition
one object in the PR sample, 0404+768, since it had not been mapped at 5 GHz. In
our 1.6 GHz observations, we observed all sources in groups 1 and 2 and 28 sources in
the PR sample for which VLBI observations at this frequency have not been made. This
thesis deals with the observations at 5 GHz. The 1.6 GHz observations were processed by

Polatidis et al. (1995) and Thakkar et al. (1995).



2.3.2. VLA OBSERVATIONS

A complete set of large scale images of the sources in both CJ1 and PR samples is needed
for classification and for measurements of misalignment angles and overall angular sizes.
These two samples had not been mapped systematically with the VLA. Two previous VLA
surveys, conducted by Murphy (1988) and Rusk (1988), have many sources in common with
the PR and CJ1 samples. Both surveys were made with the VLA A array at L band, i.e.,
1.4 GHz (in fact Murphy’s observations were made with the A + C array), which provide
images with dynamic range > 3000:1. Some other objects have also been mapped with the
VLA at L band with similar quality. Following an extensive literature search we found that
92 objects in the PR and CJ1 sample had not been adequately imaged at low frequency.
We therefore decided to observe these 92 sources with the VLA at L band so that we could

have a nearly uniform set of VLA images of these two samples.
2.3.3. MERLIN OBSERVATIONS

MERLIN observations can provide information on structures on intermediate scales (100
— 500 mas). Structures on intermediate scales are helpful in identifying compact steep-
spectrum sources and compact symmetric objects, and are also useful for measurements
of misalignment angles in some cases. We planned to observe all 88 sources in groups 1
and 2 with MERLIN, but due to time constraints only 36 of them have been observed
thus far. Although it would have been useful to have a complete set of MERLIN maps,
we concluded that these were not essential for our purpose since the VLA maps at high
frequencies do give information down to a few tenths of an arcsecond. For example, none
of these 36 objects was re-classified as a result of the MERLIN observations, but they did

provide tighter constraints on the angular sizes for some objects.
2.3.4. COMPLEMENTARY OPTICAL OBSERVATIONS

Optical observations were made with the Double Spectrograph on the Palomar 200 inch
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telescope to measure redshifts, which yielded 23 new redshifts out of 32 objects observed.
Optical identifications for 14 sources have been found or confirmed with CCD images taken
at r-band with the Palomar 60 inch telescope. Optical polarimetry observations for 59
sources in the CJ1 sample were obtained with the 90- and 61-inch telescopes of the Steward

Observatory. These data are used to study the misalignment distribution (Chapter 6).
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Notes to Table 2.1.

1: Source name in the IAU convention;

Column 2: Alternative source name;

Column 3: Right Ascension (1950.0);

Column 4: Declination (1950.0);

Column 5: References for radio position in column (3) and (4): 1 — Patnaik et al. 1992; 2

— Laing et al. 1983; 3 - The VLA Calibration Manual, 1990 edition; 4 — Pauliny-
Toth et al. 1978; 5 — Kiihr et al. 1981; 6 — Kapahi 1981; 7 — Owen & Puschell
1984; 8 — Polatidis 1993; 9 — Morabito et al. 1982; 10 — Gregorini et al. 1988; 11

— Argyle & Eldridge 1990.

Column 6: Galactic latitude;

Column

7: Flux density at 5 GHz as measured in the S4 and S5 surveys;

Column 8: Optical identification — G: galaxy; Q: quasar; BL: BL Lac object; EF: empty

Column
Column

Column

field.

9: Approximate visual magnitude of the optical object;

10: Redshift;

11: References for optical identification and redshift: 0 — this work; 1 — Stickel
& Kiihr 1993b; 2 — Kiihr et al. 1979; 3 — Spinrad et al. 1985; 4 — Browne et al.
1993; 5 — Veron & Veron 1991; 6 — Stickel & Kiihr 1993a; 7 — Vigotti et al. 1989;
8 — Burbidge & Hewitt 1989; 9 — Burbidge & Hewitt 1987; 10 — Stickel, Fried &
Kiihr 1993; 11 - Preston et al. 1985; 12 — Stickel & Kiihr 1992; 13 — Spinrad et
al. 1985; 14 — Stickel & Kiihr 1994. 15 — Stanghellini et al. 1993; 16 — Kiihr et al.
1987; 17 — Taken from the NASA/IPAC Extragalactic Database; 18 — Preston et

al. 1985; 19 — Perley et al. 1982.



Chapter 3

RADIO OBSERVATIONS
AND
DATA REDUCTION

3.1. INTRODUCTION

The results of our 5 GHz VLBI observations from the CJ1 survey have been submitted
for publication to the Astrophysical Journal Supplement Series. This paper also reports
MERLIN observations at 5 GHz of 20 objects and VLA observations at 1.4 GHz of 92 objects
in the combined CJ14+PR sample, and presents radio spectra of all 135 CJ1 objects. In the
interest of brevity, many details of the VLBI observations and data reduction were omitted
in the paper, and the maps from each instrument have been collected into three separate
sets of figures. In this chapter we give a more extensive account of the observations and
analysis, and we group all the observations of each object on a single page so that the reader
can see the structure on pc and kpc scales and spectral information at a glance. Section
3.2 gives a detailed description of the VLBI observations and data reduction. Section 3.3
presents the text which we have submitted to the Astrophysical Journal Supplement Series.
This leads to some repetition, but since the submitted text is very short, we judged that
this was not excessive. Section 3.4 describes the format in which the maps and spectra are

presented.
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3.2. VLBI OBSERVATIONS AND DATA REDUCTION

3.2.1. THE SNAPSHOT TECHNIQUE

In synthesis imaging an interferometer array is used to measure the Fourier components of
the source brightness distribution, i.e., the complex visibility. The brightness distribution
of the object is derived by Fourier transformation and deconvolution (Hogbom 1974; Clark
1980; Schwab 1984). In order to make a good image the visibility measurements should
be fairly uniformly distributed on the uv plane over the range of the baselines covered. To
achieve good uv coverage, conventional VLBI observations are made with long tracks (~ 8-
10 hours). However, this method is not suitable for studies of large samples. For example,
it took PR nearly five years to complete the first-epoch observations of 40 sources in the PR
sample, which were made with ~ 10-hour tracks. Clearly, it is not practical to carry out the
CJ1 survey with long track observations. There have been two major improvements in VLBI
networks since the first PR survey. First, the number of telescopes routinely participating
in the VLBI observations has increased to ~ 15 in contrast to the 4-5 telescopes used by PR;
second, the advent of the Caltech/JPL Block 2 correlator has made it possible to correlate
up to 16 stations in one pass. In light of these developments, we investigated the possibility
of making a VLBI snapshot survey. Simulations showed that observations with three 20-
minute snapshots give maps of complicated sources with dynamic range > 200:1, which is
adequate for our objectives. Thus the snapshot observations provide a good compromise
between image quality and observing efficiency. We noted that a larger number of shorter
scans would provide more uniform uv coverage and better images, but since some of the
telescopes have slow slew speeds—especially the 100-m telescope in Effelsberg, Germany,
which is one of the most sensitive telescopes—frequent switches between sources would lead
to a large loss of observing time. Thus we compromised by accepting a slight reduction in
image quality for the sake of much better observing efficiency. It is worth pointing out that

the approach with many short scans is viable with the VLBA owing to its fast slew speed.



3.2.2. VLBI OBSERVATIONS

We observed 81 objects in the CJ1 sample at 5 GHz with the global VLBI network, a combi-
nation of the European VLBI network (EVN), U.S. VLBI network, and partially completed
VLBA. Data were recorded with left circular polarization (IEEE convention) and with a
bandwidth of 1.8 MHz using the Mark II VLBI format (Clark 1973) and cross-correlated
with the JPL/Caltech Block 2 correlator. One object, 04044768, in the PR sample was also
observed since it had not been mapped previously at 5 GHz. All objects, except 0218 4357
and 0404 + 768, were observed with the snapshot technique — generally with three 20-30
min scans, but some objects had 1 or 2 extra-scans to fill gaps in the schedules. 02184357
were observed for 4.5 hours and 04044768 for 3 hours. The observations were completed in
six sessions between 1990 and 1992 (Table 3.1). Thirteen to seventeen stations participated
in each session. The locations and basic parameters of these stations are listed in Table 3.1.
In the session of September 1991 MERLIN observed simultaneously. Data from three of
the six MERLIN stations (Cambridge, MK II at Jodrell Bank and Knockin) were recorded
in Mark II format so that we could cross-correlate them with other non-MERLIN stations.
The MERLIN data were combined with VLBI data, hence 21 stations participated in this
session. In addition to our observations, six other sources in the CJ1 sample, for which we
had planned to use published images, were observed as part of the CJ2 survey. The CJ2
team has generously donated these data to us. Therefore, we have a uniform set of VLBI
observations for all sources but one (1637+826) in the CJ1 sample accessible with Mark II

VLBIL

The snapshot observations require careful scheduling. The time during which a source
can been seen by all the participating stations depends on the declination of the source
and varies from ~ 4 hours at § ~ 35° to over 10 hours at § > 60°. To optimize the
uv coverage, we scheduled the three snapshots in the following fashion. For sources with

mutual observing time of 8 hours or longer, the snapshots were separated by about four
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hours, which provided very good uv coverage. For other sources three snapshots were taken
at the beginning, the middle and the end of the mutual observing time. For sources with
a declination near 35°, the lower limit of our sample, the mutual time is so short as to
leave huge holes in the uv coverage, which may lead to uncertainties in the map. One or
two station were often given up in order to gain ~ 1.5 hours or more in mutual observing
time. Fig. 3.1 shows uv coverages for three representative sources, at § ~ 38°,6 ~ 52° and

6~ T77°.

We adjusted the length of the snapshots as we gained experience during the course
of this project. In March 1990, our first session of snapshot observations, each snapshot
lasted from 24 minutes to 30 minutes (including slew time). The variations were due to
different slew times between sources. Extra time was added for long slews. Qur goal was
to ensure 20 minutes of useful data for each snapshot. But the variable observing times
added tremendously to the difficulties of scheduling. Therefore, we adopted a standard
snapshot time of 30 minutes for the following three sessions of observations at 5 GHz in
June and September 1991 and in March 1992, and for all of the observations at 1.6 GHz
(Polatidis 1993; Polatidis et al. 1994). In the last two sessions, June and September 1992,
we shortened the snapshot time to 20 minutes. This reflected our confidence in the snapshot

technique, which had proven very successful in the previous observations.

3.2.3. DATA REDUCTION

Maps were made during the course of the observations. However, it was found in March
1994 that FRING, the AIPS task which performs fringe-fitting, gave erroneous results owing
to a penalty function which was used when delay windows smaller than the Nyquist window
were selected. This caused some errors in the maps. At about the same time we realized
that the data in the June 1991 session suffered ionospheric scintillation, which also resulted
in errors in the maps. In view of these problems, we decided to reprocess all the data with

a correct version of FRING. It should perhaps be pointed out that the FRING problem
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was a subtle one which only affected maps at < 2% level and it was used by the world
VLBI community for 3 years. The final VLBI data reduction is described in the following

sections.
3.2.3.1 FRINGE-FITTING AND INITIAL PHASE SELF-CALIBRATION

For any interferometer, the correlated signal appears at a delay and phase that depend on
the geometry of the interferometer, the source position, the atmosphere and ionosphere, and
on details of the instrumental hardware. When the data are correlated, the expected delay
is calculated and the data streams for each elements are aligned to the calculated delay.
The rate of change of the difference between the expected and actual phases is referred as
the residual fringe rate. For connected-element interferometers, the a priori uncertainties
in delay and rate can easily be made insignificant. However, in VLBI the use of separate
clocks, uncertainties in the geometry and atmosphere, and long baselines combine to make
sufficiently accurate a priori determinations of the delay and phase difficult. Thus “fringe-
fitting” must be performed to solve for and remove any residual delay and fringe rate offsets

(Walker 1988).

For our final maps, fringe-fitting was performed with the AIPS task FRING (July
1994 edition), the global fringe-fitting algorithm developed by Schwab & Cotton (1983),
with the penalty term disabled. Nyquist search windows were used. The Effelsberg 100-
m antenna was chosen as the reference antenna whenever possible, otherwise the Green
Bank telescope was selected. The parameter SOLINT (i.e., solution integration time) in
FRING was set to 4-6 minutes in most cases. A value as long as 15-minutes was used
for weak sources. A solution interval of 2-minutes was used for 0218+357 due to its large
size ~ 330 mas. After fringe-fitting, the 2-second data were converted to MERGE format
used by the Caltech VLBI Package (Pearson 1991). The data were phase self-calibrated
in DIFMAP (Shepherd et al. 1994) with a 10-second solution time to remove the residual

phase errors. A point source model was used for all sources except 0218+356, for which
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a model with two Gaussian components, derived from EVN observations (Patnaik, private
communication), was used. The data then were averaged coherently for 60 seconds in all
but two cases. A 10-second averaging interval was used in 02184356 to avoid significant
time-average smearing. For the same reason, a 30-second averaging interval was adopted

for 04044-768.

The error bars of the averaged data were calculated from the internal scatter of indi-

vidual data points within the averaging period.
3.2.3.2 AMPLITUDE CALIBRATION

Amplitude calibration was performed with the program CAL in the Caltech VLBI package,
which calibrates the correlation coefficients using measurements of antenna system temper-
atures and antenna gain curves (Cohen et al. 1975). Accurate calibration relies on accurate
determination of antenna system temperatures and antenna gain curves, which are difficult
to obtain. Thus the a priori calibration always has errors which can be quite large. For
example, HSTK had an offset of ~ 20% in the session of June 1991. Fortunately, most
of the errors can be corrected with a station-dependent multiplicative factor. In order to
determine this factor and improve the a priori calibration, we observed calibrator sources
of known structure, 01334476, 05524398, 1638+398 and 1739+522. All of these are strong
sources (> 1 Jy) known to be barely resolved or highly core-dominated. A calibrator scan
was scheduled every 4-6 hours, and 2-3 calibrators were used during each observing session.
We used two methods to find the station-dependent calibration offsets. First, we mapped
the calibrators and self-calibrated the original data with the final clean component model
allowing the gain of each telescope to be scaled by a constant factor. This provided a set
of correction factors. Since the calibrators have known structure, we were confident of the
final models and hence that the corrections were correct. The correction factors obtained
from different calibrators also provided an independent check. They were consistent for

most antennas, which enhanced our confidence. Second, we used the program UVCROSS
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in the Caltech VLBI package to estimate the corrections. UVCROSS calculates gain cor-
rection factors for each station by equating the correlated flux densities at baseline crossing
points in the uv plane. In practice nearby data points are treated as ‘crossing points’. This
procedure works well for compact sources, such as the calibrators we used. For our obser-
vations we used a 3-MA radius within which the correlated flux were averaged (the longest
baseline is ~ 155 MA). The corrections found with different calibrators were consistent.
Moreover, they were in good agreement (< 3%) with those found through mapping. Thus
a set of averaged correction factors for each telescope was derived, and then were used
to calibrate the entire observing session. Closure phases were also examined for obvious
baseline dependent errors, but none was found in our observations. In our final-epoch of
data processing, the calibrated data were converted back to FITS format for editing and

mapping.

We believe that the final calibration was good to ~ 5%. Time dependent calibration

errors were later corrected through self-calibration on time scales of 15-30 minutes.
3.2.3.3. DATA EDITING

Our data were continuously recorded even when the telescopes were switching between
sources. The corresponding data should be flagged. Since the switching periods are different
for each telescope due to different slew speeds, it is difficult to edit data globally without
sacrificing good data. Moreover, there are individual corrupted points due to interference
and occasional bad readout by the correlator. Thus the data editing was done on a point-by-
point basis. At the beginning of our observations, the data were edited with program IED
of the Caltech VLBI package. It took ~ 1 hour to edit one source. Later we used DIFMAP
(see below) to perform this task. DIFMAP provides an excellent graphical interface and a
variety of options for data editing. Data can be edited interactively by station or baseline,
according to time and/or flux density range on a plot of visibilities. Data can also be edited

on the visibility-uv distance plot. As a result, the time required to edit one source dropped



to ~ 10 minutes, a factor of 6 improvement.

3.2.3.4 MAPPING

Our mapping methodology went through three generations as the mapping software and

computing facility evolved during the course of this survey:

(i) AMPHI-INVERT-CLEAN

Maps were made with AMPHI-INVERT-CLEAN (Caltech VLBI Package) loops at the
beginning of the survey. Program AMPHI performs self-calibration using the method of
Cornwell & Wilkinson (1981). INVERT makes maps from calibrated visibility data by
Fourier transformation. And CLEAN deconvolves the dirty maps produced by INVERT
using the algorithm invented by Hégbom (1974). The general idea was to start with a point
source model and clean slowly to build a model close to the real distribution of brightness
on the sky. We designed a procedure consisting of seven AMPHI-INVERT-CLEAN loops.
Each loop took a starting model used by AMPHI to perform self-calibration and generated
a model with delta functions produced by CLEAN. A point source starting model was used
in the first loop and the delta-function model from the previous loop was used later. In
each of the first five loops, a phase self-calibration was performed with the starting model
and 10, 20, 40, 80 and 200 delta-functions were extracted; In the sixth loop a constant
amplitude correction for each telescope was allowed in AMPHI and 200 delta-functions were
cleaned. In the final loop amplitude correction on a timescale of 30 minutes was allowed and
400 delta-functions were cleaned. The procedure provided maps of good quality in most
cases. However, since we started with a point source model, which tends to distribute flux
symmetrically, some maps had suspicious counterjets, and there were probably errors at a
low level for many sources. We therefore did modelfitting to the original data with Gaussian
components based on the main features of the map (see below for the need of modelfitting).

The agreement factor of the final models to the original data ranged from 1 - 1.3 for closure
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phases and 1.3 — 2 for amplitudes. The model was used to start another procedure to make a
final map. This procedure usually contained four AMPHI-INVERT-CLEAN loops. First,
a phase self-calibration was performed with the model and original data, and 400 — 1000
delta-functions were subtracted, depending on the complexity of the structure; second, a
constant correction of amplitude was allowed for each station; third, amplitude correction
on a timescale of 30 minutes was allowed; and in the final step the third loop was repeated
with natural weighting in INVERT. The weights were usually scaled with the inverse of the
amplitude errors. We were satisfied with ~ 90% of the maps obtained with this MAPPING
— MODEL-FITTING - MAPPING procedure. The remainder were mapped individually,

with carefully chosen windows.
(ii) DIFMAP

DIFMAP, written by Dr. M. C. Shepherd at Caltech, is an integration of many useful func-
tions, including data display, data editing, self-calibration, imaging (i.e., Fourier transform),
and deconvolution (i.e., clean). It takes advantage of the speed, large internal memory and
graphics capability of Sun workstations. A difference mapping clean algorithm is used by
DIFMAP. In this the subtraction of model components is performed in the uv plane rather
than the image plane (Shepherd et al. 1994). This approach provides faster iterative self-
calibration since only the changes to the model have to be computed in each iteration. It
also guides users to recognize source structure and hence position clean windows, which is

very helpful in identifying faint, extended emission.

The mapping was generally begun with tight windows. The brightest feature on the
dirty map was windowed and cleaned first, then the brightest feature on the residual map
and so on. This procedure was continued until no dominant bright feature remained in
the residual map. We then self-calibrated the phases, followed by more cleaning. When
the cleaned flux density reached about 90% of the flux density on the shortest baseline, we

performed an amplitude self-calibration with a constant correction factor for each station.
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The amplitude was then allowed to change on a time scale from 300 minutes down to 15-30
minutes. A clean step was used after each self-calibration. Maps were made with uniform
weighting or natural weighting, with the weights scaled inversely with the amplitude errors.
Uniform weighting provided higher resolution, while natural weighting provided higher
sensitivity with slightly less resolution, which often revealed more extended structures.
Data were tapered with a Gaussian function of a value 0.3 at uv distance 50 M) to reveal
extended structures. Such a taper provides angular resolution similar to that of our 1.6
GHz VLBI observations, so that maps at two frequencies could easily be compared. For
the sake of consistency, the sources mapped previously were remapped with DIFMAP. The

quality of the maps is basically the same, but improved slightly in some cases.

(ili) AUTOMAP

A script, called AUTOMAP, has recently been developed by M. C. Shepherd and G. B.
Taylor at Caltech to run DIFMAP automatically. In AUTOMAP an image is first produced
by DIFMAP, assuming a point source starting model. The position of the highest surface
brightness feature on the map is then identified and a small rectangular window is centered
on this position. The map is then “CLEANed” (Hégbom 1974) for a number of iterations,
specified by the user, and a loop gain of typically ~ 0.01. In each CLEAN iteration the
highest surface brightness feature remaining within the window in the residual or “differ-
ence” map is selected for CLEANing. AUTOMAP then performs a phase self-calibration
(i.e., it makes a hybrid map), and finds the position of the highest surface brightness fea-
ture in the difference map. It then places a window centered on this position and repeats
the above process. We made a number of tests of AUTOMAP, and modified it to suit our
needs for the mapping of the CJ1 objects. The final version of AUTOMAP which we used

consisted of three basic steps:

1) The CLEAN loop had a cutoff at 60, where o is the residual rms noise in the difference
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map;

2) a Gaussian taper with a value of 0.3 at a spacing of 50 M\ in the uv plane was applied

to the visibility amplitudes—this helped to show up any faint extended structure; and

3) amplitude self-calibration was applied, followed by more CLEAN loops with a cutoff at

4.50.

Note that the rms noise on the residual map was changing during the above process, so
the CLEAN cutoff was adjusted for each step. After choosing adequate map sizes, ~ 60%
of the maps generated by AUTOMAP are equivalent to those made interactively; ~ 35%
contain slight errors at low levels and can be corrected interactively with ease. The rest
had to be mapped interactively with care. Even for these objects, the structure revealed by
AUTOMAP is basically correct. AUTOMAP failed entirely on only one complex object,

1311+678.

Our final procedure generated three images: a uniformly weighted map, a naturally
weighted map, and a map made from data which had been tapered with a Gaussian function
with a value 0.3 at 50 MA. The tapered maps have map sizes four times as large as the

other two maps—to search for structure on larger scales.

3.2.4. FINAL MAPS

The final maps are limited by thermal noise in most cases. The typical rms noise of a blank
area in the map is ~ 0.5 mJy with natural weighting and ~ 1 mJy with uniform weighting.
The dynamic range of the images (i.e., the ratio of the brightest feature in the map to rms
noise of a blank area) is larger than 300:1, with exception of a few sources for which the
dynamic range is below 300:1. The maps are presented in Figs. 3.4.1-3.4.84. The map

layouts are described in Section 3.4. The parameters of the maps are listed in Table 3.2.
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3.2.5. MODELFITTING

There is a major difference between VLBI and conventional aperture synthesis. In conven-
tional aperture synthesis with N stations (i.e., N(N —1)/2 baselines), there are N(N —1)/2
well measured amplitudes and phases. However, VLBI arrays are not phase stable because
they are not connected, thus in VLBI there are N arbitrary phase offsets, one for each
antenna, instead of N(N — 1)/2 reliable phases. One of these offsets can be set to zero by
throwing away information on absolute position, which leaves (N —1) phases undetermined.
Another way of looking at this is that there are (N — 1)(/N — 2)/2 measured closure phases,
and therefore phases have to be invented on (N — 1) baselines before the closure phase
relations can be solved to yield a total of N(N —1)/2 phases. These (N — 1) undetermined
phases can in principle be set to any value and still yield an image which fits the data. The
phases are usually set by phase self-calibration with a starting model. The starting model
has to be close to the true brightness distribution on sky in order to achieve a reliable
map. Using modelfitting to find such a model without any prior knowledge of the structure
except observational data has been described in detail in Introduction to the Caltech VLBI
Programs, Chapter 5 MODELFITTING (Pearson 1991). This step is often time consuming
(Venturi et al. 1993c). With our approach of mapping of either the conventional AMPHI-
INVERT-CLEAN loops or DIFMAP, we had a good idea of the source structure before
we started modelfitting. It reduced greatly the time which we spent on modelfitting. The
output model used in the third step of our AMPHI-INVERT-CLEAN mapping procedure

served to improve the quality of the map.

Another reason for doing modelfitting is that it provides a parameterization of the
source structure. A model is useful both for comparing structural changes between epochs,
and for carrying out physical calculations. Thus we performed modelfitting each source with

the final self-calibrated data. The parameters of the final models are listed in Table 3.3.
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ABSTRACT

We present the 5 GHz results from the first Caltech-Jodrell Bank (CJ1) VLBI survey. The
1.6 GHz maps were presented in two separate papers (Polatidis et al. 1995, Thakkar et al.
1995). These three papers complete the first stage of this program to map at both 1.6 and
5 GHz all objects accessible to Mark II VLBI in the complete sample of 135 objects with
1.3 > S5 guz > 0.7 Jy, 6(1950) > 35° and |b| > 10°. The combination of the CJ1 sample
with the Pearson-Readhead sample provides a complete, flux density limited sample of 200
objects with S5 g, > 0.7 Jy, 6(1950) > 35° and |b] > 10° for which all of the objects

accessible to Mark II VLBI have been mapped at both 5 GHz (129 objects) and 1.6 GHz

(132 objects).

In addition to the 5 GHz VLBI maps, we present in this paper 5 GHz MERLIN obser-
vations of 20 objects and 1.4 GHz VLA observations of 92 objects in the combined CJ14+PR
sample. The VLA maps, together with L band (1.3-1.7 GHz) maps available in the litera-
ture, provide a complete set of VLA maps for the combined CJ1+PR sample. Finally, we

present the radio spectra of the objects in the CJ1 sample.

The combined CJ1+PR VLBI surveys provide a sample which is large enough for a
number of important astrophysical and cosmological studies. These will be presented in

further papers in this series.

Subject headings: quasars: general — radio continuum: galaxies — surveys
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1. INTRODUCTION

This is the third paper in a series presenting results of the first Caltech—Jodrell Bank VLBI
survey (the CJ1 Survey). The CJ1 sample comprises the 135 objects from the S4 and
S5 surveys (Pauliny-Toth et al. 1978; Kiihr et al. 1981a) with 1.3 Jy > S5 gu. > 0.7 Jy,
6(1950) > 35° and |b] > 10°. Together with the Pearson-Readhead sample (Pearson &
Readhead 1988 — hereafter PR) of objects with S5 gu, > 1.3 Jy, the CJ1+PR sample has

a combined total of 200 objects with S5 gu, > 0.7 Jy, §(1950) > 35° and |b| > 10°.

In two previous papers (Polatidis et al. 1995; Thakkar et al. 1995) we have catalogued
the sample and presented the results of 1.6 GHz VLBI observations of 81 objects in the
CJ1 sample accessible to Mark II VLBI imaging, and 31 objects from the PR sample that
had not previously been imaged with VLBI at 1.6 GHz. In this paper we present the 5 GHz
VLBI observations of the 87 objects in the CJ1 sample and 1 remaining object in the PR
sample accessible to Mark IT VLBI. These three papers, combined with the 5 GHz maps of
PR and maps available in the literature, provide a complete set of VLBI maps at 1.6 and

5 GHz of all objects accessible to Mark II VLBI in the CJ14+PR sample.

In addition to the 5 GHz VLBI maps of CJ1 objects, we present radio spectra of all CJ1
objects, 1.4 GHz VLA maps of 92 objects, and 5 GHz MERLIN maps of 20 objects from
the combined CJ1+PR sample. The objects mapped with the VLA are those CJ1+PR
objects for which no adequate VLA maps exist in the literature. Thus, the VLA maps
presented here, plus those available in the literature, provide an almost uniform set of ~

1.4 GHz maps of the large-scale radio structure of the complete CJ1+PR sample.

The VLBI maps presented in these three papers were made with the “snapshot” tech-
nique, which has proved extremely effective in mapping compact structure in radio sources,
and increases the efficiency of VLBI arrays by over a factor ~ 20. The technique is described

in detail by Polatidis et al. (1995).
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The results of the combined CJ14-PR surveys provide a sample which is large enough
for a number of important astrophysical and cosmological studies—including determination
of physically distinct classes, proper motion-redshift tests, angular diameter-redshift tests,
and misalignment between parsec-scale and kiloparsec-scale radio structures. In particular,
there were some classes of object in the PR sample with very few members, and these have
now been augmented significantly by the addition of the CJ1 objects. The dual-wavelength
observations presented in these three papers provide for a much more secure classification of
radio-loud active galaxies than do single-frequency observations. The classification of these
objects will be discussed in a later paper in this series. In addition, a number of interesting
objects—including compact symmetric objects and possible gravitational lenses—have been
discovered in the course of the 1.6 and 5 GHz VLBI surveys. These topics will be addressed

in a number of papers describing follow-up studies of the CJ1 survey.

2. OBSERVATIONS AND DATA REDUCTION

2.1. VLBI Observations and Data Reduction

We observed 87 objects in the CJ1 sample with the global VLBI network at 5 GHz. Obser-
vations were recorded with left circular polarization (IEEE convention) and with a band-
width of 1.8 MHz, using the Mark II VLBI format (Clark 1973), and cross-correlated with
the JPL/Caltech Block 2 correlator. One object, 04044768, in the PR sample was also
observed since it had not been mapped previously at 5 GHz. All objects, except 0218+357
and 04044768, were observed with the snapshot technique (Polatidis et al. 1995)—generally
with three 20-30 min scans, but a few objects had 1 or 2 extra scans; 02184357 was ob-
served for 4.5 h and 04044768 for 3 h. The observations were completed in six sessions
between 1990 and 1992 (Table 3.1). Thirteen to seventeen stations participated in each ses-
sion. The locations and parameters of the stations are listed in Table 3.1. In the session of

September 1991, we obtained simultaneous MERLIN observations. Data from three of the
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six MERLIN stations (Cambridge, Mark II at Jodrell Bank, and Knockin) were recorded
in Mark II format for cross-correlation with the non-MERLIN stations. The MERLIN
data were combined with VLBI data, giving 21 stations in this session. The length of the
snapshots was shortened from 30 min to 20 min during the course of this project as we
gained confidence in the technique. To optimize the uv coverage, the three snapshots were
scheduled as follows: for objects with mutual observing time of 8 h or longer, the snapshots
were separated by about 4 h, which provided very good uv coverage; for other objects three
snapshots were taken at the beginning, the middle and the end of the mutual observing
time. For objects with a declination near 35° the lower limit of our sample, the mutual
observing time is only ~ 4 h, which leaves large holes in the uv coverage and may lead to
uncertainties in the map. In these cases one or two stations were often given up in order
to gain ~ 1.5 h or more in mutual observing time. Fig. 3.1 shows the uv coverage for three

representative objects, at § ~ 38°, § ~ 52°, and § ~ 77°.

After correlation, data were fringe-fitted with the NRAO Astronomical Image Process-
ing System (AIPS) program FRING (July 1994 edition), the global fringe-fitting algorithm
developed by Schwab & Cotton (1983). Nyquist search windows, i.e., 2000 ns in delay and
500 mHz in rate centered on zero, were used. The Effelsberg 100-m antenna was chosen
as the reference antenna whenever possible, otherwise the Green Bank 140-foot telescope
was selected. The solution interval was set to 4-6 min in most cases, but values up to 15
min were used for weak objects. For 02184357, a 2 min interval was used since this object
is a large double of separation ~ 330 mas. After fringe-fitting, the 2 s data were phase
self-calibrated in DIFMAP (Shepherd, Pearson, & Taylor 1994) with a 10 s solution time
to remove the residual phase errors. A point-source model was used for all objects except
02184357, for which a model with two gaussian components, derived from EVN observa-
tions (Patnaik, private communication), was used. The data were then averaged coherently

for 60 s in all but two cases. An averaging interval of 10 s was used for 02184357 and 30 s
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for 04044768 to avoid significant time-average smearing. The error bars of the averaged

data were calculated from the scatter of individual data points within the averaging period.

Amplitude calibration was performed with the program CAL in the Caltech VLBI
package, which calibrates the correlation coefficients using measurements of antenna system
temperatures and antenna gain curves (Cohen et al. 1975). Station-dependent calibration
gain factors were derived from the observations of the strong, barely resolved or highly core-
dominated calibrator objects 01334476, 05524398, 16384398, and 1739+522. These gain
factors were applied to the entire observing session. We believe that the final calibration is
good to ~ 5%. Time-dependent calibration errors were later corrected by self-calibration.

After calibration, the data were edited in DIFMAP.

All of the objects were first mapped and self-calibrated non-interactively using an
automatic script, called AUTOMAP, to drive DIFMAP. In AUTOMAP the data are first
phase-self-calibrated with a point-source model and a “dirty” image is produced by Fourier
inversion. The position of the highest surface brightness feature on the dirty map is then
identified and a small rectangular window is centered on this position. The map is then
“CLEANed” (Hogbom 1974) for a number of iterations, with a loop gain of typically
~ 0.01. In each CLEAN iteration the highest surface brightness feature remaining within
the window in the residual or “difference” map is subtracted from the data. AUTOMAP
then performs another phase self-calibration using the clean-component model and makes
a new difference map. It finds the position of the highest surface brightness feature in
this map, adds another window centered on this position, and repeats the above process.
In later loops amplitude self-calibration is allowed in addition to phase self-calibration.
After some experimentation we developed a final version of AUTOMAP in which: (a) the
CLEAN loop had a cutoff at 60, where o is the residual rms noise in the difference map;
(b) a gaussian taper with a value of 0.3 at a spacing of 50 MA in the uv plane was applied

to the visibility amplitudes—this helped to show up any faint extended structure; and
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(c) amplitude self-calibration was applied, followed by more CLEAN loops with a cutoff at
4.50. Note that the rms noise on the residual map was changing during the above process,
so the CLEAN cutoff was adjusted for each step. After choosing adequate map sizes, ~ 60%
of the maps generated by AUTOMAP are equivalent to those made interactively, and ~
35% contain slight errors at low levels and can be corrected interactively with ease. The rest
had to be mapped interactively with care. Even for these objects, the structure revealed by
AUTOMAP is basically correct. AUTOMAP failed entirely on only one—complex—ob ject,

1311+678.

Our final procedure generated three images: a uniformly weighted map, a naturally
weighted map, and a map made from data which had been tapered with a gaussian function
with a value 0.3 at 50 MA. The tapered maps have map sizes four times as large as the
others, to search for structure on larger scales. The final maps are limited by thermal noise
in most cases. The typical rms noise in a blank area in the map is ~ 0.5 mJy with natural
weighting and ~ 1 mJy with uniform weighting. The dynamic range of the images (i.e., the
ratio of the brightest feature in the map to rms noise in a blank area) is larger than 300:1
in most cases. Four objects, 07074689, 08274378, 12034645, and 1637+626, were very
heavily resolved and only detected on a few short baselines, and were not mapped. The
naturally weighted and tapered maps of the other 84 objects are presented in Figs. 3.4.1
— 3.4.84. The objects 02184357, 08214394, 1138+594, and 14374624 have large angular
sizes, and we present maps of individual components so that more detail can be seen. The

parameters of the maps are listed in Table 3.2.

The final step in the data analysis was to fit the closure phases and self-calibrated ampli-
tudes with elliptical gaussian models using the program MODELFIT in the Caltech VLBI
package (Pearson 1991). Such models provide a parameterization of the object structure,
which is useful both for comparing structural changes between epochs and for estimating

physical parameters. The models and agreement factors (square root of reduced chi-square)
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between the models and observed visibilities are listed in Table 3.3. Separate agreement
factors are given for amplitude and closure phase. In addition a “total” agreement factor
(a weighted average of the amplitude and closure phase agreement factors) is given; this
is the quantity that is minimized in the least-squares model fitting procedure. A detailed

description of the agreement factor is given by Henstock et al. (1995).

In addition to the 87 CJ1 objects discussed in this paper, 6 other CJ1 objects have
been observed with global VLBI or the EVN at 1.6 GHz (Paper I and references therein).
A good quality 5 GHz map of 1637+826 (NGC 6251) has been published by Jones et al.
(1986), thus we did not observe it. The objects 00104775, 09454664, and 23244405 were
heavily resolved at 1.6 GHz, while 1250+568 and 23234435 have no bright compact feature
in their 1.6 GHz EVN images, and hence are not accessible to Mark II VLBI observations.

Therefore, we did not attempt to observe these five objects at 5 GHz.
2.2. MERLIN Observations and Data Reduction

MERLIN observations at 5 GHz of 20 objects in the CJ1 and PR samples were made in
February 1992. Parameters for the MERLIN telescopes are summarized in Table 3.1. The
object list is given in Table 3.4. Each object was observed with many 20-30-min scans
spanning ~ 12 h, with a total integration time from 4 to 6 h. Our observations were
made with left circular polarization (IEEE convention) and recorded with a bandwidth of
7 MHz separated into seven 1 MHz channels. The data were calibrated with the OLAF
package of the Nuffield Radio Astronomy Laboratories. The objects 3C 286 and OQ 208
were used as the flux density calibrators. Bandpass corrections were made with the AIPS
package. The maps were made with DIFMAP. Typical uv coverages are shown in Fig. 3.2.
Uniformly weighted maps are presented in Figs. 3.4 and 3.5. For four objects with large-
scale structure, naturally weighted maps restored with a circular gaussian beam of FWHM
100 mas are also presented. For the object 0812+367 we include a map of the central and

southern component to show more detail. Its northern component is slightly resolved. The
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parameters of the maps are listed in Table 3.4.

2.3. VLA Observations and Data Reduction

Observations were made with the VLA in the A configuration at L band on November 5,
1992. Two IFs centered on 1464.9 and 1364.9 MHz, with a bandwidth of 50 MHz each,
were used. The 92 objects observed are listed in Table 3.5. Each object was observed with
three 2-min snapshots, which were separated by 1.5 h to improve the uv coverage. A typical
uv coverage is shown in Fig. 3.3. The data were reduced in the ATPS package. The object
3C 286 was used as the flux density calibrator. The MX program was used to make the
maps and the CALIB program was used to perform self-calibration. In most cases the final
maps were convolved with a circular gaussian beam of FWHM 1.5 arcsecond. For objects
dominated by large-scale structure, the final maps were convolved with a larger beam (3

or 5 arcsecond).

In VLA observations at this frequency there are often other radio sources present in the
field. These objects must also be mapped in order to achieve high dynamic range on the
target object. Thus we mapped an 11’ x 11’ field for each object to locate possible confusing
sources. All sources brighter than ~ 10 mJy were mapped. The rms noise of a blank area
of sky in the maps ranges from 0.1 to 0.5 mJy for most objects (see Table 3.5). Several
strong sources have large rms noise, which could not be corrected with self-calibration. Of
the 92 objects 28 are unresolved, and for these we do not present maps. The maps of the
other 64 objects are presented in Figs. 3.4 and 3.6, and the parameters of the maps are

listed in Table 3.5.
2.4. Radio Spectra

We collected flux density measurements at various frequencies from the literature. For the
most part, the data were taken from the catalogue of radio objects compiled by Kiihr et

al. (1979). Part of the catalogue containing objects brighter than 1 Jy has been published
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(Kiihr et al. 1981b). Other data were taken from the VLA calibrator list (1990 edition),
Edelson (1987), Ficarra, Grueff, & Tomassetti (1985), Patnaik et al. (1992), Steppe et
al. (1988), and White & Becker (1992). We used the same spline-fit routine as Herbig &
Readhead (1992) to draw the overall spectrum. The spectra of all the CJ1 objects are

presented in Figs. 3.4 and 3.7.

3. CONCLUSION

In this third paper of the series we have reported 5 GHz VLBI and MERLIN observations
and 1.4 GHz VLA observations of objects in the CJ1 and PR samples. We now have a large
body of observational data on the majority of objects in the complete sample of 200 objects
with S5 guz > 0.7 Jy, § > 35°, and |b| > 10°, including VLBI images at 1.6 GHz (Papers I
and II), VLBI images at 5 GHz (this paper and Pearson & Readhead 1988), MERLIN and
VLA images (this paper and published results), and radio spectra (this paper). Optical

observations to measure redshifts are in progress (Xu et al. 1994).

The CJ14+PR sample of 200 objects is large enough to refine the classification of com-
pact radio objects presented by Pearson & Readhead, and to undertake a number of impor-
tant astrophysical and cosmological studies. These subjects will be addressed in subsequent
papers in the series. A number of particularly interesting objects have already been iden-
tified, including several compact symmetric objects (e.g., 2352+495, Wilkinson et al. 1994;
Readhead et al. 1995), gravitational lenses (e.g., 02184357, Patnaik et al. 1993), and a

high-redshift superluminal object (06424449, Vermeulen et al. 1995).

While this paper completes the VLBI observations for the CJ1 survey, we are also in
the process of enlarging the sample still further with the second Caltech-Jodrell Bank VLBI

survey (CJ2) of flat-spectrum radio objects (Taylor et al. 1994; Henstock et al. 1995).
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3.4. PRESENTATION OF MAPS AND SPECTRA

All maps made for the CJ1 survey are presented in this section. For sources observed with
VLBI at 5 GHz, we present the VLBI, VLA, and MERLIN maps and radio spectra together
on a single page. Each page is divided into six panels. The VLBI maps, uniformly weighted,
naturally weighted and tapered, are presented in the three panels on the left column. Radio
spectra are presented in the top panel on the right, VLA maps in the middle, and MERLIN
maps at the bottom. For VLBI maps, the peak brightness, rms noise and beam size are
displayed beneath each map. The observing frequency and weighting method are noted
in the top-left and top-right corner, respectively. The contour levels are -2, -1, 1, 2, 4, 8,
16, 32, 64, 128, 256 times of 30 (rms noise). MERLIN maps are arranged similarly. For
VLA maps, observing frequency is labeled above the map frame, while peak brightness and

contour levels are printed below the map. The contour levels appear as:
Levs = X = (-2.00, -1.00, 1.00, 2.00, 4.00, 8.00, 16.00, 32.00, 64.00,
128.00, 256.00, 512.00, 1024.00)
among which, X is the 3o value.

The VLBI maps shown in this fashion are adequate for sources which do not have much
extended structure, but do not work well in presenting sources with extended structure.

Thus we also attach full page maps for these sources so that more details can be seen.

Other MERLIN maps are presented together with 6 maps on each page, so are other
VLA maps. The radio spectra of sources in the CJ1 sample which we did not observe with
VLBI are also presented together. The radio spectra of sources in the PR sample can be

found in Herbig & Readhead (1992).
The maps and spectra are presented in the following order:
Fig. 3.4.1 — 3.4.84: maps and spectra of sources observed with VLBI.

Fig. 3.5.: MERLIN maps of other sources.
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Fig. 3.6.: VLA maps of other sources.

Fig. 3.7.: Spectra of other sources in the CJ1 sample.
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TABLE 3.3. GAUSsIAN MODELs
Source S r 8 a b/a o) Amp. Phase  Total
Jy) (mas) ) (mas) ®) A.F. AF. AF.
00104405  0.423 0.00 0.0 0.55 0.40 144.8 1.004 1.059 1.029
0.058 0.97 -30.2 1.41 0.30 -31.2
00224390  0.395 0.00 0.0 0.55 0.86 109.8 1.041 1.077 1.057
0.087 5.28 168.8 9.19 0.11 153.9
0.118 1.04 159.6 0.68 0.41 44.8
01024480 0.664 0.50 194.1 1.63 0.72 11.2 1.035 1.041 1.038
0.453 0.00 0.0 0.28 0.34 111.3
02484430  0.718 0.00 0.0 0.99 0.41 150.2 1.261 1.127 1.201
0.353 1.29 145.5 0.51 0.00 61.5
0.044 5.43 154.3 4.80 0.00 150.5
0.128 11.93 140.8 1.30 0.64 10.9
04024379  0.403 0.65 235.0 2.90 0.78 89.6 1.017 1.354 1.172
0.094 0.24 158.3 0.75 0.00 29.9
0.048 2.72 91.3 1.07 0.81 178.4
0.162 27.72 35.3 11.68 0.34 23.2
06024673  0.642 0.00 0.0 0.53 0.66 -19.7 1.052 1.061 1.056
0.036 3.46 187.3 6.84 0.21 173.7
0615+820  0.528 0.00 0.0 0.67 0.64 154.1 1.027 1.105 1.063
0.254 0.84 238.9 1.12 0.56 -5.6
0620+389  0.436 0.00 0.0 0.47 0.68 —-62.2  0.949 0.997 0.971
0.049 1.20 149.8 1.98 0.00 27.0
0.089 6.68 134.2 2.22 0.67 -32.9
06424449 1.566 0.00 0.0 0.34 0.76 82.3  0.998 0.975 0.987
0.086 3.03 92.1 1.57 0.81 25.4
06464600  0.449 0.00 0.0 0.51 0.64 38.1 1.018 1.106 1.059
0.493 3.03 -144.8 0.53 0.81 12.4
0.102 1.35 -139.1 1.59 0.08 12.6
0.012 3.39 13.0 0.58 0.33 153.8
06504371 1.288 0.00 0.0 0.77 0.57 43.8 1.109 1.214 1.157
0.022 3.01 87.3 1.23 0.30 99.5
07074476  0.434 0.00 0.0 0.29 0.95 -52.4 1.041 1.032 1.037
0.279 0.62 ~16.0 0.44 0.68 48.7
0.040 5.16 234 2.28 0.38 134.9
0.087 1.80 6.1 4.19 0.21 -0.9
0.014 15.94 51.7 10.36 0.50 -34.7
0716+714  0.631 0.00 0.0 0.34 0.22 28.1 1.078 1.035 1.058
0.018 1.99 6.5 0.00 0.10 0.0




-— 3-36

TaBLE 3.3. GAUsSIAN MoDELS {continued)
Source S r g a b/a ¢ Amp. Phase  Total
Jy) (mas) (°)  (mas) (°) AF. AF. AF.
0740+828 0.319 0.00 0.0 0.36 0.74 9.9 1.137 1.148 1.142
0.119 0.87 10.3 0.00 0.01 105.2
0.258 2.76 —5.5 1.18 0.85 1011
0.049 8.63 —4.2 3.10 0.29 19.4
0.048 17.67 -5.1 10.29 0.23 —2.7
07464483  0.363 0.00 0.0 0.47 0.35 934 1.075 1.129 1.100
0.391 0.82 —85.4 0.74 0.59 -75.0
0.087 3.10 -92.4 1.52 0.60 81.3
0755+379  0.120 0.00 0.0 0.26 0.00 54.6  1.028 1.087 1.055
0.031 0.72 127.8 0.54 0.00 —93.8
0.048 1.52 119.8 2.85 0.26 118.9
0805+410 0.956 0.00 0.0 0.42 0.60 10.4 1.127 1.002 1.071
0.025 2.46 27.8 1.51 0.00 13.1
0.070 6.54 46.8 5.73 0.37 58.1
08124367  0.549 0.00 0.0 0.21 051 —-91.3 1.089 1.043 1.069
0.231 1.00 -12.2 0.35 096 —27.6
0.170 8.61 -9.5 9.22 021  -20.1
0820+560  1.168 0.00 0.0 0.28 0.66 1152  1.164 1.095 1.134
0.126 0.73 974 0.73 0.00 59.9
0.133 2.63 97.6 1.93 0.47 88.7
0.159 18.88 75.0 12.98  0.44 90.5
08214394 0.597 0.00 0.0 0.29 0.95 34.0 1.305 1.068 1.205
0.115 0.61 -22.0 0.81 0.66 —36.8
0.095 4.28 —44.8 1.58 0.48 133.4
0.257 294.64 —49.8 10.91  0.81 35.5
08284493  0.202 0.00 0.0 0.37 0.63 88.2  1.008 1.063 1.033
0.070 0.74 67.6 1.27 0.71 —43.2
0.038 9.93 61.4 11.18 0.34 67.5
08334585 0.396 0.00 0.0 0.47 0.64 69.8 1.103 1.114 1.108
0.246 0.94 85.1 0.95 0.61 61.5
0900+428  0.175 0.00 0.0 0.20 0.86 1111 1.039 1.064 1.051
0.106 0.70 —62.1 0.91 0.01 —-79.4
0.017 4.54 —79.6 0.71 0.67 —-25.0
0.025 13.29 ~76.6 1.51 0.59 -—16.9
0.047 21.41 -67.1 2.89 0.82 142.6
0.098 23.20 —76.2 21.41 0.59 90.8
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TABLE 3.3. GaussiaN MoDELS (continued)

Source S r 6 a b/a ¢ Amp. Phase  Total
Jy) (mas) (°)  (mas) (°y AF. AF. AF.

09174449  0.705 0.00 0.0 0.50 0.07 -30.5  1.020 1.031 1.025
0.578 0.91 176.1 1.02 0.50 3.9
0.080 5.92 —162.7 7.07 0.44 26.1
0.043 19.59 -161.3 8.79 0.26 80.1

0917+624  0.811 0.00 0.0 0.42 0.43 145.0  1.035 1.030 1.033
0.213 0.72 -21.0 0.60 0.18 20.6
0.236 5.56 —18.6 2.57 0.78 -19.5
0.042 20.78 -25.9 10.72  0.64 27.1

0955+476  1.051 0.00 0.0 0.33 0.80 114.6  0.988 1.008 0.997
0.022 1.85 132.6 2.08 0.56 144.3

1003+830  0.278 0.00 0.0 0.51 0.26 71.1  1.056 1.040 1.049
0.041 2.67 83.1 1.10 0.00 64.5
0.111 5.88 85.1 2.20 0.43 114.3
0.048 18.98 96.5 14.04  0.63 104.0

10154359  0.426 0.00 0.0 0.13 0.00 87.3  1.143 1.028 1.092
0.176 0.82 187.0 0.55 0.66 39.0
0.099 2.75 181.9 1.51 0.46 175.7

10204400  0.694 0.00 0.0 0.21 0.01 —-69.7 1.150 1.055 1.108
0.118 2.73 —40.7 3.13 0.23 —41.9
0.060 12.14 -33.9 7.11 0.41 -22.8

1030+415  0.223 0.00 0.0 0.00 1.00 1206  1.040 1.033 1.036
0.060 0.69 —4.5 0.41 0.15 —56.9
0.073 3.70 3.8 4.50 0.33 9.7
0.035 8.95 -15.0 14.76  0.09 -174

1039+811  0.833 0.00 0.0 0.30 0.40 -60.3  1.183 1.010 1.107
0.244 0.83 —64.8 0.81 0.40 —63.8
0.072 2.56 —68.2 1.19 0.55 —89.2
0.043 6.10 —78.0 5.70 0.28 —88.1

10444719  0.234 0.00 0.0 0.00 1.00 -544  1.041 1.019 1.031
0.737 0.36 113.2 0.69 0.93 -36.3

1053+704  0.269 0.00 0.0 0.29 0.94 172.2  1.047 1.017 1.033
0.264 0.25 199.5 0.44 0.57 13.8
0.043 1.62 —144.5 1.83 0.40 56.3

10534815  0.372 0.00 0.0 0.19 0.98 178.1  1.033 1.030 1.032
0.175 0.21 —143.0 0.76 0.35 —140.8
0.017 1.61 —-129.8 1.66 0.62 150.4
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TaBLE 3.3. GaussiaN MoODELS (continued)
Source S r 6 a b/a ¢ Amp. Phase  Total
Jy) (mas) (°)  (mas) (°) AF. AF. AF.
1058+726  0.122 0.00 0.0 0.59 0.26 -31 1015 1.172 1.090
0.034 0.76 —-4.7 0.00 1.00 0.0
0.101 1.95 3.2 0.59 0.00 -1273
0.148 3.40 9.9 0.95 0.62 23.7
0.024 23.74 19.8 4.81 0.44 -1.2
1101+384  0.366 0.00 0.0 0.32 0.54 142.1  1.126 1.069 1.101
0.072 1.39 —24.1 3.40 0.26 -21.8
0.144 42.16 -52.6  80.97 041 —68.9
11284385  0.759 0.00 0.0 0.70 0.04 34 1.032 1.011 1.023
0.191 0.73 —136.1 1.03 0.41 -1.9
0.055 3.34 —81.0 7.72 0.58 —49.1
11384594  0.087 0.00 0.0 0.00 0.07 -97.4 0928 1.224 1.068
0.019 15.57 162.0 1.96 0.28 13.0
0.147 22541 171.7 2402 0.39 61.2
11444402  0.457 0.00 0.0 0.06 0.96 153.1  1.036 1.027 1.032
0.087 2.70 -0.0 4.00 0.56 2.4
0.095 0.65 11.0 0.63 0.87 58.5
11444542  0.162 0.00 0.0 0.00 1.00 12.2  0.996 1.079 1.035
0.044 0.60 1771 0.12 0.00 -3.5
0.121 1.10 177.7 0.85 0.70 -2.3
0.060 2.63 196.3 1.92 0.37 122.9
1150+497  0.327 0.00 0.0 0.46 0.22 25.1  1.044 1.068 1.055
0.149 1.55 -157.5 0.75 0.22 23.4
0.037 9.41 -156.0 14.62 0.17 1543
1150+812  0.702 0.00 0.0 0.36 0.43 -4.3  0.987 1.009 0.997
0.316 0.99 182.1 0.53 0.54 136.7
0.188 2.97 168.4 2.74 0.38 150.2
0.036 7.60 144.5 8.28 0.26 133.6
1213+350  0.420 0.00 0.0 0.72 0.00 —-70.9  1.064 1.104 1.082
0.325 1.15 204.3 2.44 0.59 138.4
0.233 3.38 117.3 9.51 0.44 46.6
0.025 36.84 —125.5 0.97 0.00 36.3
1216+487  0.265 0.00 0.0 0.13 0.00 30.5  1.000 1.065 1.030
0.287 1.48 102.1 2.00 0.25 100.1
0.066 4.95 103.9 8.12 0.24 116.2
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TaBLE 3.3. GAUssIAN MODELS (continued)
Source S r 6 a b/a ¢ Amp. Phase  Total
(Jy) (mas) (°)  (mas) (°) A.F. AF. AF.
1225+368  0.351 0.00 0.0 1.37 0.73 -153.4 1.154 1.341 1.241
0.240 2.27 -32.8 1.78 0.45 ~16.1
0.117  18.48 -78.1 2.41 0.30 -101.8
0.050  25.08 —-80.0 1.62 0.00 -71.9
0.062  31.80 —-80.7 2.10 0.00 89.0
0.040  54.78 —85.5 4.75 0.69 -29.3
1242+410  0.116 0.00 0.0 0.78 0.92 152.3  1.005 1.526 1.261
0.152 7.81 25.7 4.86 0.20 24.6
0.160 21.11 29.4 4.79 0.74 37.2
0.056 3.37 -140.8 1.64 0.24 131.2
0.229 8.66 —154.8 9.33 0.76 -23.8
1311+678  0.166 0.00 0.0 1.43 0.41 674 1.141 1.892 1.504
0.157 4.66 —67.2 5.07 0.45 —83.8
0410 3712 -121.0 11.13 0.74 -13.2
0.065  41.35 144.6 3.50 0.00 165.5
0.035  29.12 175.0 5.26 0.28 34.7
13174520  0.181 0.00 0.0 0.47 0.38 116.5  0.985 1.078 1.029
0.067 4.52 124.4 2.91 0.35 135.5
0.007 19.90 129.9 3.46 0.00 6.6
1333+459  0.345 0.00 0.0 0.82 0.33 113.2  1.058 1.178 1.115
0.298 1.19 -62.7 1.16 0.26 108.4
1333+589  0.097 0.00 0.0 0.50 0.71 ~44.9  1.140 1.304 1.218
0.227 0.01 —108.9 1.21 0.64 -35.1
0.325 12.73 -161.7 1.69 0.67 117.4
13424663  0.685 0.00 0.0 0.48 0.80 110.8  1.058 1.005 1.034
0.007 2.78 107.6 1.66 0.00 -35.7
0.006 4.79 81.1 1.47 0.01- -21.1
13474539 0.419 0.00 0.0 0.23 0.00 -53.4 1.111 1.048 1.083
0.034 0.84 145.0 0.01 0.49 4.7
0.063 1.44 141.2 1.76 0.00 132.2
0.072 5.41 141.0 3.86 0.20 -41.9
0.102  15.98 128.2 13.82  0.34 105.0
0.094  58.94 141.3  16.12  0.75 37.4
13574769  0.635 0.00 0.0 0.34 0.86 125.3  1.027 1.025 1.026
0.025 2.87 -111.2 2.84 0.10 -5.5
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TABLE 3.3. GAUsSIAN MODELS {continued)
Source S r 8 a b/a ¢ Amp. Phase  Total
Jy) (mas) (°)  (mas) (°) AF. A.F. AF.
14184546  1.470 0.00 0.0 0.34 0.42 —68.8  1.097 1.042 1.073
0.415 1.07 129.3 0.55 0.56 110.6
0.230 2.92 128.2 4.34 0.35 128.5
0.083 16.59 121.0 9.25 0.86 72.3
14354638  0.418 0.00 0.0 0.75 0.38 63.6 1.166 1.125 1.148
0.241 0.46 —134.8 0.00 0.00 133.5
0.202 2.61 -125.9 1.64 0.25 26.6
0.124 9.08 —144.6 0.94 0.70 52.1
0.006 22.41 -133.4 1.97 0.05 30.0
14374624  0.193 0.00 0.0 1.01 0.65 105.5  1.068 1.286 1.172
0.093 2.11 -74.5 2.58 0.62 100.4
0.183 5.74 —68.3 13.29  0.23 —35.8
0.058 104.24 170.4 247 0.15 65.1
0.198  103.32 169.9 4.53 0.49 63.2
0.057 6.64 -93.9 2.72 0.62 -5.4
1438+385  0.244 0.00 0.0 0.33 0.78 47.2 1.025 1.073 1.048
0.140 0.72 8.9 1.03 0.69 -5.6
0.093 2.24 -13.8 2.01 0.50 -0.4
0.106 8.15 -12.0 6.74 0.26 -2.5
15044377  0.413 7.07 44.9 0.67 0.15 37.0  0.989 1.066 1.025
0.116 5.92 454 0.00 0.30 42.0
0.149 0.57 40.3 11.28  0.16 45.2
15474507  0.430 0.00 0.0 0.18 0.85 168.6  1.052 1.044 1.048
0.088 1.01 —-152.1 0.79 0.00 38
0.159 3.50 —147.2 1.78 0.28 41.0
0.106 7.26 -130.5 1.13 0.41 -0.2
0.063 5.84 —136.4 1.58 0.21 71.1
1638+398  1.752 0.00 0.0 0.47 0.85 —-41.0  1.103 1.056 1.083
0.034 1.40 -58.4 2.54 0.00 11.2
1656+477  1.122 0.00 0.0 0.56 0.49 -1.5 1.138 1.085 1.115
0.325 0.51 1.9 0.86 0.60 —24.4
0.063 4.38 -25.5 3.38 0.28 —46.1
0.043 5.86 —18.7 0.99 0.83 28.7
1656+482  0.392 0.00 0.0 0.37 0.00 84.8  1.084 1.052 1.069
0.116 0.81 —108.6 0.29 0.00 —-16.7
0.046 0.94 —108.4 1.40 0.00 -119.9
0.036 3.27 —104.5 6.41 0.41 —-111.0
0.059 7.50 —98.8 9.87 0.56 82.1
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TaBLE 3.3. GAUssiAN MoDELs (continued)
Source S r 6 a b/a ) Amp. Phase  Total
3y) {mas) (°)  (mas) (°) AF. AF. AF.
17194357  0.212 0.00 0.0 0.00 1.00 0.0 1.045 1.028 1.037
0.103 0.93 184.0 0.00 0.50 0.0
0.138 4.27 178.3 2.06 0.28 -1.5
17324389  0.995 0.00 0.0 0.52 0.52 174.1  1.278 1.062 1.187
0.234 0.54 105.6 0.00 0.50 100.0
17344508  0.416 0.00 0.0 0.41 0.87 -121.7 1.182 1.162 1.173
0.188 0.88 21.7 0.61 072 -174.1
0.223 3.36 19.3 1.02 0.67 304
1738+476  0.924 0.00 0.0 0.59 0.47 51.2 0.915 1.113 1.008
0.139 1.05 —-86.4 0.64 0.83 9.0
0.017 2.70 -94.2 0.73 0.46 50.8
1751+441  0.695 0.00 0.0 0.53 0.67 80.3  1.088 1.041 1.067
0.232 1.48 87.3 1.39 0.53 —82.2
0.026 8.30 80.5 8.44 0.63 79.8
17584388  0.828 0.00 0.0 0.60 0.53 823  1.051 1.082 1.065
0.091 1.05 -99.1 1.23 0.00 79.1
1800+440  0.331 0.00 0.0 0.17 0.68 73.4  1.045 1.058 1.051
0.090 0.52 —160.0 0.33 0.00 44.7
0.088 1.36 —156.8 0.65 0.62 -177.0
0.047 1458  -155.7 30.54  0.10 24.3
18194396  0.273 0.00 0.0 1.61 0.43 -56.5  1.435 1414 1.426
18424681 0.647 0.00 0.0 0.45 0.57 107.0 1.149 1.075 1.117
0.181 1.32 134.3 1.31 0.53 —-28.0
0.024 3.64 148.4 6.96 0.09 -35.5
18434356  0.173 0.00 0.0 0.49 0.98 51.9  1.075 1.251 1.159
0.116 0.91 53.5 0.62 0.45 3.1
0.313 7.06 43.3 1.29 0.70 157.8
0.101 5.15 43.8 1.58 0.50 39.6
0.140 8.30 45.6 1.67 0.03 54.2
1926+611 0.394 0.00 0.0 0.43 0.72 121.2 1.038 1.091 1.062
0.133 0.94 118.7 0.73 0.22 130.4
0.049 1.53 141.0 1.88 0.53 166.0
0.024 6.76 179.6 2.64 0.69 102.5
0.008 12.83 1458 0.69 0.02 3.5
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TABLE 3.3. GAuUssiAN MODELS (continued)
Source S r 6 a b/a ¢ Amp. Phase  Total
(Iy) (mas) (°)  (mas) (°) AF. AF. AF.
19434546  0.024 0.00 0.0 6.18 0.06 125.7  1.161 1.170 1.165
0.234  16.80 -91.8 0.63 0.69 63.1
0.248 15.33 -91.0 2.98 0.27 —98.0
0.184  13.07 -79.8 7.42 0.85 2.0
0.038 19.06 85.9 4.70 0.74 75.1
0.122  23.11 85.0 2.00 0.78 161.3
0.118 24.13 84.7 0.49 0.00 74.1
20074777 1.698 0.00 0.0 0.45 0.49 73.8 1.098 1.040 1.071
0.268 1.00 -107.5 0.00 0.00 -117.2
0.124 3.90 —94.5 5.23 0.25 -99.9
0.023 17.68 -97.0 3.18 0.50 —171.8
20104723  0.350 0.00 0.0 0.27 0.00 -364 1.071 1.088 1.079
0.142 0.23 —25.1 1.29 0.00 -304
0.426 0.99 -39.2 0.82 0.47 110.5
0.021 2.52 —128.1 1.61 0.00 111.5
0.089 3.93 —118.6 7.44 0.47 27.7
22074374 0.143 0.00 0.0 0.57 0.34 45.4 1.080 1.169 1.121
0.048 0.57 —140.6 1.28 0.00 —129.1
0.073 5.24 —-133.6 1.43 0.52 8.1
0.090 1498 -—138.9 2.47 0.57 —40.8
0.238  14.92  -134.3 8.36 0.47 -153.5
0.048 2189 —-130.2 12.74 0.26 —84.8
0.187  57.08 1057 48.57 0.55 116.0
22144350  0.551 0.00 0.0 0.35 0.82 -22.1  1.015 1.038 1.026
0.049 1.96 169.4 1.13 0.55 -30.3
22294695  0.523 0.00 0.0 0.44 0.97 28.2  1.027 1.053 1.039
0.456 0.56 —108.3 0.87 0.26 81.5
0.003 2.66 79.1 0.01 0.49 20.0
2253+417  0.507 0.00 0.0 0.81 0.18 28.0 1.075 1.059 1.068
0.487 1.33 -10.6 1.24 0.42 —-25.7
0.042 4.63 21.1 1.16 0.33 47.8
0.064 6.65 36.3 4.11 0.35 12.3
22554416  0.242 0.00 0.0 0.65 0.34 -17.2 1125 1.152 1.137
0.054 1.13 170.3 2.15 0.36 —27.2
0.050 5.09 167.4 1.70 0.23 —61.2
0.180 8.85 165.1 3.23 0.52 —-36.9
0.276 19.13 172.8 8.70 0.59 16.1
0.138 3196 —151.5 14.69  0.65 70.3
0.193 4224  -136.6 8.28 0.55 152.5
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NoTE —
Parameters of each Gaussian components of the model brightness distribution: S, flux density; r, 8,
polar coordinates of the center of the components relative to an arbitrary origin, with polar angle
measured from north through east; a,b, major and minor axes of the FWHM contour; ¢, position
angle of the major axis measured from north through east. The sources 02184357 and 0404-+768
are too complicated to model.
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TABLE 3.4. MERLIN MaAP PARAMETERS
Source Sample Beam?® Speak rms
a b [

(mas) (mas) (°)
0707+476 CJ1 49.7 37.8 37 948 1.52
0812+367 CJ1 100.0 100.0 0 747 0.23
0814+425 PR 56.8 31.7 30 906 0.59
0820+560 Cl1 51.2 37.8 26 1753 0.52
0900+428 Cl1 49.0 41.0 44 376 0.23

100.0 100.0 0 430 0.15
0917+624 Cl1 48.5 38.2 30 1059 0.46
09454408 PR 53.4 38.8 33 1232 0.82

100.0 100.0 0 1317 0.47
09544556 PR 47.7 38.1 32 967 0.91
1039+811 CJ1 47.0 40.9 7 1000 0.36
1150+812 Cl1 47.3 38.5 26 979 0.32
13474539 Cl1 44.2 36.3 —48 592 0.33
14184546 Cl1 44.0 36.0 —~48 1429 0.49
1633+382 PR 47.5 38.9 33 2113 0.94
1638+398 Cll 48.4 38.7 31 1230 0.68
17494701 PR 47.6 37.7 8 469 0.44
1800+440 Clt 63.7 43.7 =37 402 0.20

100.0 100.0 0 412 0.21
1803+784 PR 47.0 38.6 —64 1951 0.56
18194396 Cl1 56.9 41.1 -39 324 0.53
1943+546 Cl1 50.6 38.9 24 655 0.58
1954+513 PR 50.0 38.1 25 1403 0.51

Note: ® The restoring beam is an elliptical Gaussian with FWHM major
axis a and minor axis b, with major axis at position angle 6.
ExpPLANATION OF COLUMN — (1) Source name. (2) Sample. (3, 4, 5) The
beam characteristics of the maps. (6, 7) The peak flux density and rms
noise of the maps (mJy/beam).
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TABLE 3.5. VLA Mar PARAMETERS

Source Sample Speak rms Structure
(mly) (mJly)

0010+775 Cl1 1979.8 0.36 E
00164731 PR 969.0 0.21 E?®
00224390 Ci1 738.9 0.18 E
01024480 Cl1 751.9 0.17 U
01334476 PR 1172.8 0.41 U
01534744 PR 1794.3 0.29 U
0212+735 PR 2443.6 0.36 U
02484430 Cll 1052.3 0.18 E
0309+390 Cl1 68.5 0.35 E°
04024379 Cl1 1092.3 0.21 E
0404+768 PR 5639.2 0.82 U
0454+844 PR 392.1 0.10 U
06024673 Cl1 519.1 0.18 U
0620+389 Cl1 834.3 0.27 E?
0642+449 Cl1 475.6 0.15 U
06504371 Cl1 836.6 0.20 U
0703+426 Cl1 39.8 0.50 Ed
07074689 cl1 1450.5 0.42 E
07104439 PR 2005.3 0.28 U
0740+828 CJ1 1325.7 0.54 E
07464483 Cl1 704.1 0.22 U
0755+379 Cl1 149.6 0.60 Ef
07554379 Cl1 208.3 0.64 E*
0805+410 Cl1 528.4 0.22 E
0818+472 Cl1 101.1 0.53 E
08214394 Cl1 1257.0 0.56 E
0827+378 Cl1 1755.1 0.29 E
0827+378 Cl1 1920.2 0.37 E®
0831+857 PR 8064.7 1.28 E
0844+540 ClJ1 22.9 0.36 E€
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TABLE 5. VLA Map PARAMETERS (continued)
Source Sample Speak rms Structure
(mJy) (mJy)

0900+428 CJ1 811.1 0.43 E
09174449 CJ1 913.7 0.18 E
0945+664 Cl1 1490.7 0.24 E
0954+658 PR 636.6 0.29 E
0955+476 CJ1 650.3 0.37 U
1003+351 PR 2824.6 0.70 E8
1003+830 CJ1 476.3 0.15 E
10154359 Cl1 622.0 0.31 E
1020+400 Cl1 680.6 0.21 E
1030+415 CJ1 417.8 0.16 E
10314567 PR 1815.6 0.32 U
10444719 CJ1 785.9 0.19 E
1053+704 Cl1 4414 0.11 E
10534815 CJ1 392.9 0.13 E
10584726 Cll 748.4 0.21 E
11014384 CJ1 626.2 0.17 E
11384594 CJ1 1982.0 0.43 E
11444542 Cll 373.4 0.14 U
12164487 CJ1 616.9 0.15 E
12254368 CJ1 2072.2 0.43 U
1242+410 Cl1 1366.1 0.28 U
12544476 PR 2414.1 0.64 E
1311+678 Cl1 2427.1 0.35 E?
13334459 CJ1 253.9 0.18 U
1333+589 CJ1 305.3 0.26 U
1336+391 CJ1 97.7 0.37 E
13424663 CJ1 581.5 0.26 E?
13474539 CJ1 935.2 0.21 E
13574769 Cl1 471.0 0.12 U
1358+624 PR 4426.1 0.54 U
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TABLE 5. VLA MAP PARAMETERS (continued)

Source Sample Speak rms Structure
(mJy) (mJy)

1437+624 Cl1 2322.4 0.32 E?
14384385 Cl1 580.0 0.17 E
15474507 Cl1 624.3 0.11 E?
1557+708 Cl1 24.1 0.20 E
1609+660 PR 2813.5 0.93 E
1624+416 PR 1632.4 0.89 E
1634+628 PR 4900.0 0.63 E?h
1638+398 Cl1 1118.2 0.31 E
16524398 PR 1428.2 0.25 E
1656+482 ClJ1 788.1 0.16 E
1719+357 Cl1 402.6 0.25 E
17324389 CJ1 992 .4 0.15 U
1734+508 Cl1 485.1 0.28 U
17384476 Cl1 848.1 0.15 E?b
1749+701 PR 725.8 0.15 E
17514441 Cl1 554.0 0.17 E
1758+388 Cl1 281.7 0.74 E
1800+440 Cl1 450.6 0.39 E
1833+653 Cl1 200.5 0.50 E
1842+681 Cl1 886.0 0.13 E
18434356 Cl1 947.3 0.22 U
19264611 Cl1 825.4 0.15 E?
19434546 CJ1 1710.3 0.24 U
1954+513 PR 1377.3 0.47 E
2010+723 Cl1 1388.3 0.26 E
20214614 PR 2169.8 0.32 U
22074374 Cl1 1674.2 0.28 E
22144350 Cl1 363.6 0.19 E
22294695 Cl1 757.1 0.12 E
2253+417 CJ1 1333.7 0.29 U
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TABLE 5. VLA Mapr PARAMETERS (continued)
Source Sample Speak rms Structure
(mJy) (mJy)
2255+416 Cl1 2069.3 0.34 U
2342+821 PR 3736.2 0.47 E?h
2351+456 PR 1684.5 0.28 E?h
23524495 PR 2515.8 0.34 U

EXPLANATION OF COLUMNS —

(1) Source name. (2) Sample. (3, 4) The peak flux density and rms
noise in the map, in mJy/beam. (5) Structure: U — unresolved; E -
extended structure detected; E? — hint of extended structure shown
(see notes also). (6) Notes.

Notes —

2 Faint component ~ 12" to the North.

b Faint component ~ 1’ to the West.

¢ Logarithmic contour levels in steps of v/2.

d Convolved with 3" circular Gaussian beam.

¢ Convolved with 5” circular Gaussian beam.

! The lowest contour is 20 .

€ The lowest contour is 4¢.

h Source resolved at long baselines.
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14384385 at 4.992 CHz 1992 Jun 08
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0812+367 observed at 4.996 GHz, 1892 Feb 04
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1242+410 at 1.365 GHz 1992 Nov 05
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Figure 3.4.25. The maps and spectrum for 0955+476
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Figure 3.4.28. The maps and spectrum for 10204400
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Figure 3.4.29. The maps and spectrum for 1030+415
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Figure 3.4.34. The maps and spectrum for 10584-726
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Figure 3.4.40. The maps and spectrum for 12134350
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Figure 3.4.40. The maps and spectrum for 12164487
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Figure 3.4.41. The maps and spectrum for 13114678
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Figure 3.4.43. The maps and spectrum for 13334459
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Figure 3.4.44. The maps and spectrum for 1333+589
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Figure 3.4.45. The maps and spectrum for 13424663



~~
o
@
S 0
b
92
E
Nt
B
®
[=]
o
2
550
©
o

o

!
(54
=]

Relative Decl. (milliarcsec)

|
o [$4
o (=} =]

|Relative Decl. (milliarcsec)

(o]
(&

50 0]

Relative RA. (milliarcsec)
Peak flux = 04239 JY/BEAM
rms noise = n\z
Boame WM 130 T8.81 (mos), p.a. 15.1°
LR DY
| VLBI 5GHz . Natural‘_
. : " ' EN
L. R ]
S \ ¢ : . P
LY
L .y & .
i . i s N e 1 ]
50 ¢}

Relative RA. (milliarcsec)

PMRM-OWOJY/BEAM
ms noise = 0. mlz
Heam: FWHM 1.35 98 (mas), p.o. 15.2°

T T T T T T T T T T T T

-
-

. VLBI 6GHz .

Tapered

LA L N A S N B S S B S B et
.
@i
B

IS OO NS SR S W WOV 0 ST T ST T (OO U N S NS

F IR SN SO U0 R ST SONT S S B SR E TE

100 50 0 -50

Relative R.A. (milliarcsec)

PookM-OSOS1JY/BEAH
rma noise = 0.64 mly
Beom: FWHM 5.05 x 428 (mos), p.a. 48.6°

g‘ IHHI"] llleI tITH
r 13474539
10_5
2 1
i E/ﬁ\{‘\
U)i -
1
01
lllllu_l] IIHHJ,II lllllml [Nt
10 100 1000 10000 10°
Vae [MHZ]
1347+539 IPOL  1414.900 MHZ 1347+538.ICLN.6
53 56 20 1 ] ¥ 1 1 A
15+ -
— <
3
m
; 10 -1
[«}
g °
g esr -
8
ol B
1 ] i 1 1

13 47 440 435 43.0 42.5 42.0 415
RIGHT ASCENSION (B1950)
Peak flux = 9.3520E-01 JY/BEAM
Leve = B6.3907E-04 * { -2.00, -1.00, 1.000,
2.000, 4.000, 8.000, 16.00, 32.00, 64.00,
128.0, 256.0, 512.0, 1024., 2048.)

i T ¥ ' ¥ M i ¥ T
400 . .
MERLIN 5GHz Uniform
7 f ~
(7]
© 200 -
S
)
Y n ]
(3] 9
[
2 L
2200 | .
o
[ L
o>
-400 rgo i
1 i i n i 2 i " |
400 200 0 -200 -400

Relative R.A. (milliarcsec)

Peak flux = 05823 JY/BEAM
™ms nowe =
Beom: FWHM 44.23 x 36.20 (mos), p.a. —47.7°

Figure 3.4.46. The maps and spectrum for 1347+539
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and spectrum for 17324389
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Figure 3.4.60. The maps and spectrum for 1738+476
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Figure 3.4.61. The maps and spectrum for 1751+441
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Figure 3.4.62. The maps and spectrum for 1758+388
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Figure 3.4.66. The maps and spectrum for 18434356
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Figure 3.4.68. The maps and spectrum for 1943+546
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Figure 3.4.69. The maps and spectrum for 2007+777
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Figure 3.4.70. The maps and spectrum for 20104723
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Figure 3.6. (continued) VLA maps for 00104775, 00164731, 0133+476,
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Figure 3.6. (continued) VLA maps for 04544844, 07034426, 07074689,
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Figure 3.6. (continued) VLA maps for 08274378, 08274378, 08444540,
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Figure 3.6. (continued) VLA maps for 1031+567, 1254+476, 13364391,
13584624, 15574708 and 16094660
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