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nrraoDöcrcoH AND SMEAR?
General overview
Since their discovery by Schmidt (1963) quasars have been fascinating objects.
Although they were originally discovered by their bright radio emission, it has
become clear that this radio brightness is an exception rather than the rule. In
their exciting, early review Burbidge and Burbidge (1967) listed as a quasar
property, among others 'starlike object, often identified with a radio source', but
eleven years later Schmidt (1978) wrote that 'only a small fraction of all quasars
appear to be strong steep-spectrum radio sources'. However, the large fraction of
radio quiet quasars is not radio silent (e.g., Condon et al 1981).
The radio sources associated with the small fraction of radio loud quasars are
nevertheless of considerable beauty, and are among the largest, the furthest and the
most powerful objects in the universe. Since radio telescopes, based on the earth
rotation aperture synthesis technique have became available in the mid-sixties, many
studies have been devoted to the morphology of the radio sources associated with
quasars. The Cambridge (UK), Westerbork (NL) and Green Bank (USA) telescopes, and
lately the Very large Array (USA) routinely produce radio contour maps with
(sub)arcsecond resolution. A major step in this respect has also been the
development (late sixties, early seventies) of linkless radio interferometers, in
the Very Long Baseline Interferometry technique. The subsequent development (late
seventies) of 'hybrid mapping' techniques permits mapping at (sub)milliarcsecond
resolution of very compact features in the radio morphologies.
We first list some highlights in the study of the structure in extended
extragalactic radio sources in general, and in quasars in particular, without
completeness, giving representative references:
1. The establishment that a double lobed structure, stradr
•he associated
optical object is a common property (Maltby & Moffet 1963),
<i linear sizes
exceeding one Megaparsec in seme cases (Willis et al 1974);
2. the frequent detection of (i) bright, compact hotspots at the edges of the
intrinsically most powerful sources (Macdonald et al 1968, Miley & Wade 1971), and
(ii) compact radio cores with relatively flat radio spectra, coincident with the
nuclei of the associated optical identification (Mitton 1970);
3. the detection of essentially pointlike compact radio sources, often variable

in flux density, and usually identified with quasars (Dent 1965);
4. the establishment, with V1BI, that the core components in both the compact
and extended radio sources are indeed very compact, with angular dimensions on the
milliarcsecond

scale

(dark

et al

1968, Kellermann et al 1975), and common

(Schilizzi 1976, Preuss et al 1977);
5. the detection of apparent superluminal motion (Cohen et al 1971, Whitney et
al 1971) and directional memory (Fomalont & Miley 1975, Readhead et al 1978) in some
of these cores;
6. the discovery of jets, linking the outer extended radio structure with the
compact core components (Hogg et al 1969, Potash & Wardle 1979).
Qie of the key characteristics of quasars is their redshift, that is to say their
distance. As we can observe quasars out to distances of many

billion light years,

observation of their radio morphology can provide information about the cosmic
evolution of extragalactic radio sources on one hand, and indeed about the evolution
of the universe itself, on the other.
Outline of this dissertation

Prime objects of

interest were the extended

extragalactic

radio sources

associated with quasars. No observational attention has been given in this thesis to
the isolated compact radio sources, often identified with quasars, although we have
included these in the discussions.
Three projects, each focussing on a different aspect of the radio structure in
quasars and their cosmic evolution were conceived, with instruments and techniques
just, or about to become available, when this Ph. D. project was initiated.
1. A study of the parsec scale morphology in quasar cores, in relation to the
extended morphologies. The choice of VLBI with transAtlantic baselines for these
investigations, required to obtain the necessary resolution was obvious. This work
is described in Part I of the dissertation.
2. The hotspots in powerful extragalactic radio sources, thought to be the
point of impact of a beam originating in the nucleus and feeding the extended radio
lobes (Blandford & Rees 1974), had been found to exhibit structure on the 100
milliarcsec scale (Kapahi & Schilizzi 1979). An investigation of possible epoch
dependent hotspot properties as well as a more detailed investigation of this fine
scale structure would be useful. The sensitive European VLBI Network (EVN) and the
newly completed Jodrell Bank Multi Element Radio Linked Interferometer Network

(MERLIN) appeared ideal for such studies. These studies are described in Bart II of
the dissertation.
3. The overall structure of quasars at redshifts z > 1.5 had been found to have
angular dimensions smaller than or about 20 arcsec (see e.g., Hooley et al 1978).
Comparison of the large scale morphologies in these high redshift quasars with their
low redshift counterparts was not possible before the advent of the VLA in 1980,
since the required angular resolution and sensitivity of the then existing
telescopes was insufficient. A VLA project was carried out as part of this Ph. D.
thesis to obtain morphological information on scales of 0.5 arcsec on high redshift
quasars and to investigate possible epoch dependent morphological properties. MERLIN
observations at 0.1 arcsec resolution to supplement the VLA data were also
initiated. These studies are described in Bart III of the dissertation.
Moreover, it was hoped that the observations conceived would permit new ideas to be
developed on the interrelation of the radio core structure, the hotspot structure
and the overall source structure in extended extragalactic radio sources in general.
The giant nearby radio galaxy 3C236 provides an excellent opportunity to study this
relation of the large and small scale structure in an extended extragalactic radio
source, using the above mentioned instruments. As core flux density fraction is the
only essential difference between the morphologies of extended radio galaxies and
quasars, a detailed study of the large and small scale structure in 3G236 was
regarded as appropriate in the context of this Ph. D. project. This study is
described in Part IV of the dissertation.
In Prologues to Farts I, II and III we describe the status of the subject at issue,
before the present studies were undertaken. We refer to the reviews by Miley (1980)
and Kellermann & Pauliriy-Toth (1981) for more comprehensive accounts.
Results
In Chapter 1.2 we describe a VLSI survey for milliarcsec scale radio cores in
extended quasars, and report a high detection rate for such cores. VLBI mapping
programs at two epochs, separated by one year, of some of these quasar cores are
described in Chapter 1.3. These observations demonstrated that two-sided nuclear
jets are most likely to be present, but superluminal motion is probably absent in
these cores.

A survey with the EVN for compact hotspots in high redshift quasars is described in
Chapter II.2. Several ultra compact hotspots were detected, two of which are
subsequently studied in more detail using MERLIN, in the Chapters 11.3 and 11.4 :
the intragalactic hotspot in the z - 2.594 quasar associated with 4C04.81, and the
very compact hotspot in the southern radio lobe of 3C205. ftotspot properties as
found in 3C205 appear to be also present in several other radio sources. The
implications of these properties for radio source mechanisms in general and as
evidence for proposed beam redirection are the subjects of Chapters II.4 and II.5.
The results of the extensive VLA program of mapping high redshift quasars, mainly in
the form of radio maps, are given in Chapter II1.2. The apparent predominance of
distorted, asymmetric morphologies at high redshift is subsequently investigated in
Chapter III.3, and these properties are found to be epoch dependent. The physical
cause of these properties is addressed in Chapter III.4
Chapter IV reports the study of the large and small scale structure in the radio
galaxy 3C236 which resulted in the discovery of striking similarities on the various
scales. A long-lasting asymmetric and inefficient energy flow emanating from the
nucleus and interacting with the inner galactic environment is proposed to be
responsible for the observed morphology.
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aber hier, wie überhaupt,
konint es anders als man glaubt
(Wilhelm Busch : Plisch und Plun)
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CHAPTHl I.I
PROLOGUE
Most extended extragalactic radio sources contain a (weak) compact radio
core, coinciding with the associated optical galaxy or quasi-stellar object.
Two types of radio cores can be distinguished: the ultracorapact flatspectrum cores, and the few kpc size steep spectrum cores. The latter class
makes up about a quarter of the radio galaxy cores - for extended quasars
their contribution is unknown, due to insufficient resolution. The steep
spectrun cores having the steepest spectra tend to be the most luminous.
Generally, the core flux density fraction in quasars is an order of
magnitude higher than for radio galaxies. The core flux density fraction in
general appears to be correlated with the optical emission line strength.
Since the radiative lifetimes in the radio cores are about 10 of the
radiative lifetimes in the extended (100 kpc scale) radio lobes, VLBI
observations of the 1-10 pc scale core structure provide the opportunity to
study the relationship between the small and large scale structure. This was
done for several radio galaxies with bright cores, and in those cases good
alignment relative to the overall morphology was found, as well as a one-sided
core morphology.
In Rart I we present investigations of the fine scale structure in quasar
cores. This is possible now that the requisite resolution and sensitivity have
become available.
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CHAPTER 1.2
A VUBI SEARCH FOR COMPACT OGRES IN HETHDH) QUASARS*
ABSTRACT
A complete sample of quasars with extended radio structure and bright radio
cores has been surveyed for ultra compact core components. Using a transAtlantic
VLBI system at 5 GHz we found a high detection rate for compact radio core
components, implying linear sizes

< 10 parsec. In some quasar cores multiple

component structure was detected, with separations (projected on the overall source
axis) of about 10 parsec.

I. INTRODUCTION

Because of their relative faintness, there have been few VLBI studies of the
structure of compact cores associated with extended lobe-dominated radio sources.
The best candidates for such studies are the cores of extended quasars, since they
are stronger and more luninous on average than their counterparts in radio galaxies
(see e.g. Miley 1980). \fe have started a project to study the properties of these
quasar cores.
There are three main grounds for this study: (1) comparison of the parsec scale
with the hundreds of kiloparsec scale morphologies can give information about the
evolution of extended radio sources; (2) relations between radio core sizes and
properties in other wavelength bands such as optical luminosity and polarization,
emission line widths etc., may be useful in studying the nature of activity in
galactic nuclei; and (3) observations of the core structures at different epochs may
provide

tesfs for

the different models explaining

superluminal motion (e.g.,

Marscher & Scott 1980) since these radio sources of large linear dimension are
expected to be oriented close to the plane of the sky and hence light travel time
effects should play only modest roles.
We report here on transatlantic VLBI observations of compact radio cores in a
complete sample of quasars containing core emission brighter than 100 mJv (at 5 GHz)
and extended radio structure.

It should

be noted

that few statistically

complete

*coauthors: G.K. Miley, R.T. Schilizzi, E. Preuss - Astron. Astrophys., in press
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samples have been studied using the VLSI technique. Broderick & Condon (1975) and
Schilizzi (1976) reported a high detection rate in their observations of compact ( <
20 m a s ) components in samples of quasars and extended radio galaxies respectively.
A large sample of 103 sources from the PKS + 4° catalogue was studied by Preston et
al (1983), resulting in a high detection rate for milliarc second cores in quasars.
In a V1J8I survey for compact components in a complete sample of 57 flat spectrum
radio sources, Zensus et al (1984) report a dependence of compactness on the type of
optical identification. An extensive mapping program is presently being carried out
by Pearson & Readhead (1981, 1984) on the strongest 65 sources in the S4 and S5
catalogue.
The following sections of the paper describe in turn the source sample, the
observational procedure and the results for each source. In the concluding section
we discuss the implications of the observations, and indicate directions for further
work.

II. THE SOURCE SAMPLE
The quasars were selected from the compilation of Burbidge, Crowne and Smith
o
(1978 - BCS) to have the following properties: (1) 6(1950) > 0 , (2) known extended
radio structure, and (3) core flux density at 5 GHz > 100 mjy when measured with
synthesis telescopes.
Not many bright radio cores are to be found in extended quasars mapped with
synthesis instruments; we found 18 quasars satisfying the above criteria. These are
listed in Table 1, together with some relevant parameters and references to recent
maps of their radio structure.
Column 1 gives the quasar name in the IAU convention, column 2 alternative
names, column 3 the emission-line redshift, column 4 the radio structure according
to the classification of Miley (1971), column 5 the linear size

of the extended

structure, column 6 the total source flux density as measured with the Effelsberg
(MPI) 100 m telescope during the VLBI observations and column 7 references to recent
radio maps.
Our sample is certainly not complete, given the 1984 data base on quasar radio
structure. For example 1218+339 (3C270.1) was not included because when the project
was defined in 1979, this source was not known to contain a bright core (Stocke et
al 1982).
$mas = milliarc second
* H Q = 75 km sec" 1 M p c " 1 , q o = 0.5
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Table 1

The source sample

source

alternative
names

redshift

type

linear
size(kpc)

5 GHz flux
density(mjy)

references

0003+158

4C15.01

0.450

T

140

363 + 22

9

0214+108

4C10.06

0.408

T

510

400 + 39

9

0610+260

3C154

0.580

T

250

1778 + 95
c?

13

0742+318

4C31.30

0.462

T

530

843 + 47

0836+195

4C19.3I

1.691

D2

70

170 + 13

0838+133

3C207

0.684

T

50

1270 + 76

12

0855+143

3C212

1.048

T

50

845 + 55

6, 8

0932+022

4C02.27

0.659

270

297 + 24

4, 9

45

1553 + 84

380 ?

157 + 10

1040+123

3C245

1.029

D2
T

1047+096 5

4C09.37

0.786

1

2, 10
6

3, 4, 7
4, 9
C

1055+201

4C20.24

1.110

m

130

1605 + 82

1058+110

4C10.30

0.420

140

220 + 16

9, 14

3C263

0.652

240

1100 + 80

9, 12

40

155 + 10

4, 9

100

1200 + 61 c

4, 10

300

510 + 27

1, 4
4, 6, 9
5

1203+109

4C10.34

1.088

1222+216

4C21.35

0.435

1548+114

4C11.50

0.436

T
T
?
T
T

250

675 + 37

1270

800 + 50 b ' c

1137+660
§

1618+177

3C334

0.555

T

1721+343

4C34.47

0.206

T

calculated with H

75 km sec

Mpc

c

4, 11

and q = 0.5

overall source size is 7 , which exceeds the MPI beam; flux density from ref. 5
Comparison with other measurements indicates core variability - see text, Sect. IV
source has been deleted from the sample - see Section IV
References
1. Argue, et al., 1974
2. Fanti, et al., 1977

9. Miley & Hartsuijker, 1978

3. Foley, 1982

10. Neff, 1982

4. Hintzen, Ulvestad & Owen, 1983

11. Peacock & Wall, 1982

5. Jagers, et al., 1982

12. Pooley S Henbest, 1974

6. Jenkins, Pooley & Riley, 1977

13. Riley & Pooley, 1975

7. Laing, 1981a

14. Wardle & Miley, 1974

8. Laing, 1981b
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Some of the quasars in the sample have radio structures with galactic
dimensions: 0838+133 (3C212) and 1040+123 (3C245) have overall linear dimensions
smaller than 50 kpc. The quasars 0214+108, 0742+318 and 1721+343 have very large
overall dimensions ( > 500 kpc).
III. OBBKHVATIGHS AM) DATA RHXJCTICN
The observations took place between 18.00 UT on April 7, and 23.30 ÜT on April
8, 1981. A number of short observations, typically 3 - 4 , each of about 15 minutes
were made for each source at different hour angles. The frequency was 4990 MHz.
Parameters of the interferometer array are given in Table 2, where rms noise
values are given for 4-min. coherent integrations.
Table 2

Parameters of the interferometer array, at X 6 cm

telescope
location

abbreviated
name

diameter
(•)

)

antenna sensitivity
(K/Jy)

Effelsberg, FRG

HP I

100

80

I.SS

Onsala, Sweden

Onsalt

25

J4

0.06

Green Bank, VA, USA NRAO

43

70

0.27

Big Fine, CA, USA

40

135

0.23

OVRO

baseline

rms noise level (mJy), after
4m coherent integration

MPI - Onsala

15

MPI - NRAO

10

MPI - OVRO

15

Onsala - NRAO

35

Onsala - OVRO

50

NRAO - OVRO

35

The most sensitive baselines include the MPI 100 m telescope: 3a noise < 50 mJy
after 4 minutes coherent integration. The measured sense of polarization on the sky
was LCP.
The fringe spacings of the interferometers vary between 20 mas and 1.5 mas.
Figure 1 shows the full u-v coverage for an hypothetical source at Dec + 30°. Our
observations were in fact short cuts.
The data were recorded using the standard Mkll VLBI System with 1.8 MHz
bandwidth (Clark 1973). Cross-correlation of the video tapes was carred out at the
Max-Planck-Institut für Radioastronomie, Bonn, FBG. The coherently averaged
correlation coefficients were calibrated according to Cohen et al. (1975), assuming
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the primary calibrator 0235+164 to be unresolved on the intra-European and intra-USA
baselines. Corrections «ere applied for coherence losses for the long integration
times (up to 6 minutes).

OVRO

Fig. 1 Tracks in the u-v plane
by four different baselines
for an hypothetical source at
6 + 30°.

The experiment reported here is a repeat of observations which were originally
carried out in January 1980, using the MPI, lesterbork (WSRT-phased array) and Green
Bank telescopes, but most of which failed for technical reasons. However, some
successful scans were obtained during the 1980 experiment, and these will also be
reported here. Note that MPI-WSRT is a very short but also very sensitive baseline
(lobe spacing ~ 50 mas, rms noise ~ 8 mjy after 4 min integration).
IV. RESULTS
Correlated flux densities exceeding three times the rms noise (see Table 2)
were detected for most of the sources observed. The results of the observations are
discussed below for each source separately. THe extimated error in SQQJ. values,
consisting of the root-sum-square of 0.05S cor and the rms noise on each baseline is
5 - 10%. Care should be taken in interpreting the S c o r values listed in the
following, since they correspond to a limited number of (u,v) points in the
resolution plane. The inferred core angular sizes correspond to the FWHM of Gaussian
components. Table 3 lists the conversion of angular to linear size for the world
model adopted here (HQ = 75 km sec"1 Mpc" 1 , QQ = 0.5) and for various redshift
values.
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Table 3

Conversion angular - linear size

( H o - 75 km sec~'Mpc~', qo - 0.5)
red.bift

1 nilli-arcfsecond
corresponds to

0.10

1.6 parsec

0.25

3.3 parsec

0.50

4.7 parsec

0.75

5.4 parsec

1.00

5.7 parsec

2.00

5.5 parsec

0003+158 Miley & Hartsuijker (1978) measured a 5 GHz flux density of 135 + 20 mjy
for the core of this quasar. The quasar was detected on all but the longest
baselines: S ^ = 120-150 rnJy on MPI-WSRT (1980) and MPI-Onsala; 150 mjy on NRAOOVRO; 70-100 mjy on MPI-NRAO. Besolution effects are apparent and we deduce a size
of 1 mas for the radio core.
0214+108 We detected this large quasar only on the shortest and on the most
sensitive baselines: S c o r = 110-140 mjy on MPI-WSRT (1980) and MPI-Onsala; S c o r ~ 70
mjy on MPI-NRAO. Resolution effects are apparent; the size of the core is about
1 mas. Since Miley & Hartsuijker (1978) measured 100 + 8 mjy for the 5 GHz core flux
density the core may be variable.
0610+260 Riley & Pooley (1975) measured a 5 GHz flux density of 540 + 50 mjy for the
core of this large quasar. We find S ^ between 275 and 440 mjy on the MPI-Onsala
baseline, between 50 and 160 mjy on the MPI-NRAO and Onsala-NRAO baselines, about
180 mjy on NRAO-OVRO and about 60 mjy on MPI-OVRO. The 1980 experiment detected
40 < S^j. < 600 mjy on MPI-WSRT. Structure on the tens of mas, as well as on the
1 mas scale is evident.
0742+318 Fanti et al. (1977) measured a 5 GHz flux density of 750 mjy for the core
of this very large quasar, whereas Neff (1982) reports a 5 GHz core flux density of
644 + 2 mjy (measured in 1979), probably indicating variability. The present
experiment detected S^j. between 480 and 700 mjy on MPI-Onsala, between 180 and 270
mjy on NRAO-OVRO, between 165 and 350 mjy on MPI-NRAO and Onsala-NRAO, and between
125 and 210 mjy on MPI-OVRO and Onsala-OVRO. THe 1980 experiment detected S^j. ~ 600
mjy on MPI-WSRT. Variations in S c o r with IHA are apparent, implying structure on the
mas and the tens of mas scale. Projection of the measured correlated flux densities
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on the axis of the overall source structure (position angle -40°) in the u-v plane
reveals the presence of a clear minimum, suggesting a double structure along the
source axis with a separation of about 2 mas (10 pc).
0836+196 Jenkins, Pooley & Riley (1977) report a 5 GHz core flux density of 100 + 20
mjy for this weak, high-redshift D2 quasar. Note that the angular size of 18" for
the

source as

observations

listed

by

these authors is not

correct. High-resolution

VLA

(Chapter III.2) yield an angular size of 14" (80 kpc). The VLBI

observations detected weak correlated flux density only on the most sensitive
baselines: 55 <_ S(X)r < 70 mjy on MPI-WSRT (1980), MPI-Onsala and MPI-NRAO. The
inferred angular size for this weak core is < 1 mas.

0838+133 Pooley & Henbest (1974) report a 5 GHz flux density of 510 + 30 mjy for the
core of this small quasar. The VLBI observations detected strong correlated flux
densities; between 370 and 490 inJy on MPI-CAisala and MPI-WSRT (1980), ~ 400 mjy on
NRAO-OVRO, ~ 300 mjy on MPI-NRAO and Onsala-NRAO and 200-240 nUy on the longest
baselines (Europe-OVRO). The measured correlated flux densities indicate a core
angular size of < 1 mas.

0855+143 Jenkins, Pooley & Riley (1977) measured a 5 GHz flux density of 310 + 50
mjy for the core of this small quasar. The present observations detected 135-175 mjy
on the MPI-Onsala baseline and about 135 mjy on the longer baselines, and seem to
indicate a somewhat resolved core component ( < 1 mas) of ~ 175 mjy as well as ~ 150
mjy in structure on the 0.1 arcsec scale.
0932+022 The 5 GHz "core" flux density of 156 + 9 mjy as measured by Miley &
Hartsuijker

(1978) originates from a core-jet-structure

(Hintzen et al. 1983).

Assuming that the core has a flat spectrum, we expect a core flux density of about
85 mjy, as Hintzen et al. (1983) measured 83 mjy at 20 cm wavelength. The VLBI
observations detected of ~ 90 mjy on MPI-Onsala and ~ 50 mjy on MPI-NRAO. The
derived component size is < 1 mas.
1040+123 Laing (1981a) reports core flux densities of 910 + 90 mjy at 5 GHz and 540
+ 30 mJy at 15 GHz. Hintzen et al. (1982) find a 1.4 GHz peak flux density at the
core position of ~ 1450 mjy; the core component obviously has a fairly steep
15
a
spectrum: <xc = -0.5, where S « v . See also Laing (1981a). High resolution
o
v
observations at 408 MHz have shown that the source has a compact triple structure
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(Poley 1982). The VIBI observations yielded detections on all baselines: 640 mjy on
MPI-WSRT (1980), 250-400 mJy on MPI-Onsala, 300-350 mjy on NRAO-OVRO, 170-280 mjy on
MPI-NRAO and Onsala-NRAO and about 100 mJy on MPI-ÖVHO. Structure on the rias as well
as tens of mas scale is apparent.
1047+096 Miley & Hartsuijker (1979) measured a 5 GHz core flux density of 122 + 7
mjy in this weak D2 quasar. The high-resolution map obtained by HLntzen et al.
(1983) shows complicated structure, and it is not at all clear if and how the
components are physically related. In the present observations we only made two
marginal detections on the most sensitive baseline: S^r ~ 25 mjy on MPI-NRAO. The
source has not been included in further work on the sample.
1055+201 The 5 GHz core flux density as measured by Miley & Hartsuijker is 608 + 30
mjy. Peacock & Wall (1982) measured 430 + 60 mjy at 2.7 GHz and Hintzen et al.
(1983) measured 303 mjy at 1.4 GHz for this component. The V1BI observations
resulted in strong detections on all baselines: 990 nvJy on MPI-WSRT (1980) and 800950 mJy on the other baselines. These observations seem to indicate an. inverted
radio spectrum as well as variability for the quasar core. The angular size of the
core is certainly smaller than 1 mas. Measured variations in the overall source flux
density (Miley & Hartsuijker 1978, KShr et al 1980, Table 1) also reflect the core
brightening.
1058+110 This quasar contains a weak core, with 5 GHz flux density 96 + 6 mjy (Miley
&

Hartsuijker 1978). The source was not detected in the present observations,

putting limits of 30-40 mjy on any correlated flux density. The core, however, shows
extended structure on the arcsecond scale, and has a steep radio spectrum (Wardle &
Miley 1974).
1137+660 Miley & Hartsuijker (1978) measured a 5 GHz core flux density of 162 + 8
mjy, whereas Pooley & Henbest (1974) report 130 + 20 mjy. The VUBI observations
indicate some mas structure: S c o r between 150 and 190 mjy on MPI-WSRT (1980) and
MPI-Onsala, ~ 190 mjy on NRAO-OVRO, 125-190 mjy on MPI-NRAO and Onsala-NRAO, and
100-145 mjy on MPI-OVRO.
1203+109 High resolution observations (Hintzen et al 1983) show that the radio
structure of this quasar is more complicated than suggested by Miley & Hartsuijker
(1978). The Miley & Hartsuijker "core" flux density of 147 + 7 mJy corresponds to
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the entire radio source. As Hintzen et al (1983) detected a 1.4 GHz flux density of
347 mJy the source has a steep radio spectrum: a-, 4 - -0.7 (S a v a ) . The VLBI
observations detected weak correlated flux density: about 50 mJy on MPI-WSRT (1980)
and MPI-Onsala, probably reflecting the mas-scale core in this quasar. The source
has been deleted from the sample.
1222+216 The core of this quasar has an inverted radio spectrum: the peak flux
density measured at 1.4 GHz by Hintzen et al (1983) is 480 mJy, whereas Neff (1982)
finds 630 + 22 mJy at 1.6 GHz and 825 + 5 mJy at 4.9 GHz. Its large scale radio
structure is strongly curved (Hintzen et al. 1983). The radio core has brightened
from 675 + 34 mJy (Miley & Hartsuijker 1978), measured in 1973/74 to 825 ± 5 mJy
(Neff 1982) measured in 1979. The measured variations in overall source flux density
(Miley & Hartsuijker 1978, KÜhr et al. 1980, Table 1) also reflect this core
brightening. The VLBI observations indicate the presence of a bright radio core that
is likely to be unresolved ( < 1 mas): S c o r between 550 and 600 mJy is detected on
all baselines. Since the total source flux densities reported here (Table 1) and in
Neff (1982) are in good agreement, about 225 mJy shculd reside in core structure on
the 0.1 arcsec scale.

1548+114 After some controversy as to the identification of the radio source
(4C11.50) it has become clear that the source is associated with a z = 0.436 quasar.
(Argue et al. 1974, Hintzen et al. 1983). The 5 GHz core flux density measured with
the Cambridge 5 km telescope is 225 mJy (Argue et al. 1974). The peak flux density
at 1.4 GHz is 125 mJy (Hintzen et al. 1983). The VLBI measurements have detected
considerably higher core flux densities. Oh the shorter baselines (MPI-Onsala, NRAOOVRO) we measured 270 < S c o r < 340 mJy; on the transatlantic baselines correlated
flux densities of about 250 mjy were detected, indicating mas structure. These
observations indicate an inverted spectrun as well as variability for the core. The
measured variations in overall source flux density (Argue et al. 1974, KÜhr et al.
1980, Table 1). also reflect the core brightening.
1618+177 Jenkins, Itooley and Riley (1977) measured a 5 GHz core flux density of 170
+ 20 mJy for this quasar; Miley & Hartsuijker (1978) measured 150 + 20 mjy. The 1.4
GHz core flux density is 134 mJy (Hintzen et al. 1983 - peak flux density in their
map). The VLBI observations yielded correlated flux densities between 90 and 110 mJy
on the sensitive baselines to MPI, showing that the core in this quasar consists of
an unresolved ( < 1 mas) component with a flux density of about 100 mjy, and about
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50 mjy in structure on the 0.1 arcsec scale.
1721+343 jHgers et al. (1982) detected 440 + 30 mjy at 5 GHz in the radio core of
this largest known quasar, and noticed 5 GHz core brightening. The VLBI observations
reported here detected significant variations of correlated flux density with hour
angle on all baselines; resolution effects as well as mas structure are apparent, eta
the shorter baselines (MPI-WSRT (1980), MPI-Onsala, NRAO-OVRO) S c o r between about
and about 375 mjy was detected, and on the transatlantic baselines between about 100
and 200 mjy. Projection of the measured correlated flux densities on the axis of the
overall source structure (p.a. -17°) in the u-v plane revealed the presence of a
clear minimum, suggesting a double structure along the source axis, with separation
of about two mas (6 pc).
V. DISCUSSION
The results of our observations for the revised sample of 16 quasars are
summarized in Table 4. We have listed the inferred angular sizes for the
milliarcsecond core component(s), the flux density originating in the VLBI core
(highest S c o r as measured on MPI-Onsala baseline, with fringe spacing of ~ 15 mas),
the missing core flux density (compare Section IV) and some notes on other
properties of the sources.
Although one is interested in the linear rather than the angular size of the
quasar cores, Table 3 shows that for the quasars in the present sample the
conversion to linear size for qQ = 0.5 is almost redshift independent: one
milliarcsecond corresponds to a few parsec. Inspection of Table 4 shows that for
most of the quasars observed, the VLBI interferometers detected all the core flux
density, indicating that these quasar cores have linear sizes on the order of, or
smaller than 10 parsec. Our detection rate is in agreement with the results obtained
by Preston et al (1983) on sources from the PKS + 4° catalogue. Previous studies
(Riley & Jenkins 1977, Miley & Hartsuijker 1978) have shown that the core flux
density fraction for quasars is, on average, an order of magnitude higher than for
radio galaxies; the VLBI observations show that these quasar cores have sizes
comparable with the dimension of the optical broad line region (Osterbrock 1984).
For the sources for which reasonably good u-v coverage was obtained and mas
structure was detected, the S c o r values tend to be highest when observing the source
with baselines perpendicular to the overall source axis. This indicates that the
parsec scale nuclear structure is well aligned with the large-scale outer structure.
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Table 4

Results

quasar

VLBI core
size

flux density

0003+158

"u 1 mas

150 mJy

0214+108

1 mas

140

0610+260

mas structure

0742+318

mas structure

440
740

0836+195

< 1 mas

70

0838+133

< 1 mas

490

0855+143

< 1 mas

175

0932+022

< 1 mas

90

1040+123

mas structure

400

1055+201

< 1 mas

950

1058+110

resolved

< 50

1137+660

mas structure

190

1222+216

< I mas

600

1548+134

r

340

1618+177

< 1 mas

110

1721+343

mas structure

375

highest S
b

mias structure

cor

missing core
flux density

notes

160 b mJy

1?, 2

150

500

3, 5

50 - 100

4
3, 5

225

1, 4, 5

1,

1, 4
50

on MPI - Onsala baseline

has been detected on MPI - WSRT (1980) baseline
of which 250 mJy has been detected on MPI - WSRT (1980) baseline

notes
1. core flux density variable
2. optical polarization variable (Stockman et al 1983)
3. steep core spectrum
4. inverted core spectrum
5. core structure on 0.1 - 1 arcsec scale (see Section IV)

5
1, 2
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this has also been observed previously in the cores of several radio galaxies having
extended large scale structure (see e.g. Preuss 1983).
The main result of the work reported here are therefore the corcinon occurence of
parsec scale cores, in several cases well aligned with the large scale radio
structure in extended quasars.
It is appropriate here to stress the major differences between isolated compact
radio sources and the compact cores of extended radio sources considered in the
present study. Isolated compact radio sources are usually associated with quasars or
BLLAC objects and are nearly all variable in flux density. 'Ifceir radio spectra,
being usually flat, undulating or inverted, are generally believed to be due to
opacity variations in a small number of distinct components. In many cases the
source structures as well as the flux density behaviour are corcplex, and the
relation between source structure and variability is not at all clear (Kellermann &
Pauliny-Toth, 1981). In the case of the cores of large, extended quasars possible
relations between core structure, variability and other properties mignt be simpler,
since the structure appears to be linear on the various scales.
For some of the quasar cores for which we detected structure on the mas (10 pc)
scale, variations in radio flux density as well as in optical polarization have been
reported. Careful monitoring of a large sample of cores in extended quasars might
discover relations between the development of pc-scale radio structure and other
core properties, and hybrid maps obtained over a period of several years may show us
the evolution of nuclear radio structure. We note that 1055+201 is a good candidate
for such a monitoring project; the core of this quasar recently brightened by about
50 %, but no change in the core structure has yet been seen. If this is caused by
time delay and/or insufficient resolution, observations in forthcoming years should
detect the development of mas structure.

\

A correlation between the emission line widths and the presence of extended
radio structure in quasars has been discovered by Miley and MLllex (1979). We have
tried to correlate recent measurements of emission line widths with the inferred
core angular sizes, but due to the small sample size and the scarcity of optical
data results are inconclusive. Variations in optical luminosity have been reported
for many of the quasars in our sample - see the m^ values as listed in BCS or in the
more recent Ifewitt and Burbidge (1980) Catalog. Therefore we were also not able to
correlate the optical luminosity with the inferred angular sizes. We expect
nevertheless that a careful comparison of an enlarged VLB I data set with the above
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mentioned parameters can contribute useful information to our understanding of
quasars, and we intend to pursue such a study.
A good correlation between core spectrum steepness and radio power has been
found for steep-spectrim cores in extended radio galaxies (Bridle ft Fomalont 1978,
Fomalont, Palimaka & Bridle 1980); the greater the radio power, the steeper the
spectrum. In contrast, Saikia (1981) has noted that quasars as a class show more
scatter in the a - P plane than radio galaxies. The one steep-spectrum quasar core
in our sample, 3C245 (1040+123) is a good example of this; its core spectrum is too
flat given its large radio power.
Finally, we stress the need to (i) enlarge this sample, and (ii) investigate
detailed structures for several quasars studied here. We have begun programs to
accomplish both of these aims. In particular, VLBI mapping programs of several of
these quasar cores are in progress.
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CHAPTER 1.3
TWO - EPOCH OBSERVATIONS OF THE CORE RADIO STRUCTURE IN S H E W E D QUASARS*
ABSTRACT
VLJBI maps of the parsec scale structure in the cores of several large extended
radio sources associated with quasars have been obtained at two epochs. The position
angles of the small and the large scale emission are found to be in good agreement.
Two-sided nuclear jets are detected as well as an upper limit of a few times c for
possible expansion velocities. These results are consistent with bulk relativistic
core velocities, provided the source axes are near the plane of the sky.
I. INTRODUCTION
Mapping the nuclear radio structure in extended lobe dominated extragalactic
radio sources, associated with active galactic nuclei, is one of the most intriguing
subjects in extragalactic VLBI investigations (see e.g., Kellermann & Pauliny-Toth
1981). Following V1JBI surveys by Schilizzi (1976) and Preuss et al (1977) which
demonstrated that many extended sources have compact radio cores on linear scales of
1 to 10 parsec in the nuclei of the associated optical objects, a number of the more
luminous cases have been mapped with intercontinental VLBI networks. These sources
include the radio galaxies Cygnus A, 3C111, 3C390.3 and NGC315 (Kellermann et al
1981, Preuss et al 1980, Ilnfield 1981), Virgo A/M87 (Reid et al 1982), NGC6251
(Readhead et al 1979) and 3C236 (Chapter IV) as well as the quasars 3C309.1 (Kus et
al 1981) and 3C179 (Porcas 1984). Since the radiative lifetimes in these compact
cores are roughly five orders of magnitude smaller than the lifetimes in the larger
scale radio emission, important conclusions on the evolution of the radio source
morphology can be drawn. By making VLBI maps at pc-scale resolution with regular
time intervals, one may furthermore hope to obtain information on the evolution of
the radio core itself.
Because of their relative faintness, as yet few radio cores in extended quasars
have been studied in detail. Nevertheless, many quasar radio cores can be mapped,
*preliminary version of a paper coauthored by G.K. Miley, R.T. Schilizzi, E. Preuss
and T.J. Cornwell
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provided sensitive V1BI networks are used. We are carrying out a project to study
the properties of these quasar cores, the first results of which have been reported
elsewhere (Chapter 1.2). The main grounds for this project are:
(1) comparison of the core structure with the overall morphology of the sources can
give important information about the evolution of extended radio sources; (2) the
statistics of the core sizes and their relation to other source parameters such as
radio, optical and X-ray luminosities, optical polarization, emission line widths
etc. can provide fundamental clues as to the nature of active galactic nuclei; (3)
observations of the core structures at different epochs may provide tests for the
different models explaining superluminal motion.
In Chapter 1.2 we presented the results of a pilot survey for compact radio cores in
a complete sample consisting of sixteen quasi-stellar radio sources having
(i) 5 (1950) > 0°, (ii) known extended radio structure and redshift, and (iii) 5 GHz
core flux density exceeding 100 mjy. Our high detection rate implies linear sizes
< 10 parsec for these cores, and in some cases our data suggest multiple component
structure with separations of about 10 parsec (projected on the overall source
axis). In this second paper we present and discuss radio maps at milliarcsecond
resolution of a subset of the original sample, made at two epochs, separated by one
year.
II. OBSERVATIONS AID DATA REDUCTION
As in the zero-epoch (1981.3) pilot survey observations the observing frequency
was 4990 MHz, and the data were recorded using the standard MKIIC V1BI system (Clark
1973). The measured sense of polarization was LCP. First epoch observations of a
subset of four quasar cores were carried out on April 5 - 6 - 7 , 1982, using a 5
telescope transAtlantic VLBi network.
Parameters of the interferometer array are given in Table I

telescope
location

diaa«ter

T

.y. <«

antenna aenaitivity
(K/J,)

Effelabete., FRC

100

65

1.40(1.29)

Onaala, Sweden

25

40

0.06

Green Bank, USA

43

42

0.28

Socorro. USA

130

50

2.2

Owena Valley, USA

40

115(88)

0.21(0.26)
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Table II lists the quasars observed, which were selected fran the original source
sample on the basis of milliarcsecond scale structure in their cores (see Chapter
1.2).
qua aar

other nroe

redshift

proj. lin. slzef
(kcc)

larqe acale p.a.

core/overall
5 GHz flux denaity

references

0610*260

3C154

0.580

250

101°(B> ,-87°<tr>

600/1800

1. I

0742*318

4C31.30

0.462

530

ia8°IEl.-S7°<«

750/850

1. 3, 4

1137*660

3C263

0.652

1721*343

4C34.47

0.206

24C
12'

S

111°

200/1100

1,

-17°

375/800

1. 2

references
Chapter 1.2
JJgers et at. (19B2)
Neff (19B2)
Neff * Broun (1984)
Pooley a Henbest (I974J
« H e y a Pooley (1975)

Fran Table II it can be seen that the overall linear dijnensions of the extended
double lobed radio structures are large. Indeed, 1721+343 is the largest quasar
known (Jagers et al 1982). Core flux density variability has been reported in
1721+343 and probably in 0742+318. See Chapter I 2.
The quasars 0610+260 and 0742+318 were observed in source switching mode,
during a period of about 7 hours, whilst the quasar 1137+660 was observed for a
period of ~ 11 hours. Finally, the quasar 1721+343 was observed for a period of ~ 9
hours, but not by the VLA. Cross correlation of the data tapes was carried out at
the Max-Planck-Institut für Radioastronomie, Bonn, FRG. The coherently averaged
correlation coefficients were calibrated according to the precepts of Cohen et al
(1975), assuming the primary calibrator 0235+164 to be unresolved on the intraEuropean and intra-USA baselines. Corrections were applied for coherence losses
caused by the somewhat long integration time of 6 min.
The observing conditions during the first epoch were not ideal. High winds at
the VLA and hardware problems at Onsala and Green Bank, as well as the source
switching on 0610+260 and 0742+318 resulted in U-V coverages that were far from
complete for all the four sources, with the result that we were not able to produce
reliable hybrid maps of the radio cores. Particularly, the core emission in 1137+660
is weak: correlated flux densities between 100 and 200 mJy were found. Much phase
noise was present and this source was not always detected on the weaker baselines.
We were therefore only able to produce a crude model for the core in 1137+660.
Clearly, the more sensitive Mark III equipment is required to map this core, and
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this has been done by Zensus et al (1984). The multiple component structure as
suggested from the few U-V points in the zero-epoch observations (Chapter 1.2) for
0742+318 and 1721+343 appeared to be present indeed. Moreover, comparison of the U-V
data points (epochs 1981.3 and 1982.3) showed that the two epoch data sets were not
inconsistent with possible expansion in the radio cores. Therefore, second epoch
observations of the (brightest) cores in 0610+260, 0742+318 and 1721+343 were made
to search for possible expansions, using the same five-station transatlantic VLBI
network in the period April 5 - 6 - 7 , 1983, exactly one year after the first epoch.
See Table I for the telescope parameters (nunbers in brackets).
The observing times were about 9 hours for 0610+260 and 0742+318 (continuous
tracks this time), and about 12 hours for 1721+343, the common visibility in Europe
and the USA being somewhat less of course. These second epoch data were cross
correlateo on the CIT/JPL correlator at the California Institute of Technology,
Pasadena, USA. The correlation coefficients, coherently averaged for 6 min, were
calibrated following Cohen et al (1975). Although we did not obtain fringes on
baselines to Onsala, the remaining four telescopes provided us with sufficient, good
data, in order to produce reliable radio maps, for which we used the CIT-VLBI
iterative mapping algorithms.

III. RESULTS AX> DISCUSSION
The results of this study are twofold. First, maps of three radiocores

at two

milliarcsecond resolution were obtained (epoch 1983.3), having a dynamic range of
about 10:1. The properties of the parsec scale core structures as revealed in these
maps are discussed below, in Sections III.I and III.2. Second, comparison of the two
epoch data, separated by a one year interval allows a first study of the evolution
of the parsec scale radio morphology in the cores of these large extragalactic radio
sources. This will subsequently be discussed in Section III.3.

III.I ALIGNMENT OF THE LARGE AND SMALL SCALE STRUCTURE
The model we derive for the core in 1137+660 at epoch 1982.3 is a single gaussian
component of 0.8 x 0.5 milliarcsec (FWHM) in p.a. 110°, which has a flux density of
200 mjy This model provides a reasonable fit to the transatlantic baseline data. The
behaviour of the visibility on the short Effelberg-Onsala baseline indicates the
presence of some additional larger scale structure. Location of this additional
structure was impossible. The position angle of the small scale structure is in
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Pig. 1 0610+260 cove, with 2 mas
restoring beam;
contour levels are 10, 20, 30, SO,
70, 95 % of peak brightness, which
is 63 mJy/beam; tick interval is
1.4 mas.

Fig. 2
0742+318 core, with 2 mas
restoring beam;
contour levels are 5, 10, 25, 35,
50, 80 % of peak brightness, which
is 106 mJy per beam; tick interval
is 1.6 mas.

Fig. 3
1721+343 core, with 2 mas
restoring beam;
contour levels are 5, 10, 20, 35,
50, 70, 95 % of peak brightness,
which is 100 mJy per beam; tick
interval is 1.4 mas.
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excellent agreement with that of the large scale (Table II).
The final maps obtained for the cores in 0610+260, 0742+318 and 1721+343 from
the second epoch data (1983.3) are shown in Figures 1 to 3. A circular restoring
beam of 2 milliaresec was used in all cases. As the core in 0610+260 is rather weak,
the noise level is somewhat higher than 10 per cent. For the other two sources the
noise level is about 5 per cent. The linear sizes involved are indicated in the
maps. These maps should be compared with the maps of the overall radio structure,
the reference to which is given in Table II. For easy comparison we have listed the
overall p.a. in Table II.

In the present study we have found another four cases of very large extended
radio sources in which the small scale core radio structure appears to be aligned
(to within 15°) with the large scale morphology. See Rellermann & Eauliny-Toth for
other examples. Except for 1137+660 (crude model), this alignment is certainly not
perfect. Particularly interesting in this respect are 0610+260 and 0742+318. Por the
former, the position angles of the two features at distances of

~ 35 pc east and

west of the (assumed) core (Fig. 1) are 98° and -87°, which are very similar to the
position angles of the radio lobes, at distances of

~ 100 kpc from the core (Table

II). This indicates that (i) the apparent large scale position angle asymmetry has
its origin deep inside the core, and (ii) this asymmetric core behaviour is longlasting (see also Chapter IV). For 0742+318, jet bending on the 100 kpc scale has
been reported by Neff (1982), and Neff & Brown (1984). The fact that the VIBI
position angle fits nicely into the observed large scale bending (see map in Neff
1982), argues for an intrinsic origin for this bending, i.e., precession of the
source axis. In 1721+343 the difference in large and small scale position angle is

-5°
III.2 TWO - SIDED NUCLEAR JETS

Inspection of the maps appears to show that emission on both sides of the nucleus is
detected, assuming that the actual core in the quasars coincides with the peak in
the radio maps. To test this assumption, we intend to make maps at another
frequency, thereby possibly locating the actual flat spectrum core component. We
have checked the reality of the two-sided emission by cleaning the dirty maps in
different windows at various positions with respect to the assumed core, and
subsequently examining the residuals, and are confident that all the features in our
maps are real, particularly for 0742+318 and 1721+343 where the fit with the
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observed (closure) amplitudes and closure phases is very good. The apparent lack of
two-sided cores in many other sources has been explained as being due to Dcppler
beaming; plasma clouds emitting synchrotron radiation will appear brightened by
large factors when approaching the observer with bulk relativistic velocities and
similarly weakened when receding. An intrinsic two sided core inclined at an angle
smaller than 90° to the line of sight will appear one-sided, since, at limited
dynamic range, we only observe the approaching side, provided bulk relativistic
velocities are involved (see e.g., Kellermann & Pauliny-Toth 1961).
However,
Linfield (1981) concluded that the observed parsec scale asymmetry in the cores of
several large double radio galaxies is source intrinsic. For example, the agreement
between the projected position angles of the optical rotation axis (Simkin 1977) and
radio axis (Hargrave & Ryle 1974) in Cyg A, the former being inclined at 83° + 3°,
suggests that the radio source lies roughly in the plane of the sky. Nevertheless,
the small scale core structure in Cyg A is one-sided with brightness ratio > 15
(Linfield 1981). Since the observed brightness ratios generally exceed 10, spectral
effects as cause for the one-sidedness are unlikely.
Bridle (1984) empirically derived that generally in radio sources having
> 1 0 2 4 * 5 W Hz" 1 (H Q = 100, c^ = 0.5) the kpc 94 S
—1
scale jets are one-sided, whereas for sources with P 1 # 4 < 10
W Hz
the large
scale jets are found to be two-sided. We note that the three quasars discussed here
exceed this power by one (1721+343), two (0742+318) and three (0610+260) orders of
magnitude.
intrinsic luninosity at 1.4 GHz P14

We contend that the observed two-sidedness considered here, is consistent with
either non-relativistic bulk velocities in the cores (no beaming), or large
inclinations of the source axes to the line-of-sight. Quantitatively, adopting p=
v/c = 0.98 in the cores (y = 5 ) , the constraint on the flux density ratio on both
sides of the core (observed to be less than ~ 3 ) , becomes:

1-pcose
4+pcose

;

-3
~

ö

assuming

a
= 0 and using the flux density ratio expression for continuous core
cor©
emission (Scheuer & Readhead 1979). The constraint converts to 9 > 79°. Allowing
Y = 2 (p = 0.87)the constraint becomes Q > 78°. (If 8 = 60°, the constraint on y
becomes y < 1.07 or p < 0.36 ) .

The

evidence

from

superluminal

motion

for

relativistic core velocities (see e.g. Marscher & Scott 1980) is compelling, but
such velocities are only allowed in the present extended quasars provided the
sources are within 12° of the plane of the sky. Since the sources involved have very
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large projected dimensions and are therefore expected to be oriented close to the
plane of the sky, this constraint is not unreasonable. Recently, Kapahi & Saikia
(1982) have reported an anti-correlation between the projected linear size and the
fractional core flux density in extended triple sources, which they subsequently
attributed to Doppler beaming. The very large quasars discussed in the present paper
do not support this correlation since the cores are relatively bright (Table II) and
beaming is absent. An intrinsic origin has to be invoked for their high core
brightness.
In summary, we have demonstrated that intrinsic physical effects also have a
role to play in explaining both the observed parsec-scale morphology (cf. also
linfield 1981) and the brightness in the cores of large, extended extragalactic
radio sources.
111.3 EXPANSION VELOCITIES
Comparison of the second epoch data with the first epoch data was made as follows.
We superimposed the calculated visibility amplitudes of the 1983.3 models on the
visibility amplitudes observed during the first 1982.3 epoch, and compared the
positions of the maxima and minima of the two data sets. The closure phase data from
the first epoch had low quality, and were not useful for this comparison.
Apart from some sealing deviations due to calibration uncertainties, no
difference in the visibilities from the two epochs was found within the errors, on
the baselines in common. Since our data points correspond to 6 min averages,
however, the uncertainties are not negligible. Oomparing the long, transAtlantic
baseline data we were only able to derive upper limits to possible proper motion in
the cores of 0742+318 and 1721+343 of \i < 0.15 milliarcsecond per year. The first
epoch data on 0610+260 are not of sufficient quality to make this comparison. The
observed
constraint
on \x converts
to B < 3.3 and B < 1.7 for
possible
superlumin&l motion in 0742+318 and 1721+343, respectively, for 1^ = 75 km s" 1 Mpc" 1
and q^ = 0.5. For the standard cosmology in the superluninal literature: H = 55, q^
= 0.05, the limits on B a are 5.0 and 2.4 for the two sources respectively. The
lowest upper limit to possible superluminal expansion (for 1721+343) is interesting.
Using the well-known expression for apparent superluninal motion caused by bulk
relativistic motion near the line-of-sight (e.g., Kellermann & Fftuliny-Toth 1981),
p

app

1-p cos e

with 9 the inclination of the source axis to the line of sight, the upper limit
to p
of 1.7 converts to p < 0.87 for e = 40° . This indicates that bulk
relativistic core velocities (y > 2) are consistent with our data, provided the
radio source is within 50° of the sky plane. This weak constraint is in agreement
with the constraint derived from the observed two-sidedness, as expected. It will be
clear that determination of a small p - value by making third epoch observations
would be most useful in putting constraints on the actual velocities, p, involved.
CONCLUSIONS
The maps obtained provide another four examples of good alignment of the
parsec-scale core structure with the 100 kpc scale overall morphology in large,
extended extragalactic radio sources.
Although core Doppler beaming may play a role, the observations also require an
intrinsic origin for the observed core morphology and brightness. This conclusion
depends critically on the assumed identification of the brightest core component in
our maps with the actual core, and needs further investigation.
We do not see any convincing evidence for superluminal motion in the two
sources where a comparison can be made at two epochs. Our upper limits of a few
times c are consistent with bulk relativistic motion (y > 2) at angles > 40° to the
line of sight. Third epoch observations should serve to refine this result further.
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0742+318

1635 MHz

31°5I'OO"-

31°50'00" -

30"-

07 h 42 m 36 s

1721+343

17 h 21 m 40 s

17h21m30s

17 h 21 m 20 s

The figuve shows the alignment of the cove relative to the overall
quasar morphology, for 0742+318 and 1721+343 respectively.
The large scale maps are reproduced with kind permission of S.G. Neff
(0742+318) and W.J. Jagers (1721+343).

PART I I
HOTSPOTS IN tXTMUH) QUASARS

nocvtoc p e \

(Heraclitus)
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CHAPTHt II.1
PROLOGUE
Hotspots preferentially occur at the outer edges of the most luminous
extragalactic radio sources, have sizes of a few kpc and are usually collinear
with the nucleus of the parent galaxy / quasi stellar object.
Hotspots are regarded as the point of impact with the IGM of a beam,
originating in the parent object, and depositing energy in the form of fast
electrons and magnetic fields in the radio lobes.
The hotspot spectra are generally slightly flatter than the radio lobe
spectra, and the radiative lifetimes are much smaller than the light travel
time from the associated optical object. These facts led to the recognition
that the acceleration of fresh populations of electrons responsible for the
radio emission actually occurs in the hotspots themselves. Evidence for
optical emission associated with hotspots has been put forward.
Some five years ago, several hotspots were found to display structure on
the 100 pc scale.
In Part II we pursue the investigation of such structural features in the
radio morphologies of quasars.
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CHAPTER I I . 2

A VLBI search for compact components in extended high redshift quasars
P. D. Barthel
Sterrewacht Leiden, P.O. Box 9513, 2300 RA Leiden, The Netherlands
Received January 5, accepted June 6, 1983
Summary. Sensitive 21 cm VLBI observations of components in
extended high-redshift quasars have been made with the European
Network. In most sources in the sample, compact (<1 kpc)
components of varying complexity were detected; these components account for a substantial fraction of the total source flux
density.
Identification with hot spots in the radio lobes was possible in
most cases. Some ultracompact hot spots were detected, with
energy densities of the order of 10 ~6 erg/cm3. Two kpc-size double
sources at redshifts of 1.875 and 2.594 have been found. Correlations between "compactness" and other parameters are briefly
discussed, as well as cosmological implications.

these hot spots should be affected by the physical conditions inside
and outside the radio sources, as well as by the geometry of the
Universe. Our eventual aim is to study hot spot properties as a
function of redshift.
We report here on observations of extended, steep spectrum
radio quasars at redshifts higher than 1.40. After a description of
the source sample and the observational procedure, the results for
the individual sources will be given. Finally, we briefly discuss the
implications of the observations.

Key words: quasars - very long baseline interferometry

The quasars were selected from the compilation of Hewitt and
Burbidge (1980) to have the following properties: (1) z> 1.40, (2)
'•>i95o>0?. (3) « S - 0 . 7 (Svocv*), (4) 5 1417 >500 mJy, and (5)
known, extended radio structure. The radio structure of few highredshift quasars is known; the Hewitt and Burbidge Catalogue
contains only 13 quasars which satisfy all the above criteria. These
are listed in Table 1, together with some relevant parameters and
references for recent maps of their radio structure. Column 1 gives
the quasar name in the IAU convention, column 2 some alternative
names, column 3 the emission-line redshift, column 4 a spectral
index, column 5 the total flux density (mJy) at 1417 MHz, column 6
the largest angular size LAS (arcsec), and column 7 the references
to radio maps and/or structure information. Four sources which do
not fulfil all the above selection criteria were added to the observing
program for various reasons: 1334 +119, which has a large angular
size for its redshift and 0805+046, 0843+136, and 2338+042
which are very powerful (log />4Og=28.4, 28.0, and 29.1 W Hz"1,
respectively') high-redshift quasars with steep radio spectra.
For most of the sources in Table 1 the LAS is typically 10", with
two exceptions: 1258+ 404 and 1606 + 289 which have LAS = 22"
and 31" respectively.

Introduction

From high resolution observations of extended extragalactic radio
sources it has become clear that the compact high-brightness
regions with sizes of a few kpc ("hot spots") which are embedded in
lower brightness, more extended regions may themselves exhibit
complex structure when studied with sufficiently high resolution.
The first observation of a complex hot spot was reported by Miley
and Wade (1971) who found that the north-western hot spot of Cyg
A appeared to be double. Laing (1981, 1982) and Dreher (1981)
have reported and discussed further examples in nearby sources.
The resolution achievable with connected element interferometers
is sufficient to resolve complex hot spots in low redshift sources, but
for radio sources at high redshift (say r > l ) . one needs higher
resolution, 0'.'l or better. Instruments capable of studying these
structures are the recently completed Jodrell Bank MERLIN array
(e.g. Lonsdale, 1981) and very long baseline interferometers. The
first VLBI search for compact components in extended extragalactic radio sources was carried out by Kapahi and Schilizzi
(1979a,b), subsequently to be referred to as KS. With a 1.26 M/.
interferometer KS detected components SO" 15 in a large fraction
of their steep-spectrum 3CR subsample. In most cases these
compact components could be unambiguously identified with hot
spots in the extended radio lobes of the sources. Although KS made
only a few short scans per source, it is clear from their measured
correlated flux densities that the detected hot spots do not always
have circular symmetric structure.
This paper gives the first results of a project to study the
morphology of hot spots at high redshift. The observed structure of

The source sample

Observations and data reduction

Parameters of the interferometer array are given in Table 2. The
polarization was LCP.
The three interferometers are sensitive to structures smaller
than ~ 150 mas2. Forz> 1.40 the conversion to linear size is almost
1 Calculated in the source rest frame, using
Mpc~' and qo=0.5
2 mas=milli-arcsecond

O=

75 km
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Table 1. The source sample
QSO

Other name

0017 + 154
0730+257
0835 + 580
1023 + 067
1206 + 439
1218 + 339
1258 + 404
1318 + 113
1606 + 289
1702 + 298
2120+168
2222+051
2354+144
0805+046
0843 + 136
1334+119
2338+042

3CR9
4C25.21
3CR205
3C243
3CR268.4
3CR27O.1
3CR280.1
4C11.45
4C28.40
4C29.50
3CR432
4C05.84
4C14.85
4C05.34
4C 13.39
MC2
4C04.81

LAS

Ref.

10
7
16
11
9
9
22
5
31
3
12

d, i
k
d, i
m, n
d, e, i, 1
c, 1
a, c, d
c, m
h,j,k
b
eg
n
g
c, m
c, m
f

Spectral index

a88=-i.i
«IT =-0.8

2.012
2.686
1.534
1.699
1.400
1.519
1.659
:>.171
.989
.927
.805
2.323
1.810
2.877
i.S75
(1.760)
2.594

^1400 ~
«sooo
a

""!•*
i n

I4O0= —1.0

^1400 = r ~* * • i

0888=-0.9
o888=-i.i
«888= -0.9
oftg° = -0.8
«BP = -0.7
«
=
1
.
1

«IS 0 --1.0
«?2S8=-0.9

a|^°=-0.7

«118°= -0.9
ctiS°=-o.9
«fSS8=-0.9

References
a) Burns et al. (1981) (1.4 GHz) - "probable
background source"
b) Hooley et al. (1978) (15 GHz)
c) Jenkins et a). (1977) (5 GHz)
d) Laing (1981) (2.7 GHz, 15 GHz)
e) Lonsdale (1981) (408 MHz, 1.67 GHz)
f) Miley (unpublished) (VLA data)

1900
600
2200
700
2000
2750
1250
2300
600
1300
1500
850
1000
550
500
275
1600

13
< 7
< 9
10

g) Miley and Hartssiijker (1978) (600 MHz, 1.4 GHz, 5 GHz)
h) Perryman and Ryle (1977) (2.7 GHz)
i) Pooley and Henbest (1974) (5 GHz)
j) Pottasch and Wardle (1979) (2.7 GHz, 8.1 GHz)
k) Riley and Pooley (1975) (5 GHz)
I) Schilizzi et al. (1982) (1.4 GHz, 5 GHz)
m) Wardle and Miley (1974) (2.7 GHz, 8.1 GHz)
n) Wills (1979) (2.7 GHz. 8.1 GHz)

Table 2. Parameters of the interferometer array
Telescope

Location

Diameter(»i)

MPI
WSRT (3 km)
Jodrell

Effelsberg, FRG
Westerbork, NL
Jodrell Bank, UK

100a
93
76

85
87
100

Baseline

Max. projected baseline (M A),
for 5 = 20° source

MPI - WSRT
MPI - Jodrell
WSRT - Jodrell

1.25
3.30
2.80

r„(K/Jy)

Freq. standard

1.5
1.3
0.9

H-maser
Rubidium
Rubidium

rms noise level (mJy).
after 10 m coherent integration

Equivalent diameter

redshift-indepedent: 150mas=;750pc,usingHo = 75kms~' Mpc"'
and the Einstein-de Sitter world model (these values will be used
throughout the paper). Detecting correlated flux density in a (not
too low declination) source on all three baselines means that the
compact structure is certainly smaller than ~ 0"05 (~ 250 pc), if we
assume it to be circular.
The observations took place between 02.00 UT on Dec. 14 and
14.00 UT on Dec. 15,1980. Parts of the experiment were repeated
during the week August 24-31, 1981. A number of short scans,
typically 3-8, each of 10-30 min, were made for each source at

different hour angles. The data were recorded using (he standard
MklIC VLB1 System, with a 2 MHz bandwidth (Clark, 1973).
Cross correlation of the tapes was carried out at the Max-PlanckInstitut fiir Radioastronomie, Bonn, FRG. The measured correlation coefficients were calibrated according to Cohen et al. (1975),
assuming the primary calibrator OQ208 to be unresolved on all
baselines with a 1417 MHz flux density of 760 mJy.
From checks on the calibrator scans coherence losses were
determined for long integration times (up to 15m). The error in the
correlated flux density appeared to vary between 5 and 15 %.
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caused by phase errors from ionospheric disturbances over the
array. Calibrators were observed regularly to allow determination
of the position of the beam centre as a function of the residual
fringe rate for each baseline. In a considerable number of cases,
multiple peaks were found in the fringe rate spectrum after long
integrations, indicating more than one compact component near
the beam centre. In these cases relative positions in the sky could be
obtained.

peaks. A 2'.'0±0'.'4 double in p.a. 55°+25° with flux densities 180
+15 m Jy (west) and 120 ± 15 mJy (east) gives a good fit to the data.
Such a double would account for 60 % of the total 21 cm flux
density. There is no indication that the two components are
resolved. The resulting component sizes of £ 2 0 mas imply a
component separation to size ratio for this source of about 100. The
linear size of this 2" double is about 11 kpc.

1023+067
Results
Correlated flux densities exceeding the 5a level were detected in
most of the sources observed.
The result of the observations are discussed below for each
source separately. The observations reported here for the MPIWSRT baseline are consistent with KS for the 3CR sources in
common.
0017+154
This very luminous (log />4O8 = 29.0 Watt/Hz) high redshift D l
quasar was marginally detected: S c o r £ 5 5 + 7 mJy, on the MPIWSRT baseline, Sco, < 35 mJy on the long baselines.
0730+257
A relatively compact component is seen in the map of this large D2
source made by Riley and Pooley (1975). This component is
resolved oul by the VLB1 observations: Sm<30
mJy on all
baselines.
0X05 + 046
This very high redshift quasar was not resolved by the Cambridge
5 km telescope (Jenkins et al.. 1977). The present observations show
that the source has a core-halo structure. The best fit to the
measured 21 cm visibilities is achieved with a 350+25 mJy core
(size £ 1 0 mas), embedded in a 200 ± 2 0 mJy halo, with size £ 150
mas.
0835+580
The measured correlated flux densities and the fringe rate spectra
indicate rather complex structure. A 70±20 mJy hot spot in the E
lobe, seen on the short MPI-WSRT baseline is resolved out on the
long baselines. The data observed on (he long baselines appear
mainly to reflect the healing between the nucleus JV and the Wlobe.
This W lobe contains a 2" double hot spol in p.a.45' Laing(1981).
Although this double structure is consistent with the fringe rate
spectra measured in this experiment, the structure of the H7 hot spot
might be more complex. Denoting the .subcomponents of the l^hot
spot by A, B (B for the southern subcomponent), the 1417 MHz
flux densities are SA = 130 + 30 mjy. .VB = 40 ± 15 mJy. Sx = 40 + 15
mJy and S'i. = 7O + 2O m.ly, all measured at 1.4 Gil/. The eastern
hot spot has a size >60 mas. I he other components are $ 2 0 mas.

Wardle and Miley (1974), and subsequently Wills (1979), found an
11 "A double structure for this quasar, with the NRAO interferometer at 2.7 and 8.1 GHz, with the E component being the
brighter one. The present VLBl observations show beating
between weak hot spots in the two components: 5 ^ = 4 0 + 1 0 mJy
and S £ = 2 0 + 1 0 mJy. The sizes are estimated to be £ 2 0 mas.

1206+439
Beating between the nucleus and the W lobe is detected. This W
lobe contains complex structure which is resolved on the long
baselines: S c o r g500+25 mJy on short projected baselines, Scot
g l 0 0 + 8 mJy on long projected baselines. Lonsdale (1981) and
Schilizzi et al. (1982) show 18 and 6 cm maps respectively of this
source in which the W'lobe contains a 1" double hot spot in p.a.
125°, in good agreement with the observations reported here. On
the long baselines the compact components appear to be resolved,
indicating sizes > 4 0 mas.

1218+339
Schilizzi et al. (1982) show a 6 GHz VLA map of this source in
which there is some indication that the southern lobe is slightly
extended to the SW. In the present observations correlated flux
density between 100+8 and 230 ± 18 mJy is detected, which varies
with IHA. Due to ionospheric disturbances, location of compact
components in the overall structure is difficult, but as the
correlated flux densities are highest when observing this source
with EW baselines, the compact structure must be mainly in
NS direction, roughly the overall p.a. of the source. The structure reported here must have angular size £ 2 0 mas. Preuss et al.
(1977) also detected this source with a 100 M/. VLB interferometer
at 5 GHz.

1258+404
KS detected weak compact structure in this large high redshift QSO
and located components in the nucleus and the W lobe. The present
observations are consistent with that, although location of components in the overall structure is not possible: S c o r g 4 0 ± 7 mJy.

1318+113
0843 + 136
Jenkins el al. (1977) report this QSO to be ^ 2" in RA and < 9" in
decl. The VLB! observations show rapid heating in the measured
visibilities, and the fringe rale spectra show sonic clear double

This bright high redshift quasar is detected on all baselines and
resolution effects are apparent on the long baselines. 5 c0r varies
with IHA. between 3 5 ± 7 and 150± 12 mJy. Location of the
compact structure in this 5" (Jenkins et al., 1977) radio source was
impossible.

Table 3
QSO
0017+154 (3C9)
0833+654 (3C204)
0835 + 580 (3C205)
0850+140 (3C208)
0855 + 143 (3C212)
1206+439 (3C268.4)
1258+404 (3C280.1)
2120+168 (3C432)

log Pm
(W/Hz/sr)
0.03
0.03
0.12
0.01
0
0.26
0
0.06

1.00
0.78
0.98
0.78
1.00
0.70
0.53
0.82

28.6
27.8
28.1
28.0
27.8
27.9
28.2
28.3

1334 + 119
On the MPI-WSRT baseline this weak source is clearly detected at
some hour angles, whereas on the long baselines there are some
marginal detections: S cor g35±7 mjy. The total source flux
density, as measured with the WSRT is 275 ± 15 mJy. Unpublished
VLA observations by Miley show that the source has a 10" D2
structure in p.a. 51°. The redshift of this QSO is uncertain.

baseline (MPI-Jodrell) the correlated flux density varies between
250+20 and 670+40 mJy. On MPI-WSRT the observed minimum
is deeper (150 ± 10 mJy) so the weaker of the two components seen
on MPI-Jodrell must have a ~ 100 mJy halo with size ~0'.'l. Note
that due to the fact that this source has a low declination, good NS
resolution was not achieved. The component fluxes are: SA=460
±30 mJy (£10 mas), SB = 210 + 20 mJy (<10 mas). Shal0,B
= 100 + 30 mJy (~ 0? 1). There remains a 180° ambiguity in the p.a.
of the double, and the model accounts for about 50 % of the total
flux density at 1.4 GHz.
2354+144
Miley and Hartsuijker (1978) found a size of 13" + 3" in p.a. 140°
±12° for this source, using the WSRT at 5 GHz. The VLBI
observations show rapid beating on ail baselines, which is consistent with a 5'.'0±l'.'5 double in p.a. 90°+30°. Al the highest
resolution the beating occurs between 50+10 and 110+10 mJy
whereas on the shorter baselines the maximum correlated flux
density is higher. The component sizes are therefore likely to be
~30 mas. Only 25 % of the total 21 cm flux density was detected.
Discussion

1606+289
Apart from one 4<r detection on the MPI-WSRT baseline, no
compact structure is seen in this large (Riley and Pooley, 1975) high
redshift quasar.
1702+298
A 15 GHz map of this D2 source has been published by Hooley et
al. (1978). Strong variations in correlated flux density with IHA are
seen in the present observations, indicating complex compact
structure: 40+7g5 c o r S330+16 mJy. The variations occur on
rather long timescales on all baselines, implying that the components must be close together (gl"), and have sizes ~20 mas.
2120+168
Only the short projected baselines detected weak compact structure
(S<.orS35±6 mJy), but there is a rapid increase to Scor=93
+ 10 mJy at ({ƒ, K)^(0.1, 1.0) MA, indicating complexity.
2222+051
Wills (1979) resolved this source, using the NRAO interferometer
at 2.7 and 8.1 GHz. It was clearly detected in some of the VLB1
scans, but not in others: S cor <45±8mJy. At (U, K) = (-1.6, 1.1)
M/. there is a rapid increase in correlated flux density: Scor=90±
10 mJy. The visibility data are too limited to yield (compact) structural information.
2338+042
A number of scans on this very luminous (log P408=29.\ W/Hz)
high redshift QSO show a continuous rapid beating which can be
fitted with a l"0+0"2 double in p.a. 90°±25°. On the longest

The observations reported here are sensitive only to structures
<0'.'2 (~1 kpc), so throughout this discussion a compact component is taken to mean a region (much) smaller than 1 kpc.
The observations have resulted in detection of components in
11/13 = 85 % of the sources in the sample. Unambiguous identification with high brightness regions in the radio lobes of the
extended radio structure is not always possible, but the high
variability observed in the correlated flux densities strongly
suggests that complex (multiple) structure is present in most of the
sources in the sample.
Recent high resolution observations of hot spots in five nearby
radio galaxies have been reported by Dreher (1981). These hot
spots appear to have a ~ 1 kpc head and a tail, pointing back
several kpc, and in some cases complex, multiple hot spots were
detected.
The present observations have revealed smaller hot spots in
some distant quasars. The radio structures of 0835 + 580 and
1206+439 contain hot spots with sizes $250 pc. The strong
hot spots detected in 0843 +136,1702 + 298, 2338+042, and 2354
+ 144 have linear sizes SI50 pc. We note with interest that the
overall sizes of these four sources are also small, almost subgalaclic.
Most notable are 0843 +136 and 2338+042 where hot spots with
linear sizes smaller than 100 pc and flux densities of a few hundred
tnJy have been detected.
Assuming a filling factor of 1 and equal contributions from
relativistic protons and electrons some properties of the brightest
component in 2338+042 have been calculated, using the standard
formulae (Moffet, 1975). Note that the radio spectrum of this
source is completely straight: Svocv"0-9 between 178 MHz and
5 GHz (Kühr et al., 1979). The radio luminosity of the component
is found to be 7 1044 erg s~'. and, since the volume is smaller than
about 1.5 10ftl cm3, its minimum energy density is as high as
7 10"" erg/cm3. Also fi,„=9 mG and the lifetime against synchrotron losses for the electrons at 1.4 GHz (observed frequency) is
about 500 yr. These values are not very sensitive to Ho and q0, and
are much larger than normally found for hot spots (Miley, 1980).
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Ram pressure confinement of such spots seems to be impossible
without invoking galactic densities.
Subsequent high-resolution VLA (Barthel et al., in preparation) and MERLIN observations (Barthel and Lonsdale, 1983)
have confirmed the presence of these subgalactic hot spots.
Another interesting result of these observations is the detection
of several cases of complex (multiple) hot spot structure. A double
hot spot is found in 1206 + 439 and is very likely present in 0835
+ 580. Complicated structure must be present in 1218 + 339 and
1318 + 113. In 0017+154. 2120+168 and 2222+051 the limited
data available indicate the presence of elongated compact components in the radio structure. Hybrid maps made with the
European VLBl array arc in preparation, as well as MERLIN
maps at different wavelengths.
A subject of some controversy has been the existence of possible
correlations between source luminosity and the hot spot size and
intensity, in the 3CR source sample (e. g. Kapahi. 1978; Neff
and Rudnick. 1980; Laing, 1981). This has arisen from the
uncertainty of defining a hot spot as a bright region with
unresolved or slightly resolved structure. Since one is interested in
the linear size of a hot spot, this is not a clear definition. The present
observations are sensitive to radio emission from regions smaller
than 1 kpc, as mentioned earlier. Using existing synthesis maps of
the Fanaroff-Riley class 11 3CR sources in the present sample and
assuming their core spectra to be Hat we can calculate (a lower limit
to) the flux density emitted by hot spots smaller than I kpc, at 1417
MHz, and also the quantity f\\ • defined as the fraction ofthe total
minus nuclear flux density emitted by hot spots smaller than I kpc.
Table 3 lists the values of F2t for the sources in common with
Jenkins and McEllin (1977). We have added the FRI1 3CR quasars
with I.OOgrg 1.40 from KS, for which the same arguments held.
In this Table we also list the "compactness" C defined by Jenkins
and McEllin (1977) as the fraction of the total flux density
(excluding the central component) that originates in hot spots
(< 15 kpc) at 178 MHz, us well as the radio power at 178 MHz
(emitted frequency).
Inspection of Table 3 shows that despite (he sources having
similar values for their radio power, they span a range in F2i, and
comparing our F2i-parameter with the C'-parameler we find that
the differences can be considerable. This may indicate that the
correlation between compactness and radio luminosity for FR II
sources, as found by Jenkins and McEllin (1977). depends on the
definition of a hot spot.

1.0

v(GHz)

A further conclusion is that the deficit of strong scintillators at
high redshift, as reported by Hewish et al. (1974) and Readhead
and Hewish (1976) can be partly due to the blending of very
compact components separated by about one arcsecond in these
sources. For example, 2338+042 has 38 % of its 21 cm flux density
in compact components, according to the present observations,
whereas Readhead and Hewish (1974) call this source a weak
scintillator. According to these authors (1702 + 298 is a probable
scintillator - the VLBl measurements yield 21 % compact component flux density. Furthermore, 0843+136 is not expected to
scintillate much, although it contains very compact components.
The cosmological implications of the IPS results (Hewish et al.,
1974) should therefore be viewed with caution.
A final remark concerns the detection of two steep spectrum
compact double sources: 0843 +136 and 2338+042. These sources
are characterized by component sizes <10 mas and component
separations l"-2" which means component dimensions < 100 pc,
overall size 5-10 kpc and separation to size ratio 50-100. It should
be noted that not all the total 21 cm flux density has been detected
in the VLBl observations: shorter spacings are needed to locate the
remaining tlux density. Radio spectra of the two sources are shown
in Fig. 1, and these spectra show scarcely any sign of selfabsorption; in fact they are indistinguishable from the radio
spectra of large QSOs such as 3C2O5. Subsequent high-resolution
VLA observations (Barthel et al., in preparation) have shown that
0843+136 is indeed a I'.'7 double, whereas in 2338+042 a third,
low-brighiness component has been detected, in addition to the l."2
double structure.
Roland et al. (1982) have recently discussed the double
morphology of some compact very steep spectrum radio sources
and argued that we might be witnessing a short phase of steepening
ofthe radio spectrum in a period when energetic electrons are not
being replenished. Evidence for another class of compact double
sources has been put forward by Phillips and Mutel (1982). Their
compact doubles have separation of up to 50 mas (< 1 kpc) and
component separation to size ratios up to 30. However, the spectra
of these sources show clear evidence of self-absorption near 1 GHz,
and were selected for observation on this basis. For some of these
sources not all the flux density (at 1.67 GHz) comes from the
compact components: for example in DA344~25 % ofthe total
flux density has not been located yet (Mutel et al.. 1981). In their
discussion Phillips and Mutel (1982) conclude that these sources
are indeed double radio sources, not near the line of sight, and in a
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very early stage of evolution. During their (non relativistic)
expansion the lobes should evolve and become optically thin after
some time. Whether the two arcsecond double sources discovered
in the experiment reported here fit into these schemes and how if
they do, remains at present unclear: observations at other
frequencies are needed before any firm conclusions can be drawn.
Firstly, the missing flux density in the arcsecond as well as the
milliarcsecond doubles should be located, and secondly, spectral
information is needed for the compact components themselves.
Such observations are in preparation for the arcsecond doubles.
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CHAPTER I I . 3

Compact structure in the powerful distant radio
source 4C 04.81

P . D . B a r t h e l Sterrewackt Leiden, PO Box 9513,2300 RA Leiden,
The Netherlands
C . J . L o n s d a l e NuffleM Radio Astronomy Laboratories, Jodrell Bank,
Macclesfield, Cheshire SK11 9DL

Received 1983 February 17;in original form 1982 December 20

Summary. A radio map of the high-redshift quasar 4C 04.81 from MERLIN
at X6cm and a two-component model derived from X21-cm European VLBI
Network observations are presented. The MERLIN map shows a curved jet
leading from the radio core to a bright compact hotspot. Despite the high
angular resolution of these observations (< 0.1 arcsec), most of the source
flux at both frequencies originates in unresolved features. Significantly, it is
found that the core component has a steep radio spectrum a * —0.8 (Jai»*).
It is difficult to account for these properties within the framework of current
'unified schemes' of radio sources, which seek to explain differences between
normal double sources and core-dominated sources in terms of differing
orientation to the Hne-of-sight.
1 Introduction

The radio source 4C 04.81 (2338 + 042) is identified with a QSO of redshift 2.594 (Bolton,
Shimmins & Merkelijn 1968; Wills 1976). The radio spectrum is convex and steep (see Fig.
2) and 4C 04.81 is one of the most powerful steep-spectrum sources yet found, with a monochromatic luminosity at 408 MHz (emitted frequency)of lO^'WHz" 1 (adopting^, = 75 km
s"1 Mpc"1 and q0 - 0.5). Because of this, 4C 04.81 was included in a sample of high-redshift
QSOs to be observed in a series of short scans using three telescopes of the European VLBI
Network (EVN) at 1417 MHz (Barthel 1983). Upon the discovery that much of the source
flux at X21 cm originates in compact components, it was decided to make X6-cm MERLIN
observations with a resolution of 0.1 arcsec (i.e. comparable to the resolution of the X21-cm
EVN scans). By comparing the resulting map and the original EVN data we deduce spectral
indices, component sizes and minimum internal energy densities. The observations and
derivation of component properties are described in Section 2. The unusual fact that the
core component has a steep spectrum is discussed in Section 3.1, whilst the dynamics and
energetics of the jet are investigated in Section 3.2.
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2 Observations and results
2.1 THE EVN RESULTS

A number of 10 to 25-min scans on 4C 04.81 were made in 1980 December and 1981
August, with the Effelsberg, Westerbork (phased array) and Jodrell Bank telescopes. Standard MkllC recording techniques were used and technical details of these observations
may be found in Barthel (1983). The lobe spacings of the three interferometers at X21 cm
vary between about 0.15 and 0.07arcsec, and resolution effects would be apparent for
components of angular size 5 0.02arcsec.
The model derived from the visibility amplitude is a double with separation 1.0 ± 0.2 arcsec in position angle 90° ± 25°, and flux densities SA = 460 ± 50 mJy and 5 B = 310 ± 50 mJy.
On the longer baselines, the weaker of the two components is slightly resolved. As no phase
information is present, there remains a 180° ambiguity in the orientation of the double. This
model accounts for about 50 per cent of the total flux density of about 1500 mJy at
1417 MHz.
2.2 THE MERLIN S-GHz RESULTS

Approximately 9h of data were obtained on 1982 June 10, using the Mk H, Tabley, Darnhall, Knockin and Defford telescopes (Davies, Anderson & Morison 1980). The resulting
angular resolution on the final map (Fig. 1) is 0.1 arcsec. The dynamic range of the map is
limited by thermal noise at a level of about 4mJy/beam, although weak north-south sidelobe structures are visible. The second contour is reliable, except for the diffuse feature
1.5 arcsec to the west of the QSO, which is represented as a slight clustering of noise spikes.
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Figure 1. MERLIN \6<m map of 4C04.81. The contours are 2 , 4 , 6 , 8 , 10, 12, 15,20,25,30,35,40,
50,60, 70, 80, 90 per cent of the peak brightness, which is 165 mJy/beam. The restoring beamsize, with
FWHM 0.1 arcsec, is shown in the bottom left-hand corner. The radio position, measured from a comparison with a VLA \6-cm map (see text), is accurate to better than 0.1 arcsec, and the position of the
quasar is marked, with associated optical positional error, by the cross.
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The position of the optical QSO (epoch 1950) was measured on the Palomar Sky Survey
plate using the finding chart given by Bolton et ai (1968) and was found to be
RA23 h 38 m 24 1 .66±0 s .02

504°14'37".2±0".3.

After determining the absolute positions for the MERLIN map with reference to a X6-cm
VLA map of 4C 04.81 (Barthel, Miley & Schilizzi, in preparation), we plotted the optical
position in Fig. 1. The slightly resolved radio component coincides with the QSO within the
errors.
2.3 DERIVATION OF COMPONENT PARAMETERS
The measured and derived parameters of each of the components in the MERLIN map are
listed in Table 1.
Table 1. Measured and calculated component parameters for 4C 04.81.
Component

Sjcm
(mJy)

9»
(arcsec)

(mJy)

«1
(arcsec)

(lO-'erg

"min
(10-5G)

cnr')
Hotspot
Jet
Core
Western lobe

175
65
115
30

15 460
15 15 310
f + 60 _
1-10

50 -0.77
- -0.6*
50
50 -0.8
-0.8

0.2 <0.02* <0.02*
1.2t§ <0.035f
0.2
0.2
O.lf
O.lf <0.04f

>90
>2
>11

>4

*Values taken from EVN model.
t Values taken from MERLIN map.
t Assumed value.
§ In sections totalling 0.5 arcsec in length.
The calculations of minimum internal energy density assume equal amounts of energy in relativistic
particles and magnetic field, a ratio of proton-to-electron enerj-es of unity and filling factors unity.
Cylindrical geometry was assumed for the jet and core, whilst spherical geometry was used for the hotspot. The radio window was taken to be 10' to 10'°Hz. The angular sizes B\ and e± refer to directions
parallel and perpendicular to the jet respectively.

2.3.1 Spectrum of the core component
As the weaker of the two components from the EVN model is slightly resolved, it is identified with the elongated core component in Fig. 1. The resulting spectral index for the core
emission is about - 0.8. In the unlikely event that the stronger EVN model component is
the core, then its spectra) index is —1.1. On the assumption that no individual subcomponent in the core has a spectral index of less than —1.0, any flat-spectrum subcomponent
must account for less than about 60 mJy at X 6 cm, which is < 13 per cent of the total source
flux of about 460 mJy. The quoted uncertainty of 50mJy in the flux densities of the model
components is generous, so the true flux density of any flat-spectrum component is
probably less than this value.
2.3.2 Spectrum of the extended emission
The western lobe is a relatively diffuse 30-mJy component and has been previously detected
on the above-mentioned X6-cm VLA map. The structure shown on the MERLIN map
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accounts for all but about 80mJy of the total flux density of the source, yielding an estimate for the \6-cm flux density of any extended resolved emission of llOmJy. The latter
value is consistent with the VLA observations by Barthel, Miley & Schilizzi. We know the
X21-cm flux densities of the unresolved components from the EVN data and, assuming a
spectral index of - 0 . 6 for the jet (Bridle 1982), we can account for about 900 mJy in compact structures at X21 cm, leaving about 600 mJy in extended features. The resultant spectra!
index is therefore very steep for these regions, i.e. af;° * - 1 . 5 . However, for consistency
with the overall spectral index of the source at lower frequencies, the spectrum of the
extended emission must flatten appreciably below 1 GHz. Since the compact components
will become synchrotron self-absorbed at about 400 MHz (hotspot) and 180 MHz (core)
(Scott & Readhead 1977), almost all of the low-frequency flux density must originate in
the extended features.
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Figure 2. Spectral decomposition of 4C04.81. The bold line shows the integrated spectrum of the
source. The spectra of the core and hotspot have been extrapolated to low frequency using the formulae
for (synchrotron) self-absorption turnovers given by Scott & Readhcad (1977), assuming cquipartition
between particle and field energies. We have assumed a spectral index for the jet of - 0 . 6 (Bridle 1982)
and by subtracting the known flux in compact features from the total source flux we have plotted the
spectrum of any extended features. The resulting errors at high frequencies are large, indicated by the
broken line. Measured component fluxes, with associated errors, are also shown.
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A spectral decomposition of the source is shown in Fig. 2, in which each of the components is represented.

3 Discussion
3.1 THE STEEP-SPECTRUM CORE

Recently, a large number of sources with flat or inverted spectra have been studied in some
detail (Perley 1982; Browne et al. 1982). These sources are generally characterized by a
strong unresolved flat-spectrum core, a one-sided and usually curved narrow jet which frequently leads to a hotspot and, occasionally, a weak steep-spectrum feature on the opposite
side of the core from the jet. It has been asserted that core-dominated sources are in fact
normal double sources seen end-on (Blandford & Königl 1979). If the outflow from the
core and in the jet is highly relativistic, then the core and jet emission on the approaching
side of the source will be greatly enhanced relative to the receding jet and slow-moving outer
lobes, due to Doppler beaming (Scheuer & Readhead 1979). Also, any curvature in the jet
would be amplified if the jet axis were close to the line-of-sight, thus accounting for the
observed features of core-dominated sources (Orr & Browne 1982).
The extended emission in 4C 04.81 strongly resembles that to be found in many typical
core-dominated sources. The core in 4C 04.81 is relatively weak, however, and has a steep
spectrum. In core-dominated sources, the flat-spectrum core normally accounts for > 90 per
cent of the source flux density at X6 cm (e.g. Browne et al. 1982), compared with only a few
per cent for this source. It is difficult to understand the characteristics of 4C04.81 within
the framework of the simple unified scheme of Orr &. Browne (1982) because, unless the
core is intrinsically very weak, we would expect to see strong Doppler-enhanced core emission (Moore 1983). A possibility is that there are large intrinsic bend-angles in the jet, so that
the outflow from the core is directed away from us but the kiloparsec-scale jet bends
towards the line-of-sight. It is not yet clear whether the necessary intrinsic bend-angle in a
narrow relativisitic jet is physically possible.
The observational evidence, from superluminal motions and low-frequency variability, for
highly relativistic outflow in'the cores of many sources is now compelling (although there is
as yet no direct evidence for such flow speeds in kiloparsec-scale jets). Unless 4C 04.81 is a
remarkable exception, the outflow from the core is unlikely to be pointing towards us and —
ignoring the possibility of large intrinsic bends - neither is the jet. This implies that the
curvature, one-sidedness and high luminosity of the jet may be intrinsic properties of
4C04.81 and perhaps, by inference, in the apparently similar core-dominated sources. In
this case there would no longer be any advantage in invoking highly relativistic jet speeds at
large distances from the core in order to explain such properties. Arguments such as those
of van Groningen, Miley & Norman (1980) also provide evidence against high jet-speeds, particularly in cases like 4C 04.81 where the jet curvature is marked.
This discussion is strengthened by the fact that the hotspot probably lies within a galactic
environment. If the source axis were less than about 20° from the line-of-sight, the de-projectcd distance of the hotspot from the core would exceed the typical radius of a giant
elliptical galaxy, say IS kpc. In this case, the density of the intergalactic medium would be
insufficient to confine the hotspot by ram pressure unless the rate of hotspot advance were
relativistic. Such advance speeds are generally not found in normal double sources (Longair
& Riley 1979) and are therefore unlikely to be found in 4C 04.81 if it is merely a normal
double seen end-on.
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The steep-spectrum core emission in 4C 04.81 is likely to arise from an optically thin
milliarcsec-scale jet, many examples of which exist (Preuss 1981). When higher-resolution
observations of this source become available, it will be possible to investigate such structure.
3.2

THE JET

The presence of a well-defined bright hotspot at the end of a curved jet presents a good
opportunity to investigate the energetics and dynamics of this source. In principle, the
power and momentum transported along the jet can be obtained from the hotspot luminosity and energy density. Using such values, one can then calculate the force required to
deflect the jet by the observed amount, and compare the corresponding pressure with the
energy density in the jet. We consider a simple beam-model in which the hotspot is of equal
cross-sectional area to the jet. The momentum flow down the jet must balance the pressure
in the hotspot, giving

where pj is the rest mass of the jet per unit length in the comoving frame, Vj is the jet velocity
corresponding to a Lorentz factor 7, wh is the internal energy density of the hotspot and dj
is the jet/hotspot diameter.
Assuming that the energy transported along the jet in bulk motion dominates over
internal energy density in the comoving frame, and is converted into radio emission at the
hotspot with an efficiency e < 1, we also have
=

(yi)ypw7>

(2)

where L-t and Z,n are the power of the jet and luminosity of the hotspot respectively.
In Table 2 we give the efficiency e which is consistent with equations (1) and (2) for
various flow speeds v-} using the minimum-energy value for « n given in Table 1. Since the
efficiency e < l , the flow speed must exceed about 0.15c. Also, the efficiency must be
greater than -s 6 per cent, since otherwise the momentum flux down the jet would be too
high to allow pressure balance at the hotspot. An efficiency of * 1 per cent has previously
been estimated for 3C305 (Heekman et al. 1982), but this is not necessarily relevant since
4C 04.81 is several orders of magnitude more powerful in the radio band than 3C30S.
Table 2. Dependence of jet power, mass flow rate and energy conversion efficiency on flow speed.
Uj/C

7

I «er s 0.05
0.1
0.3
0.5
0.8
0.9
0.97
0.99
0.999

1
1
1.05
1.15
1.7
2.3
4.1
7.1
22.4

1.8
3.6
11
19
34
43
55
61
67

m

£

2.4
1.2
0.39
0.21
0.090
0.060
0.031
0.018
0.006

2.3
1.1
0.37
0.21
0.12
0.094
0.074
0.066
0.060

The above values were calculated according to equations (1) and (2) in the text, except for m which is
simply the product of ypj and VJ.
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The momentum flux calculated using equation 1 varies as df. Since our value for dt is
an upper limit, the values of Pj, Lt and e are upper, upper and lower limits respectively,
given the minimum-energy assumptions in Table 1.
We now consider the jet curvature. There is a bend in the jet of *< 15° approximately
0.2 arcsec to the east of the core. To deflect the jet a force must be applied, corresponding
to a pressure difference across the jet Ap. In a simple-minded model, this should be comparable to the internal pressure of the jet u / 3 . The momentum M per unit length in the jet is
M = y2Pjvs

(3)

and the total change of momentum per unit length AM over the transit time of this unit
length is

,

(4)

where lt is the distance over which the force acts.
To first order, the ratio AM/M is equal to the tangent of the bending angle * 0.3, so,
solving for Ap and using equation (1), we obtain
Ap = 7 . 9 x l O ' 2 « h - .

(5)

h
Using rfj//j = 0.2 (corresponding to the bend close to the core) we find Ap — 1.5 x 10"7
dyne cm"2. This compares well with the inferred minimum internal pressure in the jet (using
dj s 0.02 arcsec), which is 1.6 x 10"7 dyne cm"2. Thus, if a lateral pressure gradient sufficiently
strong to bend the jet exists, it is also strong enough to confine the jet. These calculations
are approximate, and indicate only that the jet flux density is of the right order of magnitude for pressure balance to hold.
4 Conclusions
In view of the characteristics of the steep-spectrum structure of 4C 04.81, which is typical
of the core-dominated sources, the absence of a strong self-absorbed core does not readily
fit with current schemes for unifying the properties of steep- and flat-spectrum sources.
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CHAPTER I I . 4

High resolution dual frequency observations of 3C205.
Tighter constraints on radio source mechanisms
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Summary. Radio maps of 3C205 are presented at 18 cm and 6 cm
wavelength, with angular resolutions of between 0"25 and 0"025.
These maps reveal the presence of a very compact hotspot in the
southern lobe of the source (<0"015 x 0"03), as well as a very high
degree of alignment between the hotspots and the radio core. The
southern radio lobe is shown to have a complex morphology
which is suggestive of outflow of material from the abovementioned compact feature. Also, there is a marginal detection of an
elongation of the core component in a direction different from that
of the source axis.
These data are discussed in the context of both a beam model,
and a plasma cloud type model, leading to constraints which are
interesting, but different in each case. In the beam model, it is
shown that a very high efficiency is required for conversion of jet
energy to relativistic particle and magnetic field energy. Also,
constraints are set upon the behaviour of the ejection direction. In
the cloud model, it is argued that the hotspot is probably located at
the stagnation point in the bow shock flow around the cloud, thus
allowing limits to be set on the inhomogeneity of the external
medium, and the timescale of fluctuations of the ejection direction.
In cither model, the hypothesis of outflow from the compact
hotspot necessitates very dense material (H>lcm~ 3 ) in the
vicinity of the hotspot. thus raising the possibility of optical
emission being present.
Key words: quasars
radio source structure - radio source
formation

I. Introduction
The properties of radio sources at high redshift arc at present
poorly determined, due to the fact that high redshift sources are
both weak and of small angular si/e relative to similar sources at
low redshift, and are thus difficult to observe in detail. The
resulting gap in our knowledge of the radio source phenomenon
seriously hampers our analysis of the cosmological evolution of
these objects, and also obscures phenomena which may be
peculiar to sources in the high : environment. One example of the
latter is the apparent abundance of extremely compact, powerful
hotspots in the outer lobes of such sources (e.g. Kapahi and
Schilizzi, 1979: Barthcl. 19X3). Recently, the authors embarked on
a project designed to use the new capabilities of MMill.IN and the
European VLBI network (MVN) to overcome some of the
Saul offprint m/iifsls to: I'. I). Bartliel
* Present address: Dept. of Astronomy, Pennsylvania Stale
University, USA

abovementioned observational difficulties, and to start to fill the
gap at high redshift. A sample of high-redshift radio loud quasars
with steep radio spectra was defined and for those sources which
appeared sufficiently strong and compact to be successfully
observed using MERLIN, a program involving 18cm and 6cm
MERLIN plus 18cm EVN observations was initiated. Details of
the project aims and selection of sources may be found in Barthel
and Lonsdale (1984). A total of 12 sources are presently under
study, and as the observations progressed, it immediately became
apparent that 3C20S was of special importance.
3C205(0835 + 580) is identified with an 18" quasar of redshift
1.534 (Wyndham, 1966; Schmidt, 1968), and had previously been
observed at 5 and 15 GHz with the Cambridge 5 km telescope by
Pooley and Henbest (1974) and Laing (1981). The source is a triple,
of overall extent —17" (~ 85 kpc'), and (at 5 GHz) unequal flux
densities in the outer lobes. The stronger southern component is
-14% polarised, with the £ vector in p.a. 72° (Pooley and
Henbest, 1974) and also shows significant correlated flux density
on baselines of up to 3 MX (Kapahi and Schilizzi, 1979; Barthel,
1983). We have observed the source with MERLIN at 1666 MHz
and 5 GHz, and with the EVN at 1612 MHz, giving angular
resolutions between 0"25 and 0"025. A number of remarkable
features became apparent as a result of these observations,
allowing constraints to be placed on the fundamental source
mechanisms which are significantly more stringent than those
hitherto applicable. The most important of these are the overall
linearity of the source (which is good to ~ 1 part in 400), and the
extremely compact subcomponent in the complex southern lobe.
Respectively these constrain the collimation energy transport
mechanism, and the hotspot formation, confinement and evolutionary processes.
In Sect. 2 we present the observations and describe the features
revealed in detail, whilst in Sect. 3 the constraints on general
source mechanisms are discussed.
2. Observations and results
2.1. The MERLIN observations
We observed 3C2C5 using six telescopes of the MERLIN array
(Davies et al., 1980) at a frequency of 1666 MHz in October 1982,
for a continuous period of ~20h. The map (Fig. la) shows the
source at a resolution of 0"25 with a noise level of about 1 mJy. The
southern hotspot complex is shown in more detail in Fig. lb. The
MERLIN 5 GHz observations were made in April 1982 using five
I Assuming W 0 =75kms"' Mpc '.</„= 1/2

Fig.2c

Fig. la. 3C205 at 18 cm. The restoring beam has a FWHM of 0"25. The positional coordinates have been fixed by
comparison with the 15 GHz map of Laing (1981). The cross marks the position of the quasar, with a size corresponding
to the combined optical and radio positional errors. Contour levels are 1/3,2/3,4/3,7/3,4,7,12,20,32,50,70% of the
peak brightness of 367mJy/beam {AJ

«WHT AKINSION

Fig. la

Fig. 1 b. Southern lobe of 3C2O5 at 18 cm. The angular resolution is the same as in Fig. 1 a, but the contour levels have
been chosen to show the detailed structure in A2 to best advantage. Contour levels are 1,2,5,10,15,..., 65 mJy/beam. In
this and all subsequent maps, except Fig. 3, the angular scale is indicated by a bar in the lower left hand corner
Fig. 2a. Southern lobe of 3C2O5 at 6 cm. This map was made without Defford in the array (see text), and the angular
resolution is 0" 18. Note the narrow extension to the southeast of A,, pointing towards the peak of A2. Contour levels are
2,4, 6, 8, 10, 12, 15, 20, 25, 30,40, 50, 60, 70,90% of the peak brightness of 122 mJy/beam
Fig. 2b. Component A, at 6 cm. With Defford included, a restoring beam of 0T1 was used. Contour levels are 2,4,8,15,
25, 35, 45, ...,95mJy/beam. The peak brightness is 102mJy/beam
Fig. 2c. Peak of component Bt at 6 cm. Resolution and contour levels are as in Fig. 2a
Fig. 3. Southern hotspot of 3C205 at 18 cm (EVN). A restoring beam of 25 milliarcsec FWHM was used. Tick interval is
30milliarcsec. Contour levels are 5, 10, 20, 30,40, 50, 70, and 95% of the peak brightness, which is 59mjy/beam
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Table la. Measured component parameters
Component

S4
(mJy)
1800+50
2200 ±50
1650 ±50
910+30
50+10

Ai

A2
B,
B2
C

(")
660+15
670±15
460±10
145+10
55+ 5

960+50

500 ±50

64± 6
40±10

410 ±20

190 ±20

20± 5

20+ 5

10±10

< 0.015
0.5
0.3
0.7
<0.1

0.035 (peak)
3.5
0.5
0.7
0.1

The angular sizes <9min and (9maj are the half power widths after deconvolution with the beam
" Robson et al. (1984)
" Laing (1981)
" Pooley and Henbest (1974)

Table lb. Calculated component parameters
Component

-4.
A2
B,
B2
C
11

„1666
408

a

-0.71
-0.85
-0.91
-1.31
+ 0.07

„15OOO
1666

a

-1.06
-1.28

„1S00O
*27OO

— 1.30

-1.76

-0.78

'-'lot

7-5000
'synch

(ergs"1)

(erg cm"3)

(yr)

310**
510**
310**
3104*
-

2.310" 5a
4.2 lO" 8 "
5.5 10" 8
4.1 10" 8
-

8102"
410*"
210*
410*
-

These figures refer to the compact peak of emission, and not the entire component

The radio window used for the calculation of Llol was bounded at the lower frequencies (for
/),) by the expected self-absorption cutoff, and at high frequencies (for B, and B2) by the
onset of severe spectral steepening (~ 15 GHz). The usual assumptions of cylindrical
geometry, unity filling factor, equipartition of energy between fields, electrons, and protons,
random pitch angle distribution etc. were used in the calculation of Umi„ and ^°°^
(synchrotron lifetime at 5 GHz)

telescopes, and a continuous period of ~ 18 h. Because of the
relatively large overall extent of the source, it was necessary to use
an integration time of only 1 min in order to achieve adequate
sampling of the visibility function, and as a result the signal to
noise ratio in each integration was poor, especially on the
intrinsically less sensitive long Defford baselines. The use of
closure phase in the mapping technique (Cornwell and Wilkinson,
1981) mean that the phase noise on these long baselines was, to a
certain extent, propagated throughout the corrected data set, with
the result that thefluxdensity of the components on the map was
underestimated, despite the reliability of the structure itself. This
effect is most severe for the northern hotspot, and we present a map
of this feature which was made without Defford in the data set. The
lower surface brightness parts of the southern hotspot are not well
represented on the map made with Defford, despite the effective
weighting down of these baselines by the use of a 0"10 restoring
beam (compared to the theoretical bcamsizc of 07085). and so we
also include a map of this feature made without Defford. These
maps are shown in Figs. 2a c.
The various components are labelled in the diagrams, and their
measured and derived properties are given in Table I.
These observations al 6 and 18 cm show 3C2O5 to possess a
number of interesting features, which are listed below.

(i) The peaks of emission in the northern hotspot, the core, and
the southern hotspot lie in a straight line to within the accuracy of
our measurements (see Fig. 1). The distance from the core to the
line joining the two hotspots is less than 1/400 of the separation of
the hotspots. In other words seen from the core the two hotspots
are in position angles separated by 179?9+0?2. By present
standards, this degree of alignment is extraordinary.
(ii) On the 1666 MHz map, the flat spectrum core component
appears to be slightly elongated along a position angle some 15°
greater than that of the source axis. The lack of such an elongation
at 5 GHz may be a spectral effect, but confirmation of this is
required. We will proceed on the assumption that the elongation
exists, and is misaligned with the source axis.
(iii) The peak of the southern hotspot At is unresolved in the
transverse direction, and so has an angular size of less than
~ 50 milliarcsec (250 pc). I n spite of this small size, it is extremely
luminous, accounting for approximately one third of the total
source flux density at 1666 MHz.
(iv) There is a pronounced tail of emission extending back
towards the quasar from A, along the source axis, for a distance of
-0'.'2(lkpc)(seeFig.2b).
(v) The southern hotspot complex At+A2 shows a pronounced zig-zag morphology, with a ridge starting at A, and leading to
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Table 2. Parameters of the VLB interferometer array
Telescope

Diameter 7;ys To
(K) (KJy~')

Freq.
standard

100
25
76
25

H-maser
Rubidium
Rubidium
H-maser

(m)
Effelsberg (FRG)
Dwingeloo (NL)
Jodrell Bank (UK)
Onsala(S)

57 1.47
35 0.11
89 0.8
23 0.09

the peak of/42. This ridge can be clearly seen close to Ax in Figs, lb
and 2a and becomes quite faint further away from Ax. From the
peak of A2 the ridge line turns sharply west, curves through ~90°
to a secondary peak, and continues to the SE, decreasing in surface
brightness until disappearing into the noise. The total length of
this curving ridge is about 3"5 (~ 17kpc).
(vi) The northern lobe consists of two distinct components B,
and B2. The bright hotspot B,has a sharp leading edge oriented in
position angle ~120° and approximately 0"3 (1.5 kpc) in length.
There is a fairly well defined peak of emission in the middle of this
ridge. Behind the edge, the surface brightness falls off slowly
towards the quasar for a distance of ~0"5 (2.5 kpc). Component
B2 is a relatively diffuse, very steep spectrum region of emission
some I "5 (7.5 kpc) back towards the quasar from the leading edge
ofB,.

2.2. European VLBI Network (EVN) observations
In addition we have also observed 3C205 with four telescopes of
the EVN at 1612MHz using the standard MKIIC technique
(Clark, 1973). Table 2 gives the relevant telescope parameters. The
lobe spacings for the interferometers range from about 0''15 to
0"04. These observations were made on April 17/18 1982. Correlation of the data was carried out at the Max-Planck-Institut für
Radioastronomie, Bonn, West Germany, and the source was
clearly detected on all baselines, as expected (Barthel, 1983). After
determining coherence losses we integrated the correlation coefficients for 6 min, with the phase centre on the ultra compact
southern hotspot. The correlated flux densities were next
calibrated according to Cohen et al. (1975) assuming the primary
calibrator OQ 208 to be unresolved on all baselines, with a flux
density of 1.02 Jy. The resulting hybrid map of the southern
hotspot is reproduced in Fig. 3. This map has been made with a
circular gaussian restoring beam of FWHM O"O25. The ridgeline
in the hotspot is found to bend through an angle of approximately
45' from north to south-east, although most of the flux density
originates to the south of this bend. The hotspot is unresolved in
the transverse direction (< I5mil!iarcsec).

what larger than the observed angle. Since 3C2O5 is of relatively
large angular extent for a redshift of 1.5, the source axis is probably
not close to the line of sight, so there is roughly a 15% chance that
our upper limit for the observed bend angle of 0.3 corresponds to
1° or more in the source. Some of the arguments to follow are, to
first order, independent of projection effects. It will however
henceforward be assumed that the intrinsic bend angle is of order
0 3 as measured, since for 3C2O5 such an alignment is at least
suggested by the data instead of being virtually ruled out by a
relatively large observed misalignment as in other sources.
A brief comment on the statistics of gravitational lenses is now
appropriate. 3C205 has a redshift of 1.534, and so a priori one
would expect a relatively high surface density of objects capable of
producing significant gravitational distortion of the radio structure. Ordinarily, any such distortion would be swamped by the
intrinsic bends present in most sources, but in the case of 3C205 we
can say that there are no foreground galaxies or clusters close
enough in the sky to produce a bend of >0.3, independent of
projection effects. Blandford and Jaroszyriski (1981) showed that
the rms bend angle of triple sources is a calculable function of the
angular size of the source and the mean density of clustered matter
in the universe Ü [their Eq. (19)]. For sources of 17" size and
redshift 1.5, the rms bend angle should be ~ 10 Ü. Clearly, further
observations of high redshift, straight sources such as 3C2O5 will
put interesting upper limits on 15.
The linearity of this source is one of its most striking features,
and, with some reservations about projection effects, allows us to
set useful constraints on the collimation and ejection mechanisms
in the quasar itself, as well as on the interaction of the ejected
material with the external environment. By adopting the conventional view of the generation of radio sources by ejection of
material from the nucleus of an active galaxy, we may deduce that
the source axis in 3C205 is fundamentally and accurately defined
within a relatively short distance of the nucleus itself. If instead the
ejecta on the two sides were misaligned out to distances ol'tens of
kpc, then something would be required to deflect these ejecta back
"on course" by different, but precisely determined amounts. This
implies the presence of an object of great inertia and of size tens of
kpc, which possesses an axis of symmetry defined to within 0.3.
The outer reaches of even the most massive galaxy are too tenuous
and lack the inertia to accurately deflect ejecta which transmit
power at the rate of ~ 10 4 5 ergs'' to the outer lobes. In am case,
there is no known example of a galaxy which clearly displays
an axis of symmetry defined to such accuracy in the outer regions.

Conversely, if the ejection axis is defined deep within the
nucleus of the galaxy, say in an accretion disc (Lynden-Bc)l, 1978)
or a flattened disc of gas on scales of a few parsecs (Wiita. 1978).
this axis can be determined by the average angular momentum
direction of material accreted from the outer reaches of the galaxy,
or even by the angular momentum direction of the central massive
black hole (Rees. 1978). In this case, the stability of the axis could
be extremely good. What is perhaps more .surprising is the
apparent ability of the ejecta to propagate through the central
regions of a quasar, characterised by dense, rapidly moving clouds
3. Discussion
of gas, without being significantly deflected. This suggests ;i /.one in
the quasar in which things arc relatively undisturbed. Such models
3.1. The source linearity
have been proposed in the past to account for the statistical
Before discussing the consequences of an intrinsic alignment of the properties of broad and narrow line radio galaxies (c. g. Osicrsource to within 0.3, we must note the possible effects of projection brock, 1979).
A second way of obtaining accurate alignment is to postulate a
on the observed bend angle. A source with an intrinsic bend angle I)
is more likely to have an apparent bend angle Mapr <0 than Wapp > 0, well defined mean direction about which the ejection axis is
so that the intrinsic bend angle in 3C205 is, in the absence of prior allowed to wander on short liinescales. If the hotspol location
information as to the orientation of the source, probably some- depends on the behaviour of the ejecta averaged over a relatively
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long period, such alignment could result. A model of this type,
involving subrelativistic ejection and accumulation of mass and
momentum in the outer lobe (Lonsdale and Morison, 1983) is
discussed in Sect. 3.3. First, however, we consider the constraints
upon (he standard beam model (Blandford and Rees, 1974,1978)
set by our observations.

standard beam model for this source, either the core misalignment
reflects a sudden change in the source axis (a "glitch") or its
identification with the actual ejection axis is wrong. A consequence
of the first possibility is that, in order to avoid the conclusion that
our observations have been fortuitously timed, the beam must be
able to propagate many kiloparsecs in the new direction, without
generating radio emission.

3.2. The beam model

(iii) Hotspot and lobe characteristics

In a conventional beam model, the internal pressure of the hotspot
is balanced by the ram pressure of its advance into the external
We consider a standard beam model, wherein a continuous steady
medium. Statistical evidence suggests that the rate of advance Vk is
collimated flow of material with a speed V} propagates away from
typically 0.2c or less (Longair and Riley, 1979; Macklin, 1981), and
the nucleus until striking the external medium at a working surface
using the energy density for A t in Table 1 b we deduce an external
and generating a hotspot. We will ignore the fact that the northern
medium number density of at least 610" 3 cm" 3 . This is rather
and southern lobes are extremely dissimilar, and consider only the
high compared to estimates of cluster medium densities from
southern lobe as the product of a currently active beam. The radius X-rays (Forman et al., 1981), and varies as V ~2.
k
of the jet at the hotspot rt cannot be larger than the hotspot, so we
An argument against the hotspot being in ram-pressure
set r,=75 pc. The jet must supply all the power radiated by the
balance with the external medium arises from the apparent
hotspot A, ~ 3 10 4 4 ergs~', with a characteristic efficiency £ < 1 .
morphological link between this feature and the much more diffuse
Assuming that the jet material is completely decelerated to
A 2. As can be seen in Figs. 1 b, 2a, and 3 there is a definite extension
the hotspot velocity at the working surface, the internal
away from the compact peak in the direction of the brightest part
pressure of the hotspot must equal the momentum flux
of A2. Also, the magnetic field in component Ax is oriented in
per unit area flowing down the jet in the hotspot rest frame.
roughly the same direction as this extension. Both these facts
It is now a simple matter to show that for a given value of the
suggest that component A2is generated by outflow of material
energy flux down the jet, there is a minimum momentum flux
from A ,. with the peak of A2 being a secondary "working surface".
into the hotspot, and that the balance condition at the hotspot
A possible cause of such outflow is the formation of an oblique
thus yields a lower limit on e (e.g. Barthel and Lonsdale, 1983).
shock in the beam at At, causing a deflection in the flow pattern
For the southern lobe of 3C205, this value for s is 0.4 correspondtowards A2. The major part of the beam momentum would be
ing to a highly relativistic jet. The implied value of £ rises if the
deposited at /I, so that strong magnetic fields and synchrotron
hotspot is found to emit energy in other wavebands, or if the radius emission might be expected immediately after the shock. If instead
of the hotspot is shown to be smaller than 75 pc. e reaches unity at
A2 was formed directly by the beam at a time when it pointed in a
a flow speed Vj ~ 0.6c. The above calculations are not very sensitive different direction, it must be unpowered now, and it is thus
to //„. Thus a beam model is only viable for 3C205 providing the
difficult to explain why electrons are still able to radiate at 15 GHz
jet is at least mildly relativistic, and providing the bulk kinetic
[ ~ 4 0 G H z in the source frame - Laing (1981)]. Spectral steepenenergy of the jet is converted at nearly unit efficiency into
ing is already pronounced in the northern lobe, which according to
rclutivistic electron and magnetic field energy. What is more, the
this idea must have been formed after A2. A characteristic of the
dominant energy loss mechanism in the southern lobe must be
relativistic beam model is the rapid decay of luminosity which
synchrotron radiation (this is reasonable, given the synchrotron
follows removal of the power input to a lobe (Lonsdale and
lifetime of <10 3 yr, see Table I). The waste energy problem
Morison, 1983), yet A2 actually radiates more power than the
alluded to by Rees et al. (1981) for relativistic jets is ameliorated,
currently active A j. The present observations strongly suggest that
but only at the expense of severe constraints on energy conversion
A 2 is a by-product of current activity rather than a relic of previous
mechanisms. The standard beam model becomes untenable if we
activity.
require the beam to supply the power for the entire southern lobe
Clearly, given the outflow hypothesis, the hotspot Ax must
(8 10* 4 ergs"'), unless the hotspol is not in equipartition, thereby
remain in approximately the same position long enough to
raising the internal energy density of the hotspot.
generate A2. The total minimum internal energy contained in A2 is
~ 8 IO58erg. According to the calculations in Sect. 3.1(i), the jet
(ii) Alignment
cannot be supplying more than ~ 2.510*5 ergs "' to the outer lobe
The overall alignment of the source, and apparent misalignment of at the present time. At this rate, even assuming negligible energy
the core set useful constraints on the degree of stability of the
losses during the various stages of energy transport, and ignoring
ejection axis due to the nature of the hotspot formation mechasynchrotron losses in A2 (isynch ~ 5 105 yr at 1666 MHz), it would
nism. Identifying the hotspot as the working surface of a narrow
take at least IO6yr to build up A2. 3C20S is one of the most
beam (Blandford and Roes. 1974) and allowing the ejection
luminous sources in the sky, so it seems unlikely that the jet wa.<
direction to vary at an angular rate m. the observed alignment
significantly more powerful in the past. During the 106 yr required
7
implies <u< radyr '.assuming I hat the overall source axis lies for the formation of A2, A, cannot have moved more than ~ 5 kpc
2 15 from the plane of the sky. This is not a severe constraint,
(1") because of the morphological link, and we deduce an upper
compared to the values one cuiulcducc from long straight jets such
limit to Vh of ~ 0.016c. Ram pressure confinement of At with this
as the one in NGC 6251 (Siumdeis el ul., 1981). which may be 10""
value of Vh implies an external medium density of at least I particle
or even 10 ''radyr '. However, on the assumption that this
cm~ \ If such a dense medium were uniform and hot (510 7 K), the
angular speed n> is constant and identifying the ~ 15" misalign- X-ray luminosity of 3C205 would be at least one order of
ment of the core component with a misalignment of the ejection
magnitude higher than that observed (Feigelson and Berg, 19,83;
axis we can infer a maximum of <-/20 for the ejection velocity. Since
Zamorani et al., 1981). and the diffuse features B2 and A2 would be
we have shown this ejection speed to be inconsistent with a
in a state of collapse, due to the high external static pressure. Thus,
(i) General
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if A2 is really generated by outflow from Au the conventional
beam model requires that A, be embedded in a dense filament of
relatively cool gas. From this one might predict an association of
optical line emission with the southern lobe of 3C205.
To summarise the constraints on the conventional beam model
of radio sources set by these observations:
(a) The beam must be at least mildly relativistic, and conversion of energy to radio emission must be >40% efficient.
(b) The mean apparent rate of change of direction of the
ejection cu<10" 7 radyr~', unless the source axis is very close to
the plane of the sky.
(c) If the core is genuinely misaligned by 15° and this
misalignment is identified with the nuclear ejection axis, this
represents a relatively sudden change in the axis. A consequence
is that the beam must be able to propagate over a long distance
without generating radio emission.
(d) The hotspot is unlikely to be confined by ram pressure of
advance into a uniform external medium, due to its high minimum
internal energy density. If the secondary component A2 is fuelled
by outflow from the hotspot Alt a hypothesis which has observational support, then the only way to achieve ram pressure balance
is to postulate dense cool clouds of gas with small filling factor
>40kpc from the active nucleus.
3.3. Plasma cloud model

(i) General
The multiple plasmoid model was first proposed by Christiansen
(1973), developed by Christiansen et al. (1977), and discussed in a
slightly modified form by Lonsdale and Morison (1983). The latter
paper concerned the observations of sources which appeared
different on the two sides of the nucleus, in that one side appeared
active and possessed a very compact hotspot whilst the other
appeared more relaxed, had a steeper spectrum, and a larger
hotspot. It was argued that a natural interpretation of this
asymmetry was that the "active" lobe was currently being
powered, whilst the diffuse lobe was not, and that in order to
maintain the observed luminosity of the diffuse lobe it was
necessary to postulate a large, perhaps invisible, massive plasma
cloud built up during an active phase, whose bulk kinetic energy
was later tapped via instabilities and turbulent particle acceleration. In this model, it is possible to account for the extreme
compactness of the active hotspots by identifying them with
vigorous Rayleigh-Taylor instabilities at the leading edge of the
cloud (Christiansen et al., 1977). They are thus regarded as
transient features. 3C205 displays the same form of asymmetry as
the sources investigated by Lonsdale and Morison, as well as an
ultracompact hotspot in the southern lobe. The hotspots A, and
JB, are clearly separated into class I and class II in the proposed
Lonsdale and Morison scheme.
Because of the energy storage properties of the massive plasma
cloud which accumulates in the lobe, the luminosity of the hotspot
depends only on the details of the energy conversion process in the
instability, and so no straightforward constraints on the ejection
speed, power and efficiency (as in the beam model) are possible.
(ii) Alignment
In this model the alignment of the source sets constraints more
effectively on the hotspot formation processes in the outer lobe
than on the central collimating mechanism itself. This is because
the hotspot position may be thought of as an average of the
ejection direction over a timescale related to the build up of the

massive plasma cloud. The ejection axis can be allowed to wander
over a much shorter timescale than this, whilst the hotspot
location is cushioned by the presence of the plasma cloud.
Consider the hotspot formation process at thé leading edge of
the proposed plasma cloud. The cloud is likely to subtend a large
angle as seen from the nucleus (Longair et a!., 1973), and may be
typically 15kpc in diameter. The radius of curvature r of the front
of the cloud will thus be of order 5 kpc, and so the location of the
hotspot is apparently defined to within 3% of this radius of
curvature. The variation in the angle that the plasma cloud
surface makes with the direction of motion over this range is
about 3%, so this factor alone is unlikely to be sufficient to
suppress the formation of a hotspot off-axis. A physical feature
that could be defined to this accuracy is the stagnation point in
the post-shock flow around the cloud. As Christiansen et al.
(1977) pointed out, the growth of instabilities is effectively
suppressed by the convective action of the bow shock flow, which
sweeps newly developed instabilities away round the sides before
they reach significant size. The compactness of the hotspot A,
implies that the instability wavelength /. is close to the minimum
value of 0.01 r for which significant growth can occur. Close to
this limit, large amplitude instabilities are converted away
quickly, and it seems likely that the conditions necessary for the
formation of compact features such as At depend strongly on the
tangential component of the shocked flow, thus rendering the
stagnation point the only location with such favourable
conditions. Longer wavelength instabilities are likely to be less
localized, because the growth timescale T varies as /."', whilst the
convection decouples the instability from the plasma cloud in a
time tdcx)..

If this argument is valid, and the location of the hotspot is
determined by the position of the stagnation point, we can infer
constraints upon the symmetry of the bow shock flow. The
external medium must be homogeneous on size scales of up to a
few kpc, otherwise significant distortion of the hypersonic flow
pattern would be expected. This model is thus consistent with, and
to a certain extent requires, an external medium which is tenuous
and hot (n~I0" 4 cm" 3 , T~5IO 7 K would be reasonable numbers, for which approximate static pressure balance of the most
diffuse features holds). The stagnation point occurs along the line
passing through the centre of the plasma cloud, and directed along
the velocity vector of the cloud relative to the external medium,
assuming homogeneity. This velocity vector is in the same
direction in the two lobes to within ~ 1 ?5, assuming a cloud
radius ~5kpc. The allowed magnitude of the random
fluctuations in the momentum vector of the cloud AM are thus
~0.03JW, where M is the cloud momentum. Suppose the central
object ejects material into a cone of half angle ~ 15" (as suggested
by the core elongation), with random variations in ejection
direction within this core on a timescale Ax. The time taken for
the cloud to form is denoted by T, and so we have
AM

Ax

M

T

tan 15° <0.03

or JT<0.1T. The direction of ejection must vary on a timescale
faster than one tenth of the source lifetime, and such variations
must be random in nature.
A second consequence of our 1.5 tolerance on the direction of
the relative velocity vector between the cloud and its surroundings
is that the magnitude Av of large scale fluctuations in the velocity
field (perpendicular to the line of sight) of the external medium
which do not possess reflection symmetry through the position of
the quasar, are required to be not more than 0.03«, where v is the
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plasma cloud velocity. A likely value for Av in a cluster is
1000 km s " l , which gives v > 0.12c, but these values could be much
lower if ihe parent galaxy is isolated (Longair and Seldner, 1979).
(iii) Hotspot and lobe characteristics
The identification of the feature Al with an instability raises the
possibility that it is a transient feature, or explosion, of short
duration. If this is true, the fact that such hotspots are common in
high redshift sources (e.g. Barthel, 1983) argues that such explosions occur sufficiently often that at any given time the probability
of a very compact feature being observable is high. From the map
of 3C2O5 presented by Pooley and Henbest (1974) it is almost
certain that a major part of the polarized flux at 5 GHz originates
in A i, and the polarization data (Tabara and Inoue, 1980) imply an
internal sound speed for Ax of ~c/]/3. Thus, even if the external
medium were dense enough to significantly alter the symmetry of
the explosion (n>0.03cm"3) the hotspot would fade due to
adiabatic expansion losses on a timescale of ~300yr. In order to
have a reasonable probability of being observed, these explosions
must recur on timescales of a few thousand years or less.
If-4, is the result of outflow from A^ then we can infer that the
hundreds of explosions necessary, on average, result in outflow in a
well-defined direction and from a fairly definite location. Thus we
deduce that the conditions necessary for producing the instability
must be maintained for a time long compared to the growth or
dissipation timescale of a hotspot. Furthermore, whatever defines
the re-ejection axis must be associated with a long-lived structure
possibly related to the massive cloud.
If the energy production in the hotspot is essentially continuous, we can show that the rate of adiabatic energy loss
(<energy input to the hotspot) is of order 10 47 ergs~'. unless a
very dense medium (S 1 cm ~ •') capable of significantly slowing the
expansion speed is present. This is an uncomfortably high rate of
energy supply, and incidentally also applies to the beam model if
ram pressure balance does not hold. We have avoided this
problem above by postulating that we are just a bit fortunate to
catch the hotspot in a state of such rapid energy loss.
The hypothesis of collimated outflow of material A, to A1 in
either model requires confinement of At. If we regard /)[ as an
explosive event triggered on a timescale of <10 3 yr by an
instability, differential ram pressure across the expanding hotspot
caused by a density gradient can result in collimation. Even so, as
discussed above, very high densities are required to affect the
symmetry of the explosion, on the order of 0.1 cm~J. This is
perhaps more reasonable for the cloud model than for the beam
model, because in the former, the ejecta Ihemselves are a potential
origin of dense filaments, especially near the leading edge of the
main plasma cloud. Also, in the cloud model there is no problem
with maintaining the position of /l t for the time required to
generate A2. Again, the suggested presence or' a dense medium
around A [ implies that optical emission may be present.
To summarize the constraints on the plasma cloud model set
by these observations
(a) The only obvious way of restricting the hotspot location to
an accurately defined source axis is to postulate instability
formation at the stagnation point. This is reasonable in view of
current plasma cloud models.
(b) If the core misalignment is the result of a statistical
.fluctuation in the ejection direction, such fluctuations must occur
on timescales of less than one tenth of the source lifetime.
(c) There cannot be any large scale inhomogeneities, in density
or velocity field, of the external medium. Specifically, the plasma

cloud speed must exceed ~30 times the velocity variations in this
medium.
(d) Any hotspot formation mechanism must be able to
'remember' a re-ejection direction for > 100 times the dynamical
timescales of the hotspot itself, on the hypothesis of collimated
outflow of material from ,4 j toA2. As in the beam model, directing
material from A, to form A2 requires very high matter densities in
the vicinity of Aj.
Conclusions
The present data do not exclude either of the models considered
here, but instead limit the range of properties of the ejection and
the external medium allowed in each case. In the beam model, we
deduce that the ejection velocity is high, the energy conversion
efficiency is high, and set limits on how fast the ejection axis can
alter its direction. A dense external medium is also required in the
beam model. New constraints on the plasma cloud model include
the maximum allowed timescale of fluctuations in the-ejection
direction (and hence a minimum frequency of ejection) and the
homogeneity, in both density and velocity, of the external medium.
In both models, the hypothesis of outflow from AlxoA2 requires
very high densities of material in the vicinity of A,, suggesting that
a search for optical emission may be fruitful.
Further study of 3C205 promises even more stringest constraints on models. Confirmation of the core elongation with VLBI
is necessary. The inferred dense medium surrounding A, should
produce obvious polarization structure on the 0''l scale, with
significant polarization being present only after the flow has been
recollimated (i.e. in the structure elongated in position angle
•~ 140"). The possibility of still more compact structure in A, is of
interest, and may lead to the eventual feasibility of a direct
measurement of relative motion between A, and the core. The
detection' of line emission from A, may also give this information, since the confining material could be co-moving with the
hotspot. One way to distinguish between the models presented
here would be to make very sensitive observations in order to
detect either a jet, or evidence of a large plasma cloud. Finally, it
may be of interest to some that had these observations been made
in 1974, the gravitational slingshot theory of extragalactic radio
sources (Saslaw et al., 1974) would have enjoyed the advantage of
an ideal prototype source, and would thus have commanded
greater popularity. The extreme alignment, VLBI scale hotspot,
and misaligned core elongation are all natural consequences of
such a model.
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CHAPTER II.5
DOUBLE HOTSFOTS AND FLOW REDIRECTION IN POWERFUL EXTRAGAIACTIC
RADIO SOURCES*
ABSTRACT
We present detailed observations of two powerful extragalactic radio sources
which contain a prominent double hotspot in one of their two outer lobes. These
double hotspots display similar characteristics in both sources, suggesting a cannon
mechanism for their formation. Several other examples of double hotspots are found
in the literature which also display many of these characteristics. A case is made
that these double hotspots are caused by sideways outflow of material from the more
compact to the less compact of the two, and possible mechanisms for producing such a
flow are investigated.
I. INTRODUCTION
The hotspots of powerful extragalactic radio sources are usually regarded as
the point at which an energy carrying beam (continuous or blobby), emanating from
the nucleus of a parent galaxy, impacts with a tenuous circumgalactic (or, in some
cases, intragalactic) medium. As such, they are postulated to be the site of energy
input to the entire radio lobe, in the form of relativistic electrons and magnetic
field. The physical mechanism whereby the bulk kinetic energy in the beam is
converted to that of a synchrotron radiating plasma is of great importance, due to
its influence on efficiency and therefore overall source energetics. This mechanism
is at present only guessed at (Blandford and Ostriker 1982, Eilek and Henriksen
1984), and the detailed study of hotspots is fundamental to an understanding of
radio sources.
II. OBSERVATIONS AW) RESULTS
In this section we present MERLIN and VLA observations of the radio
sources 3C205 and 3C268.4, associated with the quasars 0835+580 (z * 1.534), and
*preliminary version of a paper coauthored by C.J. Lonsdale
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1206+439 (z • 1.400). The observing frequencies of 5 GHz (MERLIN) and 15 GHz (VLA)
resulted in angular resolutions of 0.1 and 0.2 arcsec, respectively. Wé will
frequently refer to previous, lower frequency observations of these radio sources,
as described in Lonsdale & Morrison (1983 - LM) and Chapter II.4
II.1 MERLIN observations
We observed 3C268.4 with MERLIN at 5 GHz in April 1982, using.five telescopes,
and a continuous period of about 15 hours. The resulting map at a resolution of 0.1
arcsec has a dynamic range of about 50:1, due to poor signal to noise. The various
features in the map are in good agreement with the lower resolution maps (IM and
Schilizzi et al 1982), but concerning the NE lobe and the core morphology this map
does not contribute new information. The double hotspot in the SW lobe however, is
seen in considerably more detail than in LM, and this double hotspot is shown in
Fig. 1.
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Fig. 1 SW hotspot in 3C268.4 (map
has been rotated); restoring beam is
0.1 arcsec; contour levels are 1.5,
3, 6, 12, 20, 40, 70 % of peak
brightness, which is 165 mJy/beam;
tick interval is 0.2 arcsea.

The dominant, westernmost hotspot is found to be extended towards the secondary
hotspot, and the bridge of emission between the hotspots (LM) has been resolved out.
The 5 GHz as well as 1.6 GHz MERLIN observations of 3C205 were described in
detail in Chapter II.4.
II.2 VLA observations
The VLA observations, at 5 and 15 GHz, were made on August 22, 1983 with the
instrument in the A configuration. Our total integration time on each source was
about 10 minutes, giving an rms noise level of 0.3 mJy/beam at 2 cm and 0.1 mJy/beam
at 6 cm. In practice, the quality of the maps was limited by dynamic range problems
at 6 cm, caused by poor u-v coverage, and at 2 cm poor signal to noise.
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64, 95 % of peak brightness, which is 156 mJy/beam.
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The 6 cm map of 3C205 is shown in Fig. 2a. There are a few residual sidelobes
in the Y pattern characteristic of VLA snapshots, but these are obvious and occur at
a low level. The dynamic range of the map in general exceeds 200. There are no
features shown which do not appear on the MERLIN 1.6 GIfe map of Chapter II.4, though
the new map does allow us to derive spectral indices for the various components. The
southern lobe is shown in more detail in Fig. 2b. A striking aspect is the large
amount of polarized flux present, and the complexity of the polarization structure.
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Fig. 2b
3C205 SW lobe at 5 GHz;
restoring beam as in Fig, 2a; contour
levels are -0.5, 0,5, 1, 2, 4, 8, 16,
32, 64 % of peak brightness, which is
156 mJy/beam; polarization E vectors:
1 arasea =64.3 mJy/beam.
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The 2 cm map of the dominant southern hotspot in 3C205 (Fig. 3) reveals the
extensions both to the N and SE, already noted in Chapter 11.4. The polarization in
this feature is particularly interesting, since the B vector appears to be aligned
with the source axis in the northward extension, but then appears to bend towards
the secondary peak in the diffuse structure to the SE.
The overall alignment in 3C205, discussed at length in Chapter II.4, is
confirmed in the 2 cm VLA observations at roughly the same accuracy.
The 2 cm maps of 3C268.4 (Figs. 4a and 4b) again show the double hotspot in
greater detail than the 1.6 GIfe MERLIN map (LM), and it is found that the eastern
hotspot is much more compact than the western one. This map also demonstrates that
nearly all the polarized flux from 3C268.4 originates in the eastern hotspot. We did
not observe this source at 6 cm, because higher quality observations than we could
produce with a 10 minute snapshot observation, already existed (Burns et al 1984).

67
1

43 SS BS

1

1

1

"

1

-

o

B4 -

-

B2

ea

O

55 5S

56
12 BS 49.6

1
43.4

1

43.2
48.8
RIGHT ASCENSION

*

" 1
41.a

Fig. 4a 3C268.4 at 15 GHz; restoring beam is 0.16 x 0.11
arcsec, in p.a. 85°; contour levels are -2, 2, 43 8, 16, 32,
64 % of peak brightness, which is 65.4 mjy/beam.

sa.sR

SB.B

S?.S

O
56.5
I? BE 4?.BB

41.9S

41.7S
'

RI6HT ASCENSION

Fig. 4b 3C268.4 SU lobe at 15 GHz; restoring beam as in
Fig. 4a; contour levels are -2, -1, 1, 2t 4, 8, 16, 32, 64 %
of peak brightness, which is 65.4 mjy/beam; polarization E
vectors: 1 arasea = 139.8 mjy/beam.

68

SB 94 «3.8 -

89.78
89.76
RIGHT ASCENSION

Pig. 3 3C2O5 SU hotspot at 15 GHz;
restoring beam is 0.16 x 0.11 arcsec,
in p.a. 70°i contour levels are -2,
2, 4, 8, 163 32, 64, 95 % of peak
brightness, which is 30.8 mJy/beam;
polarization E vectors: 1 arcsec =
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11.2 Double hotspots characteristics
In both radio sources double hotspots are found in the southern radio lobes, with
one of the pair being markedly more compact than the other. Since both 3C205 and
3C268.4 are identified with high redshift quasars the conversion angular - linear
size becomes 1 arcsec = 5 kpc (adopting H Q = 75 km sec" 1 Mpc" 1 and ^ = 0.5). The
unresolved hotspots therefore have linear sizes < 200 pc. The European VLBI Network
observations reported in the Chapters 11.4 and 11.2 for 3C205 and 3C268.4
respectively, indicate linear dimensions smaller than 100 pc in these compact
features.
The dominant, primary hotspot in 3C205 has been studied in detail in Chapter
II.4, and it was found that this hotspot is extended towards both the optical quasar
and the diffuse structure to the SE. The EVN observations from Chapter 11.4 showed
the fine scale structure in the primary hotspot to bend from north to southeast,
that is roughly from the overall source axis to the secondary hotspot in the diffuse
SE structure. Our new VLA observations demonstrate that the magnetic field in the
highly polarized (29 % at 2 cm) primary hotspot follows this bending, and
furthermore enable us to determine spectral indices for both hotspots. We derive
a l g for the primary and secondary hotspot of 1.05 + 0.1 and 1.15 + 0.1
( S a v~ a )» respectively.
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The previous high resolution observations of 3C268.4, reported in LM, showed
that the two hotpots in the SW lobe are linked by a bridge of emission, and
furthermore extended emission from the dominant, primary hotspot towards the optical
quasar was found. No trailing emission from the secondary hotspot was detected. Our
new MERLIN observations show that the primary hotspot is elongated towards the
secondary. Our new VLA observations demonstrate that the magnetic field in the
highly polarized (23 % at 2 cm) primary hotspot is directed towards the secondary,
and again enable us to determine spectral indices for the various components. We
derive «,0 = 1 . 0 5 + 0.1 and 1.45 + 0.1 for the primary and the secondary hotspot,
18
~
~
respectively.
It

is

clear

that

these double

hotspots

display

similar

morphological

characteristics, as summarized below.
(i) One of the pair (hereinafter referred to as the primary hotspot Al) is markedly
more compact than the other (A2).
(ii) The primary hotspot Al lies much closer to the source axis (a line joining the
opposite lobe to the core) than the secondary hotspot A2.
(iii) There is a tail of emission pointing back towards the central object from Al
but not from A2.
(iv) Al has a less steep spectrum than A2 at our observing frequencies.
(v) The magnetic field in Al is directed along a line joining the two hotspots.
(vi) Al is more highly polarized than A2 at our observing frequencies.
(vii) There is a bridge of emission between Al and A2.
(viii) Al is elongated roughly towards A2.
III. DOUBLE HOTSPOTS IH THE LITERATURE
In order to show that our sources are to a certain extent representative of double
hotspot sources in general, we proceed by demonstrating that the above chacteristics
are not unique. There are several examples of multiple hotspot structure in the
literature, and in this section we examine some of the best studied ones. As item
(vi) 'does not influence arguments regarding the proposed model, we compare the
double hotspots in the literature on items (i) to (v), (vii) and (viii).
Mfe found ten examples of reasonably well studied double hotspots in a total of
eight sources, in a cursory examination of available maps of powerful sources. We
also included Qygnus A, and used the 5 GHz map from Hargrave & Ryle (1974), in order
to have about the same linear resolution as for the high redshift quasars.
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Table 1 contains the relevant information concerning these sources. Por each
double hotspot, we have defined the more compact of the two to be the primary
regardless of its other properties. This hopefully eliminates any bias towards
positive results in the table which would follow fran choosing a 'best fit' primary.
In the cases of 3C390.3N and CygA W it is not clear which hotspot should be regarded
as the primary.
Houpot

(ii>

(iii)

<iv)

(v)

(vii)

(viii)

reference

3C2OC

t

•• 2

3C20U

•

>. 2

3CI96H

•

2. 3

3C236S

•

3C351N

1

3C379.IN

•

1

3C379.IS

*

,

•SC29.50N

•

3C39O.3» (A priaary)

*

reference*
1. lain, (I9B1)
2. lain* (1982)
3. Lonidale <I»S4>

(» priaary)

-

(A priaary)

•?

(B primary)

-?

1

4. Chapter IV
5. Lonidale 1 larthel (1984)
6. Hargrave t *yle (1974}

Cy» A W

6» 7

7. Dreher (I9S1)

In this table, a '+' indicates that the hotspot fits the characteristic, a •-'
indicates that it does not, and a blank indicates ambiguous or absent data. A '+?'
indicates that a detection of the characteristic is marginal.
Inspection of the table shows that most of the sources possess most of the
characteristics we have highlighted, demonstrating that our double hotspots are not
isolated in their properties. The poor fit for item (iii) could be due to
insufficient dynamic range on available published maps. There are a few sources
(3C196, 3C236, 4C29.50, possibly 3C390.3) which fit the characteristics very well,
and would in their own right constitute a good case for sideways outflow. In a study
of the hotspots of 3C196, Lonsdale (1984) referred to the likehood of outflow from B
to B', whilst Lonsdale and Barthel (1984b) consider deflection of a jet by
interstellar material in the distorted high redshift source 4C29.50.
IV. THE SIDBtAYS OUTFLOW ICDEL
We propose that the characteristics listed in Section 11.2 are the result of
collimated, sideways outflow of material from the compact primary hotspot Al towards
the less compact, secondary hotspot A2.
We do not claim that all double hotspots are caused by the proposed sideways
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outflow, but suggest that there is a definite class of double hotspots which can be
explained by such a model. The two sources investigated in this paper not only show
fine examples of the phenomenon, but also have unusually extreme parameters
(luminosity, hotspot size etc.)* They are thus best suited to an investigation of
the feasibility of the model, due to the severity of the resulting constraints. Most
of the rest of the paper, where we investigate the proposed model in more detail, is
generally applicable to all the above sources, but a few parts, especially the
section on intergalactic gas cloud properties, are specific to 3C205 and 3C268.4.
V. HOTSPOT MODELS
V.I PRIMARY HOTSPOT AS ENERGY INPUT SITE
The idea that hotspots are really the sites of energy conversion (from bulk
kinetic energy of material ejected frcm the central engine to the relativistic
electron and magnetic field energy of the hotspot and lobe) depends critically on
their identification as the termination point of a beam from the quasar.
Historically, the principal argument in favour of such a conclusion has been the
fact that the synchrotron lifetimes of the emitting electrons in hotspots is often
shorter than the light travel times from core to hotspot, necessitating quasicontinuous energy supply from the parent object. Supporting evidence for this
picture comes from the alignment of these hotspots with respect to the core, their
relatively flat spectrtm (compared to more extended regions), and the high contrast
ratio between a typical hotspot and its surroundings (a defining characteristic).
Regarding these arguments in the context of the present observations, we feel
that the relevant characteristics of the primary hotspots in our sources should
convince even the most skeptical that their identification as the primary energy
input site is reasonable. Due to their extreme compactness, the synchrotron
lifetimes are much shorter than the light transit times. There is only slight
evidence of spectral steepening of the hotspot emission to 40 GHz in the source rest
frame, in contrast to the rest of the features in the source. Combining this fact
with the extreme compactness implies that vigorous and continuous particle
accelaration is occurring. Also, these hotspots lie close to the line defined by the
core and the opposite lobe, and so their location seems to be linked to the ejection
axis of the energy supply in the nucleus of the optical quasar. Finally, the
extensions from the hotspots back towards the galaxy argue for a physical link
between the hotspot and the central engine, with the obvious conclusion that this is
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the location where energy is entering the lobe. No other features in these sources
show similar extensions.
To summarize, the case for the primary hotspots being the main energy input
site to the radio lobe is compelling, given a beam type model.
The question of whether the primary hotspots are the only sites of direct
energy input from the core is a central one. We must ask whether there is any
evidence concerning secondary energy supply from the nucleus to A2. In both cases,
the

secondary

hotspot

A2

shows

no

morphological

features

which

could

be

straightforwardly construed as indicating a direct connection with the central
engine. There is no tail or emission pointing back towards the core, and the
position angle of elongation appears to be unrelated to the direction of the core.
Where polarization is measurable, there is again no obvious alignment of the
magnetic field direction with the source axis or the line joining A2 to the core.
Furthermore, in neither of the two cases is there any feature on the opposite side
of the core to A2 which suggests secondary ejection on both sides of the source.
There seems to be only one clearly defined ejection axis, and by implication only
one active ejection process. Although the above mentioned facts depend critically on
the effects of dynamic range and angular (linear) resolution in the observations, we
construe them as evidence, that there is direct energy transport to Al, but not to
A2.

V.2 THE "DENTIST'S DRILL" MODEL OF SECONDARY HOTSPOT FORMATION
Is it possible that A2 was recently the primary energy input site, but that the
beam changed direction and has started on a new hotspot (Al)? This is essentially
the "dentist's drill" model of Scheuer (1982), and has received considerable support
recently. A major advantage of this model is that the rate of advance of the radio
lobe is much slower than that of the currently active hotspot. Thus, the extremelv
compact hotspots now being discovered (e.g. Kapahi and Schilizzi 1979, Chapter II.2,
this Chapter) can be brought into ran pressure balance with tenuous external media
by

postulating

relativistic

advance

speeds,

without

violating

statistical

constraints on the mean advance speeds of entire lobes (e.g. Longair and Riley
1979). Nevertheless, such a model encounters serious difficulties in accounting for
the present observations, as follows.
First, there is the question of the source axis. If Scheuer's model is valid,
then averaged over sufficient time, radio emission should be present on both sides
of the source nucleus, subtending an angle seen from the quasar at least as large as
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that subtended by the double hotspots. That this is not the case in these sources,
suggests that the beam direction is only allowed to wander on one side of the
source. Second, we may reasonably suppose the when the beam was directed towards 42,
there was a telltale extension of the emission back towards the galaxy, just as is
now observed for Al. Since such an extension is not now present, it must have had
time to disappear after removal of the beam. In both sources, the extension to Al
has a scale size of many kiloparsecs, and so cannot possibly disappear in less than
thousands of years, giving a lower limit to the time since the beam changed
direction. The secondary hotspots in both sources are observed to be radiating
strongly at 40 GHz in the source frame, giving synchrotron lifetimes for the
electrons of typically only several hundred years, so electron acceleration has
occurred since the beam was removed. Even ignoring the argument constraining the
time since removal of the beam, the short lifetimes of the electrons require
continuous or very recent energy input to the synchrotron plasma of A2. Bulk kinetic
energy providing the electron acceleration would imply an advance velocity directed
from the quasar. This is unlikely, since we would expect trailing emission from A2,
which is not found. Third,in order to take advantage of the relativistic hotspot
advance speeds allowed (see above) the beam itself must be moving with relativistic
bulk velocity. This makes the storage of energy in A2 during its active phase
difficult, since the beam will tend to deposit all its energy as heat at the working
surface, which is immediately dissipated or radiated away (e.g. Lonsdale and Morison
1983). Thus in-situ reacceleration of electrons in A2 after removal of the beam
becomes difficult due to a lack of useable energy to drive acceleration mechanisms
(Eilek 1979). In view of this, it seems that an external energy input is needed to
keep A2 radiating at high frequencies. Forth, after the beam has changed direction
there should be no knowledge at the new hotspot of where the last one was, contrary
to our observations regarding morphology and magnetic field direction in Al.
Finally, the dentist's drill model is able to explain why we see double hotspots,
but a major shortcoming of the model is, that it is not able to explain why we do
not see triple or quadruple hotspots.
As might be expected, there are solutions to all the difficulties within the
framework of the "dentist's drill" model, and it cannot be completely ruled out.
However, we feel that the necessary compromises in generality and the need for
coincidences result in a model that is contrived and less likely, for our sources.
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V.3 THE SIDEWAYS OUTFLOW MODEL
As stated before, the basic concept we propose is that the secondary hotspot A2
is formed as a result of collimated outflow of material from the compact and active
primary hotspot Al. Radio emission is then postulated to arise in about the same way
as in a radio source with collimated outflow from the central object. Quantitative
differences would be expected between the two situations, but the principle would be
the same, and one might expect to see evidence of secondary "jets" and "working
surfaces" in the double hotspot morphology. In the following discussion, we will
isolate the parameters needed for such a model to satisfy the present observations,
and identify areas of possible theoretical difficulty associated with such
parameters.
V.3.1 The evidence for outflow
In order for the outflow model to be viable, certain conditions must hold.
First, there must be an axis defined at the primary hotspot which determines the
direction of outflow and thereby the location of the secondary hotspot. Second,
there must be material in transit between the two hotspots, which might be expected
to have observational consequences. This transit must be presently occurring in
order to maintain the electrons responsible for high frequency emission in the
secondary hotspot. Finally, there must exist a medium in the vicinity of the primary
hotspot of sufficient density and inertia to first confine and collimate the hot
synchrotron plasma, and second to absorb the recoil momentum of ejection towards the
secondary.
The magnetic field direction and peak elongation of Al constitute evidence that
the first condition is satisfied. The accuracy of the alignment and its presence in
both sources argues that it is not merely coincidental. The bridge of emission
observed between the hotspots, and especially the spur of emission to the SE of Al
in 3C205 satisfy the second requirement of the sideflow model for evidence of
material in transit. In fact, were these features to be observed in the same
position relative to a flat spectrum core component as they are here relative to Al,
few people would hesitate to call them jets, and interpret them as evidence for a
flow of material. There is no direct evidence yet concerning the presence or absence
of confining material in the vicinity of Al. However, the depolarisation information
we have can place interesting limits on such material under certain assumptions.
The above considerations set the proposed model apart as an attractive one for
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the double hotspots presented here, and we now proceed to examine it in more detail.
V.3.2 The physical origin of the outflow axis
To proceed with the development of our model, a key question must be addressed.
In 3C268.4, the minimum total internal energy of the secondary hotspot is of order
10 5 8 erg, whilst in 3C205 it is

~ 10 ' erg. A mean energy supply rate from Al to

A2, (after conversion to particle and field energy) greater than 10

erg/sec (i.e

the present luninosity of A2) is highly unlikely, since we are considering two of
the most powerful sources in the sky. Thus, even at the energy

supply rates in

these sources, it must have taken of order 10 years to generate A2, ignoring energy
losses. The dynamical timescale of the primary hotspot is of order 10^ years, and so
the outflow axis must be defined by something of much greater permanence than the
primary hotspot itself. There appear to be two obvious possibilities.
The first possibility is that the axis is defined by a density gradient in the
external medium, such as might exist if the beam were to strike the side of a dense
cloud of intergalactic material. Depending on how large and massive such a cloud
were, such conditions may persist for the necessary 10 years. For the present, we
will note that this mechanism is in principle viable, and we will quantify the
necessary parameters of the hypothesised dense cloud in a later section.
Second, the sideflow axis could be self-sustaining. One can postulate an
initial formation event wherein the jet is deflected in a random direction, thus
establishing a channel through which all subsequent ejecta will flow. The principle
would be much the same as that whereby a river establishes a course through
basically

featureless

terrain. The presence of

the flow itself modifies the

structure of the external medium in such a way that the flow pattern is sustained. A
necessary requirement is that the flow be continuous on timescales longer than the
channel dimensions divided by the sound speed in the external medium. We have a
measure of the channel dimensions (i.e. the size of Al), but no reliable estimate of
the sound speed.
Having established two possible origins for the sideflow axis, we now examine
the deflection process in more detail.
V.3.3 Deflection mechanisms

In this section we will examine the mechanism of jet defelection by a density
gradient in the external medium.
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The behaviour of a supersonic jet in a uniform medium is now being numerically
modelled with considerable success (Norman et al 1982), and the problem is well
understood in the axisynmetric case. Almost irrespective of the Mach number of the
flow, or the relative densities of the

jet and external media, a toroidal triple

shock configuration is set up at the 'working surface'. The latter term coined in
this context by Blandford and Rees (1974), refers to the point at which the beam
terminates upon impact with the external medium, dumps its momentum and kinetic
energy, and generates an intense hotspot due to the shock acceleration of particles
(e.g. Blandford and Ostriker 1979). There is a bow shock in the external medium
which is roughly paraboloidal in shape, and the ram pressure of the external gas
serves not only to confine the hotspot, but also to sweep the shocked jet material
into a backward flowing cocoon, or sheath around the jet.
If there is a density gradient in the external medium, e.g., in the form of a
dense cloud region, the sound speed will vary as a function of position, and this
will alter the shape of the bow shock as well as the ram pressure at various points
on this shock. In order to generate the sideways ejection seen in our sources, we
must depart from axisymmetry and consider a pressure gradient whose direction
differs substantially from the flow direction. Henceforth, we will conceptually
simplify the situation by ignoring flow in the direction perpendicular to both the
jet axis and the pressure gradient. In the limit where we have a small gradient
perpendicular to the jet, the jet refraction model of Henriksen et al. (1979) is
relevant, and we would expect to see smooth curvature of the jet towards the low
density region, not necessarily accompanied by any emission from the bend. This
situation does not involve flow in the perpendicular direction, so in one limit at
least our simplification is justified.
Our hotspots clearly lie somewhere in between the axisvmmetric model and the
jet refraction model. Al looks like a true working surface hotspot, not a knot in a
jet, except that a remnant of the jet apparently survives the violent interactions
occurring at the hotspot and continues to form A2. We generally expect a normal Mach
disk and incident/reflected shock configuration to form, but the distortion of the
bow shock will also result in a strongly asymmetric cocoon flow. Under favourable
conditions, this cocoon flow may be primarily in sideways direction, and more or
less collimated. The strong shock at the Mach disk should be inclined to the flow
axis, and thus the emitting region is likely to be elongated similarly. Compression
would

also encourage

the magnetic

field

to

line up preferentially

with the

elongation, and so the major elements of our double hotspot observations could be
neatly accounted for. One of the key points is that the advance speed of the hotspot
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will be determined by the ram pressure balance condition for the dense cloud region,
and this may well be subsonic in the diffuse surrounding medium. Thus there would
only be a bow shock within the cloud, and the cocoon flow would no longer be forced
back along the jet axis after leaving the cloud on the low density side. The cocoon
flow on the high density side would be turned back down the jet axis more abruptly
than in the uniform medium case, and perhaps even stifled altogether.
The amount of bulk kinetic energy in the sideways directed cocoon flow depends
entirely on the efficiency with which it is possible to exchange sideways momentum
between the jet material and the external medium. The ability of the external medium
ram pressure to balance the rate at which the forward momentum of the jet arrives at
the working surface implies that useful sideways momentum transfer can occur if the
thrust surface is inclined to the flow axis, and it may well be possible that the
bulk of the flow energy is channeled to A2. We require the mass of that part of the
external medium deflected to the side by interaction to be at least comparable to,
and preferably much larger than that of the deflected jet material. If it is
smaller, not only will most of the energy go in the opposite direction to the
deflected jet, but also observational consequences would be expected on the side
opposite A2. This translates into the constraint that the cloud density be much
higher than the jet density.
It is now possible to work out some order of magnitude parameters for our
model.
The first calculation we make is the minimum mass a cloud of dense gas must
have if it is to absorb the jet momentum for 10 years without being pushed out of
the way. The latter condition implies that the cloud does not move more than, say 3
kpc. Denoting the cloud mass as M c ^, and the final velocity of the cloud as v c l , we
have
yV

i

x 10 b yr

"cl V - *ï(Y-l)c
and using

< 0.02c, this gives
>-,T

'

ÖAJ.U

/V_1

\

m

n

where p. = Vj/c. The cloud masses given by this relation range from 10^ M Q for
p. = 1, to 1.5xlO8 M Q for p = 0.1.
Next, the density of the cloud must be sufficiently high that the working
surface does not travel more than 3 kpc in 10 yrs. Classically (e.g. Blandford and
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Rees 1974), the rate of hotspot advance is given by the ram pressure balance
equation
h

^3p _-'

where p pl is the external medium density. From our measurements, we have a lower
limit to Ufo, and we constrain vci < 0.02c, giving pci > 0.6 cm .
How might such dense, massive clouds arise? In recent years, there has been
much attention given to the presence of 'cooling gas flows' in clusters of galaxies
«7
with dense X-ray atmospheres. See e.g., R>rman and Jones (1982). The hot (10 to
o

10 K) gas cools radiatively, becomes denser because of external pressure from the
remaining hot gas, and sinks toward the gravitational centre of the cluster. When a
temperature of about 10 6 K is reached, rapid cooling to a few times 10 4 K occurs,
the next regime in which cooling is slow. Thus, since it is known that a major
7
component of cluster gas has a temperature of ~ 5x10 K, there is likely to be a
temperature contrast of 10^ to 10 4 between the hot gas and cool condensations
(clouds, filaments), that have been through the thermal instability. The optical
filaments in the galaxies M87 and NGC1275 have been explained with such thermal
instabilities in the cooling gas flows onto the galaxies (Matthews & Rregman 1978,
Cowie et al 1980), and the optical line emission associated with the hotspots in the
radio galaxy 3C277.3 (Cam A) has been attributed to the interaction of a radio jet
with a cloudy, gaseous halo surrounding the radio source (Van Rreugel et al 1984).
Eilek et al (1984) have proposed that the morphology of the wide-angle tailed radio
galaxy 3C465 may be due to interaction of the radio jets with cooling clouds in the
surrounding cluster gas.
If we assume pressure equilibrium between the condensations and the surrounding
hot gas, this means similar contrasts in the densities of the two regions, so using
our constraint above on p c ^, we deduce a minimum density for the hot gas around our
sources of 5x10 to 5x10 cm . This is consistent with measurements of nearby
o

clusters, where densities of up to several times 10 cm have been inferred. Cloud
densities of up to ~ 10 cm—3 are allowable if the sources are in the centre of rich
clusters. The X-ray luminosities of 3C205 (Tananbaum et al. 1983) is sufficiently
high to allow hot gas densities far in excess of the above values.
Although we do not know whether our sources are in clusters, the existence of
the proposed dense clouds is possible. The model provides a natural explanation for
the observed morphology of sources having a double hotspot in one lobe and a single
hotspot in the other lobe. However, we also have to mention one drawback of this
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mechanism. Generally, powerful extragalactic radio sources are found to be fairly
symmetric, both in overall appearance and in the location of the hotspots with
respect to the associated optical object (e.g., Macklin 1981). Given the model of
jet bending by dense clouds, it is not a priori clear why a double hotspot on one
side and a single hotspot on the other side should have about the same distances
from the optical quasar.
It is also possible that the radio source itself disturbs the gas sufficiently
to trigger a thermal instability. Such a concept requires intermittent energy supply
for the quasar, to allow time for the thermal collapse before a second jet strikes
the newly formed cloud. Recall that in section V.3.2, we mentioned the possibility
of the re-ejection axis being defined randomly, with subsequent ejecta following the
resultant channel. In this case the 'channel1 is simply the orientation of the
density gradient at the edge of the cloud formed by an earlier outburst.
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PART I I I

UfflGE SCAI£ STRDCTORE IN HIGH RHDSHIFT QOASARS

est modus in rebus
(Horatius)
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CHAPTER III.l

PROLOGUE
The extended radio sources associated with quasars usually have triple
morphologies: double radio lobes straddling a compact radio core coinciding
with the quasi-stellar object.
The increasing resolution becoming available with the large synthesis
telescopes in the late sixties - early seventies led to the discovery of
compact hotspots in the radio lobes, and the subsequent development of the
beam type models for extragalactic radio sources.
Many flat-spectrum and 'core-dominated' quasars were found, which are
generally variable in flux density. These sources usually have a complex
morphology, smaller than a few arcseconds. Several properties of these compact
radio sources can be explained by invoking a preferred orientation, with a
relativistic radio jet directed towards the observer.

Not much was known about quasars at high redshift: the resolution
achievable before 1980 was insufficient to make a useful comparison with the
low redshift morphologies. This situation is now much improved: with several
new and sensitive instruments in the domain of subarcsecond resolution our
redshift span has greatly increased. In a number of programs we have attempted
to achieve unbiassed comparisons of high redshift quasars with their low
redshift counterparts.

85

CHAPTER III .2

OBSERVATIONS OP HIE LARGE SCALE RADIO STRUCTURE IN HIGH REDGHIFT QUASARS*
ABSTRACT
VLA observations are presented of ninety three high luminosity quasi stellar
radio sources with previously unknown radio structure and steep or unknown radio
spectrum. The observations were made at 6 cm wavelength, and yielded radio maps at
about 0.5 arcsec resolution. The maps obtained indicate a deficit of edge-brightened
triple sources, and furthermore show that many quasars at high redshift have
distorted morphologies.

INTRODUCTION
Ouasars provide a unique set of beacons for tracing the evolution in the
universe, since we can observe these objects out to distances of many billion light
years. The small fraction of quasi stellar objects which have detectable radio
emission are particularly important in this respect, since measurements of their
structures as a function of redshift provide information about the cosmic evolution
of

extragalactic

radio

sources. Since

aperture

synthesis

instruments

became

available in the sixties, many studies have been devoted to the morphology of
extended

extragalactic

radio sources, associated with quasars. Apart from the

generally higher core flux density fraction, no important differences with nearby
radio galaxies were found. See e.g., the recent review of Miley (1980).
Generally, radio sources associated with quasars at redshifts beyond or about
1.5 have overall angular sizes less than or of the order of ten arcsec, and hence,
in order to make a useful comparison with low redshift quasars, angular resolution
better than one arcsecond is required. As the VLA and therewith high sensitivity
combined with subarcsecond resolution became available in 1980, we started a new and
extensive program to study the radio properties of quasars at high redshift.
In this Chapter, we describe the quasars selected for observation, the actual
observations and subsequent data reduction procedures, and present the results, in
the form of radio maps for sixty-three sources with extended morphologies.

*preliminary version of a paper cqauthored by G.K. Miley and R.T. Schilizzi
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8ÊÈKIE SBJBCriON AN) GBSHiVATIONS
Before we began this project, the extended radio structure of only some ten
(large) high redshift quasars, mainly 3C sources, was known. To extend this number,
we extracted sources from the quasar compilation of Hewitt and Burbidge (1980),
using the following selection criteria
i)
ii)
iii)
iv)
v)

z > 1.5;
6(1950) > - 30°;
known to be a radio source;
unknown radio structure;
radio spectral index from 1.4 to 5 GHz a- . > 0.7 ( S a v a ) ,
or unknown radio spectrum; among the latter were many Molonglo, Bologna
and Westerbork quasars, with only one measured spectral point;

The resulting sample consisted of 93 quasars having redshifts between 1.5 and 3.2
and 5 GHz flux densities between 10 mjy and 1 Jy.
We observed this sample with the NRAO Very Large Array (Thompson et al 1980) in
configuration A, at 4885 MHz frequency and 50 MHz bandwidth. The observations were
made in snapshot mode during two observing sessions: February 27-28, 1982, and
August 21-22, 1983. Each field was observed for generally about 8 min, but in a few
cases for about 20 min. Some sources were observed during both sessions, to check
the reliability of structure marginally detected in the first session. After
standard calibration with external calibrators, each data set was mapped, cleaned
and self-calibrated using standard algorithms from the Charlottesville IBM reduction
package, running on the Leiden IBM/Amdahl computer. Generally two passes through the
self-calibration procedure were made, yielding dynamic range values of about 200 : 1
and less (for the weak sources) in the resulting radio maps. One session yielded
good polarization data.
5
5
Using the 5 GHz flux densities obtained, the spectral indices a n „ n Q or a.
were derived for the sources with previously unknown radio spectrum.
For many of the quasars the position of the associated optical object was known
with insufficient accuracy for useful comparison with our radio data. Using Palomar
Sky Survey blue plates we measured the positions of these objects to an accuracy of
0.3-0.5 arcsecond (standard error).
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NAME

ALTNAME

0032+423
0041»-055
0045-000
0046-067
0051+291
0054-006
0109+176
0119-046
0206+293
0209-204
0225-014
0238+100
0316-203
0353+123
0407-199
0424-131
0445+097
0549-213
0553-205
0730+659
0731+653
0747+613
0751+298
0758+120
0802+103
0805+046
0808+289
0824+110
0830+115
0831+101
0835+580
0836+195
0843+136
0848+155
0856+124
0926+117
0927+217
0938+119
0941+261
0945+114
0959+105
1023+067
1055+499
1104+728
1126+101
1148+568
1153+534
1157+532
1158+122
1207+398
1214+106
1221+114
1225+317
1226+105
1308+182
1311-270
1318+113

4C42.01
4C-05.03
PKS
4C-06.04
4C29.01
PKS
4C17.09
4C-04.04
B2
MC
4C-01.11
MC5
MC
4C12.17
MC
PKS
4C09.17
MC
MC
W1
W1
01660
4C29.27
MC5
3C191
4C05.34
B2
MC5
MC5
MC5
3C205
4C19.31
4C13-39
OJ180
MC5
4C11.32
W2
MC5
OK270
MC5
MC5
3C243
5C02.56
W1
PKS
W1
W1
W2
MC2
W3
MC2
MC2
B2
MC2
4C18.36
PKS
4C11.45

S5
1.588
1.869
1.536
2.063
1.828
2.795
2.157
1.948
2.195
1.823
2.037
1.816
2.880
1.616
1.986
2.165
2.110
2.245
1.544
1.937
035
492
106
660
956
877
1.910
2.278
2.974
1.760
1.534
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RESULTS
We present the results of this study in the form of radio contour maps,
preceded by a Table. This Table 1 lists the quasars observed (column 1), alternative
names (column 2 ) , the emission line redshif t (column 3), the measured 5 GHz source
flux density (column 4 ) , the derived spectral index a., . or in some cases OJQ 4 Q Q
(column 5 ) , a morphological classification (column 6), and accurate positions for
the associated optical quasar (columns 7 and 8 ) . A number in column 9 indicates the
reference to an optical position in the literature which appeared to have sufficient
accuracy, and hence was not measured by us. The morphological classification in
column 6 is such that MAP refers to the contour maps, U indicates an unresolved
radio source, SR indicates a slightly resolved radio source, and NOTE refers to the
notes at the end of this Section.
In Figures I.I - 1.14 we present contour maps of the total intensity in sixty
three quasars having radio morphologies exceeding one arcsecond in overall angular
size. Contour values, restoring clean beam dimension and peak brightness for all the
maps are given in the accompanying Table 2. Generally the restoring beam is 0.4 0.5 arcsec, but in some cases we show convolved maps ( 1 - 2 arcsec beam). The
contours (percentage of peak brightness) are listed in groups of three numbers,
such that - a^ b^ c^ - specifies the levels a^, a^+c^, a ^ + 2 ^
b^. The peak
brightness is specified in mjy/beam.
Notes
* the map of 0835+580 (3C205) is shown in Chapter II.5;
* no radio emission was found at or around the optical position of 1356-201;
* the map of the very large (55 arcsec) quasar 2025+117 is shown, but it is not
clear if the identification is correct. Mitton et al (1977) give 20:25:55.36,
+11:45:27.0, but we find no optical oh.iect at this position. Three optical objects
in a crowded field are within 7 arcsec from the assumed quasar core.
DISCUSSION
Inspection of the Table shows that the sources having a flat spectrum
( 0 < a < 0.5 ) or an inverted spectrum ( a < 0 ) are found to be unresolved, as
expected (see e.g., Kellermann & Pauliny-Toth 1981). The converse is certainly not
true: several unresolved steep spectrum cores (SSCs) were detected.
The maps obtained contain a wealth of information. By selection, all the
quasars observed have high intrinsic luminosities, which for nearby radio galaxies
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and quasars indicates membership of the Fanaroff & Riley class II of edge-brightened
triple sources; However, inspection of the maps indicates a deficit of such
morphologies. Indeed, many of the quasars have very peculiar morphologies. In
particular, curvature and asymmetry with respect to the radio core are frequently
present. Although not shown here, the polarization data for several quasars also
appear to have unusual properties.
By comparing the high redshift morphological data obtained in the present study
supplemented with some existing data, with morphological data for lower redshift
steep-spectrum quasars, we show in Chapter III.3 that the observed curvature and
asymmetry are indeed epoch dependent source properties. This is an important result,
since the effects of redshift (epoch) and luminosity are difficult to separate in
flux density limited samples.
Many sources require more detailed studies: higher dynamic range as well as
observations at other wavelengths, including measurements of the polarized emission
morphologies. In Chapter 111.4 we present MERLIN 5 GHZ and VIA 15 GHZ maps at 0.1
and 0.2 arcsec resolution respectively, of a subset of six quasars from the present
sample, and we there propose that a strong interaction occurs between the radio
emitting plasma and the inner galactic environment which causes the observed
distorted morphologies.
We are currently preparing detailed studies of many more of these intriguing,
small, distant radio sources.
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CHAPTER III.3
IS THE RADIO STRUCTURE IN QUASARS EPOCH DEPENDENT ?*
ABSTRACT
Analysis of new VLA observations made by us of the radio morphologies of steepspectrum quasars shows that these powerful extragalactic radio sources have epoch
dependent physical properties. Compared to their nearby counterparts, these very
distant radio sources have a more distorted and asymmetric appearance. Possible
causes for this epoch dependence are briefly considered. There is marginal evidence
for linear size evolution, since the presence to seme extent of an inverse
correlation between intrinsic luminosity and linear size is also indicated by the
present data.
I. INTRODUCTION
Ouasars provide a unique tool for tracing the evolution of the universe, since
we can observe these objects out to distances of many billion light years. The small
fraction of quasi stellar objects which have detectable radio emission, are
particularly important in this respect since measurements of their structures as a
function of redshift provide information about the geometrical structure and the
evolution of the universe. For example, there have been several attempts to use the
angular size-redshift relationship for radio sources as a test of cosmology. The
observed Euclidean behaviour indicates an apparent deficit of large linear sizes at
high redshift, implying linear size evolution.
However, since its first appearance in the literature (Miley 1968) it has been
recognized that the angular size - redshift relation has important shortcomings for
investigating the geometry of the universe. The main problems are that macro
geometrical cosmological effects are intermixed with those of observational
selection, with physical effects connected with the evolution of radio source
populations and with (perturbations due to the fine scale structure of the universe.
Here we present the results of a study of high redshift quasars, designed to
overcome some of these problems.
preliminary version of a paper coauthored by O.K. Miley
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The most important observational selection effect before the present dav has
resulted from the fact that only relatively strong sources could be mapped. In a
flux density limited sample, sources at higher redshift have systematically larger
luminosities than those at low redshift. The apparent deficit of large structures at
high redshift could therefore be due to an inverse correlation between physical size
and intrinsic luminosity; in other words, the variables redshift and luminosity are
difficult to separate in studying the angular size distribution for quasars. Using
the VLA combines high sensitivity with sub-arcsecond resolution, thereby providing
data on lower luminosity sources at high redshifts and allowing an attempt to
separate the effects of luminosity and redshift.
A second problem in using radio source structure as a probe of geometrical
cosmology

is

that

the

observed

radio

morphology

(size

and

structure)

of

extragalactic radio sources is determined by a number of physical effects, that
could well be epoch dependent. Both extrinsic and intrinsic effects are important.
The morphologies of the radio-tail galaxies are believed to be formed by
interaction of the radio source with a c".9nse medium (see e.g., Miley 1980), and a
similar effect has also been proposed to account for the shapes of several bent
quasars at mediun redshift (Hintzen & Scott 1978, Hintzen et al 1983). The deficit
of large radio sources at high redshift mav be attributed to the presence of a
denser than local intergalactic mediun (Wardle & Milev 1974). Also, the evolutionary
behaviour of the active nucleus itself may play a role in determining the source
morphology. E.g., precession or rotation of the overall source axis (Fkers et al
1978, Lonsdale & Morison 1980) and the duty cycle of the .jets (Norman & Miley 1984)
could affect the observed statistics.
High resolution studies of the morphologies of the radio sources associated
with quasars can give information about the epoch dependence of the above mentioned
effects. We

have therefore

started

an extensive

program

to investigate

these

effects, using the VLA. The high resolution of the VLA allows the z-dependence of
more complicated parameters than the overall source size to be investigated and
thereby provides new information on physical source evolution.
Before we began this project, the extended radio structui^e of only some ten
(large) high redshift quasars, mainly 3C sources, was known. To extend this number
we mapped ninety three powerful quasi-stellar radio sources with steep or previously
unknown

radio

spectrum,

from

the Cambridge

'4C', Parkes

'PKS',

Rologna 'B2',

Molonglo 'MC' and Westerbork 'W' catalogues, at a resolution of about 0.5 arcsecond,
using the VLA at 4885 MHz. It should be stressed here that our spectral criterion,
radio

spectral

index

from

1,4

to

5

GHz

, > 0.7 (S a v ~"L) converts
1.4 —
v

a\
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to at > 0.7 for a typical high redshift quasar in its emitted frame.
The quasars observed by us had redshifts between 1.5 and 3.2 and monochromatic
oc

OS

—1

luminosities at 5 GHz (emitted frequency) between 10 and 10 WHz , adopting H o =
75 km s"1 Mpc" 1 and q o = 0.5 . The resulting radio maps are shown in Chapter III.2 ,
but in this Chapter we want to draw attention to one of the most important results
of our work, namely the epoch dependence of the radio morphologies. A preliminary
analysis of the data presented here was given by Barthel (1983). The structure of
the paper is as follows: In section II we describe the observed sample, the
observations and the main results, in section III we describe a lower redshift
sample, which will subsequently be compared with the high redshift sample in section
IV, The results will be discussed in some detail in section V.
II. HIGH REDSHIFT SAMPLE SELECTION, OBSERVATIONS AND RESULTS
Starting point for our work was the recent quasar compilation of Hewitt &
Burbidge (1980). Prom this compilation we extracted all quasars with redshift z >
1.5 (subsequently referred to as 'high r.'dshift' sources), known to exhibit radio
o
emission, and having 6(1950) > -30 . Where possible, radio spectral indices were
obtained from the literature, and a sample of about hundred sources having either
steep ( a.. . > 0.7) or unknown spectra was constructed. Sfost of the sources for
which no spectral information was available were Molonglo (MC2, MC3 and MC5),
Bologna (R2) and Westerbork (W) quasars, with only one measured spectral point (flux
density at 408 or 1420 MHz, S 40 8 o r s1420^"
For about ten bright sources in the subsample high-resolution maps were already
available in the literature. We observed the remaining ninety three sources with the
VLA (configuration A, 4885 MHz, 50 MHz bandwidth) in snapshot mode, during two
observing sessions. The resolution obtained was about 0.5 arcsec, and the details
about the reduction and analysis procedures together with the morphological data
obtained for all the sources can be found in Chapter 111.2.
5 GHz total source flux densities were derived from these data and used to
obtain spectral indices for the quasars with previously unknown spectra. Several
of these had insufficiently steep spectra ( c^ 4 < 0.7 or aQ 4Qg < 0.7 ) to be
included in our sample.
For many of the quasars the position of the associated optical object was known
with insufficient accuracy for useful comparison with our radio data. Using Palomar

*These values will be used throughout.
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Sky Survey blue plates we measured the positions of these objects to an accuracy of
0.3-0,5 arcsecond (standard error). The measured positions are given in Chapter
III.2.
The final high redshift sample of 72 quasi stellar radio sources having z >
5
5
1.5, radio spectral index a, . > 0.7 (in some cases <xQ 4 Q g ) and luminosity at 5
GHs emitted frequency P 5 > K r ° WHz" 1 , is listed in Table 1. In this Table also
several observed and derived parameters are also given.
Column 1 lists the quasar name according to the IAU convention, column 2
alternative names, column 3 the emission line redshift, column 4 the measured 5 GHz
flux density (mJy), column 5 the spectral index from 1.4 (0.408) to 5 GHz, column 6
the emitted monochromatic luminosity at 5 GHz ( 10 logP 5 - WHz" 1 ), column 7 the
morphological classification, using Miley's (1971) classification, column 8 the
largest angular size (arcsec) of the observed radio morphology, column 9 the
corresponding linear size (kpc), column 10 the measured curvature (degrees), column
11 the measured asymmetry in the radio morphology, and column 12 the reference to
structural information. We have used the morphological classification SSC (steep
spectrum core) for all the sources which were too small to be classified as double
or triple, with our 0.5 arcsec resolution. No linear size is specified for sources
having a measured upper limit to their angular size.
The curvature is defined here as the angle subtended by the directions of the
(peaks in the) radio lobes, at the radio core or, in its absence, the optical object
and is therefore only specified for Dl (double, no detectable core radio emission)
or T (triple) sources. The convention is such that curv = 0 for a source in which
core and lobes are colinear.
The asymmetry is defined as the modulus of (E1-E2)/(E1+E2), where El and E2
are the projected extensions from the optical object to the peaks in the radio
lobes. Although the asymmetry parameter would equal 1 per definition for a D2
source, it is again only listed for Dl and T quasars. As can be seen from Table 1
the quasars in our high redshift sample have redshifts ranging from 1.502 (2209+152)
to 2.910 (0941+261), luminosities from 1.3*1026 (1557-199) to 1.0*1028 (2338+042)
WHz , and linear sizes from less than 15 (steep spectrum cores, hereafter) to 300
(2025+117) kpc. Both curvature exceeding 10° and asymmetry exceeding 0.2 are
frequently present.
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1857+566
2025+117
2146-133
2150+053
2156+297
2158+101
2209+152
2222+051
2248+192
2249+185
2332+489
2338+042
2345+061
2353+154
2354+144

4056.28

MC2
PKS
4C05.81
4C29.64
4C10.67

MC3
4C05.84

4C19-74
3C454.Q
0Z453.7
4C04.81
4C06.76

MC3
4C14.85

1.595
1,920
1.800
1.979
1.753
1.730
1.502
2.323
1.806
1.757
1.809
2.594

1.546
1.801
1,810

230
40
490
310
440

1.1
0.9
0.9
1.1

0.8
200 0.8
70 0.8
240 0.9
250 1.1
800 0.8
130 1.3
450 1.0
330 0.7
500 0.8
390 1.0

27.3
26.6
27.7
27.6
27.5
27.2
26.6
27.6
27.5
27.8
27.3
28.0
27.3
27-6
27.6

T 30 170 15
T 55 303 0
T
4 19 15
T 17 93 0
SSC
1
SSC
1
6
T 15 85 10
T
4 18 25
T
7 36 10
SSC
1
6
0
D1 38 211
T 3 15 35
SSC
1
6
0
SSC
T 11 61 5

0.0
0.1
0.2
0.1
0.0

0.3
0.0
0,0
0.2

1
0.0

Re f e
1. Chapter I11.2
2. Renttey et al (1976)
1. lihis° Cl'i'S)
4. H i n t e n ut al (1983)
5. Jenkins et al (1477)
tl. Krotlbtirg & Steunt ()lJ77)
7. Lain B (1981a)
K. Laing (1981b)
9. l.onsdrtle & Morisun (1983)
lü. Macdonald & Miley (1971)
11. Miley S Hartsuijker (1978)
12. Owen et a l (1978)
13. Perley e t al (I98U)
14. Pooley & HenbeEt (1974)
15. Potasch S Wardle (1979)
16. Potasch S Uardlu (1980)
17. Hiley S Pooley (1975)
18. stucke et al (1982)
19. Swarup et al (1982)
-"... Ulvestad et al (1981)
21. Van Breugel et al (1984)
2?. Wardlo & Hiley (1974)
23. Wilkinson et al (19B4)
24. Will» (1979)

1
1
1
1
15
1
1
1
1
1
1
1

Table 1
The high redshift sample; see text.

1
1
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III. DEFINITION OF LOWER BEDSHIFT COMPARISON SAMPLE.
To compare the results described in the previous Section we have constructed a
similar sample of lower redshift sources, using existing data in the literature. In
constructing this sample we used the following five criteria:
1) z < 1.5;
2) al5 > 0.7 for z < 0,7 , and ai°^ > 0.7 for

0.7 < z < 1.5 ;

3) maps and/or detailed structural information at few arcsecond
resolution (2.7, 5 or 15 GHz) available;
4) (when mapped with EW interferometers:) 6(1950) > 25°, unLess number
of beams across source exceeds five - to ensure a not too elongated
beam;
5) P 5 > 1 0 2 6 ' 0 WHz" 1 . This constraint includes only sources of
Fanaroff & Riley class II, i.e., edge-brightened double or triple
sources.
As there appear to be very few powerful quasars with z < 0.7, we have added
several powerful radio galaxies (z < 0.7) from the 3CRR sample (Laing et al 1983).
Justification of this addition will be given at the end of the section. This sample
selection resulted in a lower redshift sample of 77 sources, ranging in redshift
from 0.174 (radio galaxv 0917+458) to 1.459 (0127+233), in P 5 from 1.0*10 26 (radio
no

galaxy 1658+471) to 1.2*10

•)

(1328+307) WHz

some ten (SSCs) to 750 (0132+376) kpc.

, and in linear size from less than

The low redshift sample is listed in Table

2, using the same column headings as in Table 1.
A quick inspection of the lower redshift data suggests that curvature and
asymmetry may be less prominent than in the high redshift sample. We will quantify
this suggestion in the following section. We justify the addition of powerful radio
galaxies to our low redshift sample by pointing out that the rad.i.o galaxies have
similar edge-brightened morphologies as the quasars. Moreover, Fig. 1 shows that
they have similar linear si?e, curvature and asymmetry distributions. Although these
objects differ significantly

in core radio properties and optical properties,

markedly different overall radio morphological properties are not present.
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Fig. 1 a3 ba c Linear size (kpa)3 curvature and asymmetry (see
text for definitions) distributions for low redshift (z < 0.7)
quasars (otypel=l) and radio galaxies (otypel=2).

115

NAME

ALTN

Z

0038+328 3C19
0.482
0.350
0040+517 3C20
0.395
0125+287 3C42
1.459
0127+233 3C43
0132+376 3C46
0.437
0.425
0133+207 3C47
0.367
0134+329 3C48
0.240
0154+286 3C55
0210+860 3C61.1I 0.184
0221+276 3C67
0.310
0229+341 3C68.1I 1,238
0.614
0349-146 3C95
0.962
0350-073 3C94
0.408
0429+415 3C119
0.218
0432+295 3C123
0.278
0459+252 3C133
0.760
0518+165 3C138
0538+498 3C147
0.545
0605+480 3C153
0.277
0651+542 3C17T
0.238
0702+749 3C173 .1 0.292
0704+384 4C38.;20 0.579
0.768
0710+118 3C175
0736-019 3C185
1.033
0740+380 3C186
1.063
0809+483 3C196
0.871
0.458
0824+294 3C200
0827+378 4C37.:24 0.914
0833+654 3C204
1.112
0.411
0903+169 3C215
0.174
0917+458 3C219
0922+149 4C14. 31 0.896
0927+362 3C220 .2 1.157
0937+391 4C39. 27 0.618
0958+290 3C234
0.185
1030+585 3C244 .1 0.428
1100+772 3C249 .1 0.311
1111+408 3C254
0.734
0.614
1132+303 3C261
1137+660 3C263
0.652
1156+631 4C63. 15 0.594
1203+645 3C268 .3 0.371
1206+439 3C268 .4 1.400
1210+133 4C13- 46 1.137
1213+538 4C53.24 1.065
1215+643 4C64. 15 1.288
1241+166 3C275 .1 0.557
1250+568 3C277 .1 0.321
1328+254 3C287
1.055
1328+307 3C286
0.849
0.246
1336+391 3C288
1340+606 3C288 .1 0.961
1409+524 3C295
0.461
1.436
1416+067 3C298
1419+419 3C299
0.367
1422+202 4C20.33 0.871
1447+771 3C305 .1 0.456

S5 SPEC LLUM5 MORPH LAS LIN C3URV EXASYM REP

27.ü
26. 6
830 0.8 26. 5
1080 0.8 27.8
1720 0.9
1250 1.2

D1
D1
D1
SSC
T

5

10 47 0
53 212 10
0

0.0
0.0
0.0

9
5

0.2
0.1

5
11
21

5

0.2

5
7

4

0.1
0.0
0.2

28 119
0
400 0.9 26. 2
168 751
1100 1.0 26. 7
T 70 309
5350 1.0 27.2
SSC
1 4
880 1.2 26. 1
D1 72 229
1900 0.9 26. 1
D1 190 504
900 1.0 26. 3 SSC
3 11
830 1.2 27. 6
D1
58 333
600 0.9 26. 7
T 114 583
790 1.3 27. 4
D1
42 237
3420 0,7 27. i
0
SSC
16000 1.0 27. 2
T 55 164
2200 0.7 26. 6
12 42
T
4100 0.8 27. 7
1
SSC
5
8100 1.,0 27. 8
SSC
1 5
1350 1.,1 26.,4
D1
9 30
1200 1.,0 26.,2
T 10 30
760 0,.9 26..2
D1
60 216
275 0..9 26,,3
T 22 110
630 1,.0 27.,0
T 50 272
D2
370 0,.9 27..0
8 46
2
380 1,.3 27..2 SSC
9
4300 1,.1 28..0
D1
6 31
660 0,.9 26..5
T
17 78
2 11
960 0 .7 27,.3 SSC
300 0 .9 27,.0
T 36 206
450 1,.1 26,.3
T 45 195
2250 1.0 26,.2
T 180 458
T 40 224
175 0 .9 26 .6
600 0 .8 27 .3
T
9 49
215 0 • 9 26 .3
T 50 256
1530 1.0 26 .1
T 110 293
1100 1.1 26 .7
D1
53 235
750 0 .8 26 .2
T 23 86
770 1.2 27 .1
D2
13 70
370 0 .9 26 .5
D2
8 41
1000 1.3 27 .1
T 45 234
260 0 .9 26 .3
D1
58 293
1100 1.1 26 .6
2
SSC
6
600 1.1 27 .6
11 63
T
0
760 0 .7 27 .3 SSC
920 1.2 27
D1
33 188
10 57
300 0 .7 27 !i
D1
1070 0 .7 26 .9
T
17 84
1000 1.1 26 .4
2
SSC
6
3250 0 .8 27 .9
0
SSC
0
7450 0 .7 28 .1 SSC
1000 1.3 26 .2
T
18 58
400 1.3 27 .1
D1
6 34
6500 1.3 27 .6
D1
5 21
1450 0 .7 27 .8
0
SSC
2
900 1.1 26 .5 SSC
8
600 0 .7 27 .0
T
11 61
2
460 1.4 26 .4 SSC
9

5
5
20

21
2
0

24
10

0.1
0.0

7

11
11
21
6
5

21
21

0
10

3
1

6
10

3
0

17

7

11
0
0

8
10

24

0.3
0.1
0.,1
0,,1
0.,1

5
11

0..1
0..2

15
9
5

0,.1
0,.0
0,.0
0,.2
0,.0
0 .2
0 .2
0 .0
0 .2

9
7
5
4

10
11

4
13
11

5
11

17
5
11

7
0

8

0 .3
0 .2

15
11
12

21
18
2

5
25

0 .1
0 .2
0 .1
0 .2

9
20
12
12

18
21
21
21

10

7
5
20

0 .1
0 .1
0 .0

14
14
7

0 .1

20
21
15

8

116
1458+718
1502+602
1542+210
1606+180
1609+660
1622+238
1626+278
1627+444
1634+268
1634+269
1658+471
1704+608
1828+487
1939+605
2044-027
2135-147
2141+279
2153+377
2252+129
2349+327

0.905
1.022
0.264
0.346
0.549
0.927
0.448
0.630
0.988
0.561
0.205
0.371
0.692
0.201
0.942
0.200
PKS
3C436
0.215
3C438
0.290
3C455
0.543
4C32.69 0.659

3C309-1
3C311
3C323.1
4C18.47
3C33O
3C336
3C341
3C337
3C343
3C342
3C349
3C351
3C38O
3C4O1
3C422

0.8
470 1.0

3750

920 1.1

1500
2300

0.7

1.2
800 1.2
530 1.0
900 1.0

1.3
320 0.9
1150 0.8
1480

1200
6500
1350
1000
1400
1000
1530

27.9
27.1
26.2
26.6
27.3
27.3
26.4
27.0
27.7
26.4
26.0
26.6
27.8
26.1

1.0
0.7
1.0
0.9 27.4
0.7 26.1
1.2 26.0
1.2 26.5

900 1.3 26.9
220 0.8 26.3

SSC

SSC
T
T
D1
D1
D1
D1
SSC
T
T
T
SSC

T
SSC
T
T
D1
SSC
T

2
0

11

21
22

68 230
15 60
56 275
22 124
70 317

4
4
0

0.2
0.0
0.0

3

0.3

3

0.1

2

0.3

39 193 8
82 235 5
58 239 5
7 37
19 54 11
1 6
150 422 4
104 308 0
19 68 0
3 15
62 324 13

0.1
0.0
0.1

43 222
0

0.2
0.1
0.1
0.1
0.1

14

4

5
14
5
5
21
11

14
11
23
5

4

11
17
5
15
16

Table 2
The lower redshift comparison sample; see text.
IV DEPENDENCE OF THE SOURCE PROPERTIES

Comparing the linear sizes in Tables 1 and 2 the deficit of large sources at
high redshift is apparent, as previously found. Furthermore, in the previous section
we already noted the apparent abundance of curved and asymmetric morphologies in the
high redshift sample. In this section we will consider the origin of these differing
properties in detail. As stated in the Introduction, the main problem here is to
separate

the effects

of luminosity

and redshift,

since

these

variables are

correlated in flux density limited samples. The important difference with earlier
work is that we can now attempt to make this separation, and ask whether the above
mentioned trends are luminosity rather than redshift dependent.

IV.I Redshift dependence ?

To investigate the redshift dependence we first have to minimize possible luminosity
effects. Therefore, in Fig. 2 we show the luminosity distributions for our samples
at high and lower redshift. It is clear that the low luminosity range (10
10

-

) is not well covered by the high redshift sample, and we have therefore
\cluded the sources with P 5 < ,26.6 in further analysis.

1 17

16.BBX
" 377TO
ILU»5

'

TTF,

MIDPOINT

Fig. 2 Luminosity distï'ibutior.s for high pedshift (stype=2) and
lowev pedshift (ztype=l) sample.

Having constrained our data in this manner, we shew in Fig. 3 the distributions 111
linear size, curvature and asymmetry for the high and lower redsliift sources.

As expected fran earlier work (Wardle & Miley 1974, Hooley et al 1978, Hintzen et al
1983) the low redahift sample exhibits a somewhat more pronounced tail in its linear
size distribution than does the high redshift sample (Fig. 3a): among high redshift
quasars not many largo sources are found. It is interesting to note that the deficit
of large sources at high redshift is not ven' pronounced, compared to the above
mentioned previous studies: for example, the quasars 2332+489, 1214+108, 1554-203,
2025+117 and 1806+289 have angular sizes of 38, 28, 23, 55 and 30 arcsec resp., at
redshifts between l.K and 2.0. An inverse correlation w: ":h intrinsic luminosity, as
suggested

for low redshift quasars by Rttuaiard & Neal (1977), may he partially

responsible for this effect. Beyond z = 2, however, no large sources are seen.
As is clear from Figs. 3b and 3c, particularly the curvature and asvmmetry
distributions are different for the high and low redshift quasi'.rs. In both curvature
and asymmetry the high redshift quasars can attain much higher values than their low
redshift

counterparts.

Applying

a

Kolmogorov-Smirnov

test

we

can

reject

the

hypothesis that, the high and low redshift curvature distribution are the same at a
significance of yy %. For the asymmetry this significance1 is 85 %. The intriguing
fact that the properties curvature and asymmetry are more prominent at high redshift
was previously unknown.
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Fig. 3 at b3 e Linear sizes curvature and asymmetry distributions
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IV. 2 Luminosity dependence ?
Similarly as above, in order to minimize possible redshift effects we show in Fig. 4
the redshift distributions for two luminosity classes. The division in luminosity
97 ^
1
has been arbitrarily put at P 5 = 10

* WHz . Figure 4 indicates that the very high

redshift (z > 2.15) as well as the very low redshift (z < 0.55) sources have to be
excluded, since they are not equally well represented in both luminosity samples.

ïa.aaz

/

ID,53-/.

/

H.SMZ

/r—r. ai.sez

/

n.stz

/

7.osz

Fig. 4 Redshift distributions for high luminosity (ltype=2) and
lower luminosity (ltype=l) sources.

Having constrained our data in this manner, we show in Fig. 5 the distributions in
linear size, curvature and asymmetry for the high and low luminosity sources.

Comparison of Figs. 3a and 5a indicates, that once more it has not been
possible to completely separate the effects of luminosity and redshift. Since we
wished to minimise possible redshift effects, we have cut off the sources having z >
2.15 where the deficit of large sources becomes apparent, and the sources having z <
0.55 where large morphologies appear more frequently. Weakening these redshift
constraints indicates some linear size evolution, but as already noted above, our
new data are not inconsistent

with

an inverse correlation between

intrinsic

luminosity and linear size. The conclusion that redshift may be less important than
luminosity in predicting a radio source morphology was also reached by Neff (1982)
and Neff & Brown (1984), studying luminosity matched quasar samples at high and
medium redshift. Apart from beeing luminosity matched, our quasars are, furthermore,
radio spectrum matched, and we have to conclude that still more data on low
luminosity high redshift quasars are needed in order to investigate the extent of a
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Fig. 5 a, b3 e Lxr.eav size, euvvature ar.d asymmetvy distributions
for lower (lbype=l) and high luminosity (ltype=2) quasars.
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luminosity - linear size correlation.
The evidence for linear size evolution is marginal.
However, the crucial point that the high curvature and the high asymmetry at
high redshift are not correlated with luminosity is clearly seen: the distributions
are not markedly different for the high and lower luminosity sources.
We now draw attention to two other properties of the high redshift quasars that
are not present among their low redshift counterparts. Comparison of the Tables 1
and 2 shows an excess of D2 sources at high redshift. It is however not immediately
clear if this is caused by a real physical difference between high and low redshift
sources. We note that various triple sources at low redshift (e.g., 0229+341,
1308+277, 1609+660, 1658+471) would appear as D2 sources when placed at high
redshift, due to dynamic range limitations in the VIA snapshot observations and
surface brightness sensitivity limitations of the small VLA beam. Furthermore,
spectral differences in the two lobes of a triple source could be responsible for
this effect. We intend to study the effect in detail in forthcoming work. Apart from
their excess, however, these high redshift D2 quasars furthermore show evidence for
bending and/or distortion, in several cases. We refer to Chapter III.2. This
property is not parametrisized in D2 sources. Furthermore, distortion which is not
reflected in the curvature or asymmetry parameter, is also seen in several high
redshift Dl or T sources.
As a final argument in favour of the proposed epoch dependent physical
properties of these powerful radio sources, we mention the fact that all the high
redshift sources in this study have intrinsic luminosities at 5 GHz (emitted
frequency), P 5 , in excess of 10
WHz~ , which for these steep spectrun sources
27
—1
implies P-j^g £ 10 WHz . A priori we would therefore expect only edge brightened
double morphologies, since this lower limit for the luminosity is an order of
magnitude higher than that empirically derived by Fanaroff & Riley (1974), for lower
redshift edge-brightened double sources. Inspection of the morphologies (Chapter
III.2) shows that this is definitely not the case.
In summary, we have shown that curvature and asymmetry in quasars radio
morphologies are most likely epoch dependent.
IV. DISCUSSION
In the previous Sections we have attempted to demonstrate that quasar radio
morphologies have epoch dependent physical properties. We shall now discuss some
explanations for the physical origin of this epoch dependence.
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We first consider the angular size behaviour for our complete sample of steep
spectrum quasi-stellar radio sources ( a 5 > 0.7 in the source rest frame). The
measured angular sizes are shown in Fig. 6, together with the behaviour of a
standard rod of 500 kpc in various cosmological models.

0.0
Fig. 6 angular size - redshift plot for complete sample of steep
spectrum quasars, together with behaviour of 500 kpc standard rod;
A: euclidean universe; B: q = 0.05; C: q = 0.5 (HQ = 75).
It should be stressed that the appearance of a decreasing upper envelope in the
angular size - redshift plot is in agreement with a cosmological origin for the
quasar redshifts. As shown in Figure 4 and discussed in the previous section, the
redshift range between 0.55 and 2.15 is roughly equally well covered with sources
no e
0

0

po f\
o#u

i

having intrinsic luminosities between I O ^ ' and icr
WHz . The actual luminosity
distributions for sources with lower and high redshift in the above redshift
interval are not significantly different, indicating that that redshift interval is
free of luminosity effects. Inspection of Figure 6 with restriction to redshifts
between 0.55 and 2.15 shows that better agreement with the observed linear size
distribution can be forced, by invoking a low value for the deceleration parameter
q o , since this will increase the linear sizes at high redshift. Support for a ^
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value below 0.5 has recently been given by Davis & Huchra (1982), and previously by
Gott et al (1974). Furthermore, Roeder (1977) has proposed that dumpiness in the
mass distribution in the universe will reduce the effective value of CIQ.
The possible deficit of large linear sizes at redshifts exceeding 2.0 can also
be attributed to a denser than locally intergalactic or intracluster medium. On the
o

simplest assumptions, the average density will vary as (1+z) , but the dependence of
density on redshift may be more severe for z > 2, since at early epoch host galaxies
may well have denser, clumpier and larger associated media. The ram pressure of such
media on plasma clouds or beams, ejected from the quasar cores will be higher and
the radio structures may consequently be smaller than locally.
We next consider how the observed curvature might depend on redshift. There are
two obvious possibilities: source intrinsic and source extrinsic. It is possible
that, since these quasars are close to the redshift cut-off, the axes of the nuclear
jets are less stable. If galactic activity is triggered by interaction or merging
with companion galaxies, for which there is some evidence (Stocke 1979, Dressier
1980, Hutchings & Campbell 1983 - see Ballck & Heckmann 1982 for a review) repeated
activity in a time of rich cluster formation could lead to the observed
morphologies. Also, the observed high degree of curvature may reflect a dense and
turbulent interstellar or intracluster medium at high redshift, capable of
deflecting the energy flows from the quasar nucleus. Evidence for the former has
been put forward in Chapters II.3 and III.4, by Wilkinson et al (1984a, 1984b) and
for the latter by Hintzen et al (1983), for high and medium redshift quasars.
Evidence for jet ram pressure bending by rotating galactic gas in nearby active
galaxies has been put forward recently by Heekman et al (1982), Wilson (1983) and
Van Breugel et al (1984a, 1984b). The last authors estimate galactic ram pressure
_9
_9
values of about 10 * dvne cm " in the low redshift radio galaxies 3C293 and Coma A,
whereas in case of high redshift quasars we (Chapters II.3 and III.4) calculate
galactic ram pressures of about 10—7 dyne cm 2 , in order to explain the observed
radio jet bending. The ram pressure values needed to explain the curved morphologies'
reported in the present study are of order 10 - 10
dyne cm , since powerful
jets are involved. Such values indicate high galactic densities and/or high
(turbulent) LCM velocities. Furthermore, the observed bending can also be explained
by buoyancy of the energy flows in the triaxial potentials of large masses of hot
gas, which one might expect in hign-redshift galaxies (Allan 1984). Concerning the
possibility of intra cluster medium bending we repeat that the average ICM density
at high, redshift will be about two orders of magnitude higher, but also more clanpy
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than locally. Giant, dense ICM clouds may be able to deflect the powerful radio jets
- see e.g. Chapter II.5.
We next briefly consider possible physical mechanisms capable of producing the
observed asymmetric extensions, which were found to be more prominent at high
redshift. Both source intrinsic and extrinsic origins for this asymmetry can be
postulated. As stated above, the machines in the quasar cores may not have
established themselves, but also the medium in or around the objects may not be
uniform. Mechanisms similar to those invoked for the observed curvature may apply,
Finally, we should not exclude the possibility of gravitational lans
distortion. A priori one would expect a relatively high surface density of objects
capable of producing significant gravitational lens distortion for high redshift
radio sources (Blandford & Jaroszynski 1980). This explanation for the observed
curvature distribution seems attractive, and clearly needs further investigation.
To summarize, a variety of mechanisms may be responsible for the epoch
dependence of the quasar radio morphologies, as reported here. Since a dense and non
uniform interstellar and/or intergalactic medium at high redshift is consistent with
the epoch dependence of curvature, as well as asymmetry, it is tempting to attribute
at least some part of the observed effects to epoch dependent medium properties.
The distant radio sources under consideration are inevitably luminous, and
hence powerful jets are involved. We therefore expect that interaction between such
jets and the surrounding medium will also have rather dramatic consequences for the
latter, since the momentum exchange will be considerable. Spectroscopy and imaging,
to investigate the proposed interaction will be most useful in this respect.
OCNOUSIONS

We have shown that the radio morphology in quasars is very likely to be epoch
dependent. An increase in curvature and asymmetry in the radio morphologies is found
beyond z = 1.5. The medium is thought to play an important role.
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CHAPTHl I I I . 4
HIGH RESOUOTION CBSERVATICNS OF SMAIi DISTANT QUASARS*
ABSTRACT

We present radio maps at three frequencies of six high-redshift quasars,
obtained with MERLIN and the VLA at sub-arcsecond resolution, These distant radio
sources do not fit into the current definition of the unified scheme for the radio
properties of quasars, and our observations suggest a strong interaction between the
radio emitting plasma and the galactic environment.
I. INTRODUCTION
The radio structures of quasars at redshift z > 1.5 have angular sizes less
than about 20 arcsec (e.g. Hooley, Longair and Riley 1978, Chapter III.3). Adopting
H o = 75 km sec"1- Mpc in an Einstein - De Sitter universe this converts to linear
dimensions < 100 kpc. The resolution achievable with large synthesis telescopes
before 1980 was a few arcseconds, and this linear resolution of 10-25 kpc is not
comparable to that obtainable on low-redshift sources, say z < 0.5. Consequently
comparison of high-z and low-z steep-spectrum radio sources was not possible. Steepspectrun radio sources at high redshift are identified with quasars and to obtain
detailed structural information on these highly luminous sources, thought to be
associated with eaily epoch active galactic nuclei, would be very useful.
Instruments capable of doing this are the NRAO Very Large Array (VLA), the
Jodrell Bank Multi Element Radio Linked Interferometer Network (MERLIN) and the
European VLBI Network (EVN). From a study with the VLA at 5 GHz (Chapter III.2) with
a resolution of 0.5 arcseconds, it became clear that a considerable fraction of
luminous steep-spectrum quasars at high redshift cannot be classified simplv as
extended edge-brightened triple sources (Fanaroff-Riley class II); many powerful
steep-spectrum radio quasars with overall angular sizes of a few arcseconds having
unusual morphologies were detected.
We have started a combined MERLIN/VLA/EVN program to studv the subarcseoond
(kpc) morphology in these high-z quasars in more detail. Results on two interesting
preliminary version of a paper coauthored by C.J. Lonsdale

128
sources in this class have been described already: 4C04.81 (Chapter II.3) and the
"normal" Fanaroff & Riley class II source 3C205 (Chapter II.4). A forthcoming paper
(Lonsdale and Barthel 1984) will discuss the extremely distorted radio structure in
4C29.50 (z = 1.927), as revealed by our multifrequency observations with the VLA,
MERLIN and EVN. Hie present paper reports on similar observations of a further six
high-redshift quasars, having steep radio spectra: 4C29.01 (0051+291) at z = 1.828,
4009.17 (0445+097) at z = 2.110, 4C13.39 (0843+136) at z = 1.875, 4C12.59 (1629+120)
at z = 1.782, 4C05.84 (2222+051) at z = 2.323, and 4004.81 (2338+042) at z = 2.594.
We obtained VLA maps at 15 GHz (0.2 arcsec) as well as MERLIN maps at 1.6 GHz (0,25
arcsec) and 5 GHz (0.1 arcsec), which show the peculiar radio morphologies in these
small distant radio sources in considerable detail.
In Section II we will describe the source selection and the various
observations. The results obtained for the six quasars are presented in Section III.
The discussion in Section IV is divided in two parts. Section IV. 1 discusses the
properties of the six high-redshift sources in the context of the unified scheme, as
proposed recently by Orr & Browne (1982), whilst Section IV.2 will be concerned with
some astrophysical implications of our observations.
II. SOURCE SELECTION AND OBSERVATIONS
The quasars discussed here are listed in Table 1, together with some relevant
parameters.
Table
a. ,

optical position (1950)

0051+291

4C29.0I

1.828

0.6(a^ Q8 )

00:51:02.11

29:08:51.2

- QA

0445+097

4C09.17

2.110

0.8

04:45:37.12

09:45:37.2

- o'.6b

0843+136

4C13.39

1.875

0.8

08:43:01.35

13:39:57.4

-0.4

1629+120

4C12.59

1.782

0.7

16:29:24.51

12:02:24.4

-0.3

2222+051

4C05.84

2.323

0.9

22:22:43.50

05:11:53.4

-0.4

2333+042

4C04.81

2.594

1.0

23:38:24.66

04:14:37.2

-0.3

measured on POSS blue plates
QSO appears diffuse and faint (m =19.55)

For adequate identification of a radio component in our high resolution radio maps
with the optical quasar nucleus, optical positions to an accuracy of at leat 0.5
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arcsec are required. However for none of the quasars were the optical positions in
the literature of sufficient accuracy. We have therefore remeasured theoe positions
using

the Palomar Observatory

Sky Survey

blue plates, and the more

accurate

positions are listed in Table 1.
The sources were selected from the large sample of all steep spectrun quasars
beyond redshift 1.5 mapped with the VLA at 5 GHz (Chapter 111.2), Many of the
quasars in that sample showed one-sided and/or distorted radio structures; the
sources discussed here are sufficiently bright to be mapped at higher resolution
using MERLIN at 1.67 and 5 GHz, and the VLA at- 15 GHz.
Parameters of the various observations are listed in Table 2. VLA snapshots of
duration ~10 at 5 GHz and ~25 at 15 GHz were
observed in full tracks of between

made, whereas

the sources were

~10 and ~15 with MERLIN.

Table 2

After

telescope

frequency

date

VLA, A c o n f i g u r a t i o n

5 GHz

Febr.

VLA, A c o n f i g u r a t i o n

15 GHz

August 1983

HERUN, 6 t e l e s c o p e s

1667 Hlte

autumn 1982

MERLIN, 4 or 5 t e l e s c o p e s

5 GHZ

February 1982 (2338+042)
October 1983

standard

1982

calibration, the maps were produced

using various mapping

programs. For the VLA 5 GHz data we used the Charlottesville VLA reduction package,
running at the Leiden IBM/Amdahl computer. In order to improve the dynamic range in
these snapshot observations, two passes through the self calibration procedure were
neccesary. The VLA 15 GHz mapping was performed using the AIPS system running at
NRAO, Charlottesville. Again several passes through the self calibration procedure
were made. The MERLIN maps were produced

at Jodrell Bank, using the iterative

procedure developed by Cornwell & Wilkinson (1981). For some of the sources the
long, less sensitive MERLIN baselines to Defford contributed too much phase noise
and in these cases we produced maps deleting Defford from the data set, thereby
lowering the resolution somewhat.,
Polarization data were obtained in the 15 GHz VLA session.

Except for 2338+042 (4004.81) which was previously discussed hv us (Chapter
II.3),

the maps

obtained

provide

some

of

the first

detailed

morphological

information on these small distant radio sources. See also Fanti et (1984).
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III. RESULTS
Most of the maps obtained are shown below, in the Figures 1-6, We discuss each
source separately, in some detail.
0051+291 A previous observation of this quasar has been reported by Potash & Wardle
(1979), who measured a 2.7 arcsec double structure, in p.a. 54°. Fig. 1 shows the
VLA 5 GHz map, reproduced from Chapter 111.2,
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- 29:06:50
00:51:02

Fig. 1 0051+291 at 5 GHz;
restoring beam is 0.4 arasea;
oontour levels are 1, 2, 3, 5,
10, 18, 20, 35, 50, 65, 80, 95
% of peak brightness, which is
135 mJy/beam.

The quasar displays a one-sided D2-morphology (Miley 1971) with a curved jet linking
the core and the outer component. This outer component is embedded in low surface
brightness emission, making the overall angular size slightly larger than reported
by Potash & Wardle: ~ 4 arcsec.
Adopting Ho = 75 km s Mpe and q,-, = 0.5 (these values will be used throughout)
the overall source linear size is about 20 kpc. The VLA 15 GHz map, which is not
shown here enables us to determine the component spectra: a c = 0.0 + 0.1 and 1.2 +
0.2 for core and outer component respectively. The jet is not visible at 15 GHz,
indicating resolution as well as spectral effects. We use the convention S <* v"a
throughout.
0445+097 The accuracy in the position of the optical quasar is not as high as for
the other quasars, since the optical identification is faint (nv = 19.5) and appears
somewhat diffuse on the PSS blue plate.
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- 09:45:35

Fig. 2a 0445+097 at 5 GHz;
restoring beam is 0.4 arosec;
oontour levels are 1.0, 1.5,
2.0, 2.5, 5, 10, 20, 35, SO,
65, 80, 95
% of peak
brightness, which is 159
mJy/beam.

04:45:37
The VLA 5 GHz map of this quasar at 0.4 arcsec resolution, reproduced from Chapter
111.2 is shown in Fig. 2a and reveals a double structure, embedded in lower
brightness emission, extending over ~ 2.8 arcsec . It is not clear which radio
component should be identified with the optical quasar. The MERLIN 5 GHz map, with a
resolution of O."12 is represented in Fig. 2b.

Fig. 2b
0445+09? at 5 GHz;
restoring beam is 0.12 arcsec;
contour levels are 3, 6, 12, 24, 48,
96 % of peak brightness, which is
149 mJy/beam; as MERLIN lacks
absolute phase information, relative
coordinates are specified.

This map shows the various features in some more detail: the two main hotspots are
linked by weak jetlike emission, and the existence of emission towards the east from
the eastern one, suggested by the VLA data is confirmed. The western hotspot is
unresolved. A consequence of this is that its minimum internal energy density is
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high: u ^ ~ 10~ erg cm" . The VLA 15 GHz map, at 200:1 dynamic range and 0."15
resolution is reproduced in Fig. 2c.

09 as 3B.a

-

37.00
t.iii «ticrusioii

1E.9S

Fig. 2c 0445+097 at IS GHz; restoring beam is 0.15 x 0.14
araseo, in p.a. 63°; contour levels are 0.5, 1, 2, 4, 8, 16,
32, 64 % of peak brightness, which is 297 mJy/beam;
polarization E vectors: 1 arcseo =49.5 mJy/beam.
This map displays some interesting characteristics for the radio source. First, the
peak flux density in the eastern hotspot is found to be 297 mJy/beam, which,
combined with the 5 GHz peak flux density of 150 mJy/beam from the MERLIN
observations (similar resolution) results in an inverted radio spectrun for this
component: a 5 = - 0.6 ± 0.2. The turnover frequency in the rest frame of the quasar
is certainly not less than ~ 45 GHz. The western hotspot has a flat spectrum:
« 5 = 0.0 ± 0.2, and the jet has a steep spectrum cc*5 = 0.8 + 0.2. Second, both
the east and the west hotspot appear to be polarized (P/I -1.5 and 3.5 per cent
respectively), with the magnetic field parallel to the jet in the east and
transverse to the jet in the west hotspot (assuming negligible Faraday rotation at
46 GHz emitted frequency).
If we adopt the picture that the eastern hotspot does coincide with the quasar
core this would indicate that the radio spectrum of the core is certainly more
inverted than calculated above, since the (polarized) jet emission contributes
significantly to this core emission. However, this picture is not supported by our
optical position measurement, as mentioned above. Relying on the optical position
measurement and identifying the eastern hotspot with an inefficiency in a radio jet,
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this would

imply

no detectable quasar core emission. In summary, the picture

presented by the radio morphology of this quasar is not clear,
0843+136

A previous observation of the radio source 4C13.39 was reported by Jenkins

et al (1977), who were not able to resolve the source with the Cambridge 5 km
telescope. The 5 GHz map from Chapter 111.2 shows that this quasar has a one sided
structure, with

a

component

separation of

1.8

arcsec

and

the east

component

coinciding with the optical identification within the positional errors. The hotspot
in this steep-spectrum quasar is very compact; its angular size is less than about
20 milliarcsec (see Chapter II.2). The compact character of the hotspot is clearly
seen in Fig. 3a, where the MERLIN 5 GHz map (resolution 0.1 arcsec) is reproduced.

Fig. 3a
0843+136 at 5 GHz;
restoring beam is
0.1 arcsec;
contour levels ave 103 20^ 30, 40,
SO, 60, 70, 80, 90 % of peak
brightness, which is 68 mJy/beam;
tick interval is 0.5 arcsec.

Fig. 3b shows the MERLIN 1.67 GHz map, at a resolution of 0.25 arcsec. The compact
hotspot is embedded in a lower surface brightness region (~ 5 mJy/beam). We also
obtained a VLA

15 GHz map, which is not shown here since it provided little

additional morphological information. The hotspot was found to be significantly
polarized at 15

GHz: P/I = 7 + 2 %, with

the magnetic field in p.a.

95° + 5°.

From the peak flux densities measured by MERLIN at 5 GHz and the VLA at 15 GHz
(similar resolution) we derive that both the core and the hotspot are transparent:
15
<x5 = 1.0 ± 0.1 and 0.9 + 0.1 respectively.

1629+120
of

three

From the VLA 5 GHz map, which is not reproduced here, this quasar consists
almost

equally

bright

components, well

aligned

in

p.a.

100°. The

•westernmost component is identified with the optical quasar (see Table 1). The
MERLIN 5 GHz map had significantly more resolution; the resulting map, restored with
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1.5

2.0

i.5

1.0

0.5

0.0

-0.5

Fig. Sb 0843+136 at 1.67 GHz; restoring beam is 0.25
aroseo; aontour levels are 2, 4, 6, 8, 10, 12, 15, 20, 25,
30, 35, 40, 50, 60, 70, 80 % of peak brightness, which is
204 mJy/beam; tick interval is 0.5 arasea.

Fig. 4a 1629+120 at 5 GHz; restoring beam is 0.1 arosec;
aontour levels are 1.5, 3, 6, 12, 24, 48, 96 % of peak
brightness, which is 210 mJy/beam.
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a 0.1 arcsec beam is reproduced in Fig. 4a. At this high resolution the core
component is found to be extended, in p.a. 155°. Going eastwards, the first hotspot
appears to be slightly extended, in p.a. -100°. Both extensions are clearly seen by
slightly superresolving the map. There is extended emission between the two
hotspots. In the VLA 15 GHz map (restoring beam 0.14 ) , which is reproduced in Fig.
4b, this extended emission is more clearly seen; in fact, the two hotspots appear to
be linked by a non-colinear bridge of low surface brightness emission.
O
12 02 25.B

' c

O

o

-

o
o

Fig. 4b 1629+120 at 15 GHz; restoring beam is 0.1? x 0.14
arosea in p.a. -65°; contour levels ave 1, 2, 4, 8, 16, 32,
64 % of peak brightness, which is 99 mJy/beam; polarization
E vectors: 1 aroseo =44.9 mJy/beam.
Convolving the MERLIN 5 GHz map with an 0.15 arcsec beam and combining these data
with the VLA 15 GHz map we obtain the following spectral indices for the three main
components: a 5 = 0.6 + 0.1, 1.0 + 0.1 and 0.5 + 0.1, going from west to east.
2222+051 Wills (1979) reported structure on the arcsecond scale in the radio source
4C05.84, associated with this distant quasar. The VLA 5 GHz map, which is reproduced
in Fig. 5a shows a peculiar radio morphology for this quasar. At a resolution of 0.4.
arcsec the morphology consists of three components making up a 3 arcsec structure
which is bent through approximately 25°. Also, low surface brightness emission is
visible towards the NW of the southernmost component. The position of the optical
quasar is marked in Fig 5a and the middle radio component seems the best candidate
for identification with the actual quasar core. The MERLIN 1.67 GHz map (0.25 arcsec
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05:11:50

22:22:43.5
Fig. Sa 2222+051 at 5 GHz, restoring beam is 0.4 arasea;
contour levels are 1, 2, 3, S, 10, 15, 20, 35, 50, 65, 80,
95 % of peak brightness, which is 85 mJy/beam.

Fig. 5b
2222+051 at 1.67 GHz; restoring beam is 0.25
avcsea; contour levels are 2, 4, 6, 8, 10, 12, 15, 20, 25,
30, 35, 40, 50, 60, 70, 80, 90 % of peak brightness, which
is 167 mJy/beam; tick interval is 1 arcsec.

137
resolution) is reproduced in Fig. 5b. The three components from the VLA 5 GHz data
are also found on this map, and in addition the northern as well as the southern
component displays considerable fine structure. The northern component has a
somewhat bullet-shaped appearance, whereas the southern component breaks up in
several subcomponents. The bright feature to the north of the main peak in the
southern component is most probably spurious, although there is clearly emission
originating in the area (compare Fig. 5a), Note that the MERLIN UV coverage on this
DEC +5° source was far from complete. A result of the comparison of the maps
discussed above is that all three components have steep radio spectra. The spectral
properties of 4005.84 become particularly apparent when examining the VLA 15 GHz
map, which is reproduced in Fig, 5c. At this frequency the northern component has
disappeared in the noise, whereas in the southern component the fine scale
structure, extending along the south ridge of the source is clearly visible. The
derived spectral indices a~ («f? in the source frame) are: 1.4 + 0.1, 0.8 + 0.1 and
> 1,5 + 0.3 for the southern, middle and northern component, respectively.

05 U S3.a -

«.«

43.

RIGHT HSCEN5I0N

Fig. Se 2222+051 at IS GHz; restoring beam is 0.12 aresec;
contour levels are -10, 10, 20, 40, 80 % of peak brightness,
which is 7.6 mJy/beam.
2338+042 This very high redshift quasar was considered in Chapter II.3, where
attention was drawn to its peculiar radio structure, consisting of a one sided,
curved jet leading from a steep spectrum core to an ultra-compact hotspot. We show
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here a MERLIN 1.67 GHz map as well as a VLA 15 GHz map, with resolutions of 0.2 and
0.14 arcsec respectively. The MERLIN map (Fig. 6a) represents the overall structure
well: the western lobe, the core, the jet and the hotspot are clearly seen.
Moreover, the hot spot is found to be embedded in a region of lower surface
brightness emission, the presence of which was already suggested by the MERLIN 5 GHz
observations of Chapter 11,3, The feature pointing to the NE from the component just
above the hot spot is most probably a spurious sidelobe feature, due to incomplete
UV coverage on this Dec + 4° source.

Fig. 6a 2338+042 at 1.67 GHz; restoring beam is 0.2 arosea;
contour levels are -2, -1, 1, 2, 4, 6, 8, 10, 12, 15, 20,
25, 30, 3S, 40, 50, SO, 70, 80, 90 % of peak brightness,
which is SSO mJy/beam; tick interval is 0.5 arcseo.
The VLA 15 GHz map, with electric field vectors superimposed, is reproduced in
Fig. 6b. The western lobe is partly resolved out, as expected, but the other
components are clearly seen. The hotspot appears to be a strong source of polarized
emission at 15 GHz (= 53 GHz in the source frame): P/I ~ 14 %, and the magnetic
field is found to be oriented in p.a. 30°. The spectral indices, derived for the
various source components at roughly similar resolution of ~ 0.1 are: a* 5 = 0.4, 1.3
and 1.1 for core, jet and hot spot, respectively. This indicates that a weak flat
spectrum core component becomes apparent at emitted frequencies beyond 50 GHz. The
total 15 GHz flux density in the diffuse western lobe is about 7 mjy. Comparing this
with the MERLIN 1.67 GHz flux density of 200 mJy we derive a very steep spectral
slope for this feature: a 15
1.67 1.5 •
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Fig* 6b 2338+042 at IS GHz; restoring beam is 0.14 x 0.13
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IV. DISCUSSION
IV. 1 THE UNIFIED SCHEME POR QUASAR RADIO STRUCTURE
Studies of the arcsecond-scale morphology of
radio sources have led to the 'unified scheme' for
proposed by Scheuer & Readhead (1979) and Readhead
Browne (1982). The current version of this unified
seme detail.

flat-spectrum, core-dominated
quasar radio structure, first
(1980), and modified by Qrr &
scheme is summarized below in

Moore et al (1981) showed that the large ratios of flux density in the compact
cores to flux density in the extended (arcsec scale) structure in a flux density
limited sample of flat-spectrum quasars can be understood by invoking bulk
relativistic. velocities in the cores. In such a flux density limited sample, nuclear
Doppler beaming will give rise to preferentially snail angles to the Hne-of-sight,
which will also manifest itself in large values for the flux density ratio as
defined above. A similar scheme was suggested by ferley et al (1980). A mapping
program of a smaller sample of core-dominated sources, carried out by Browne et al
(1982) showed that these quasars as a class have similar morphologies, comprising a
dominant unresolved flat-spectrim core, one-sided, curved jet-like extended emission
leading to a hotspot and usually some low-surface-brightness emission (halo). These
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morphologies can be understood adopting bulk relativistic motion in the core as well
as in the extended jet-like feature. Small angles to the line of sight then give
rise to the high core brightness as well as the one-sideness and the curvature in
the jet-like structure. Bulk relativistic velocities in the extended structure are
required to explain the one-sidedness and the apparent lack of isolated jets,
without associated cores. Brown et al (1982) also show, that the distribution of
apparent bend angles in a small flux density limited sample of core dominated
sources, as predicted using a single Lorentz factor y " 5 and an intrinsic source
bend angle of $ = 10 is not inconsistent with the distribution of ohserved bend
angles. Qrr & Browne (1982) show that this unified scheme is consistent with several
statistical properties of quasars, such as the relative frequency of appearance of
flat-spectrum quasars in flux density limited samples and the source counts for
flat-spectrum quasars.
The six high redshift quasars in the current study do not easily fit into the
unified scheme. They possess (in several cases one-sided) curved extended radio
structure resembling standard type core-dominated sources, but lack a dominant flatspectrum core. To be more precise: 0051+291, 0843+136 and 1629+120 do not possess a
dominant flat-spectrum core, but do show one-sided curved emission. The same could
be the case for 0445+097 but we regard it as equally likely that this quasar does
not possess detectable core emission at all. 2222+051 and 2338+042 have small, twosided triple structures with considerable curvature ( > 25°), but lack any flat
spectrum core emission.
The important point here is that, if the core emission were to he one or two
orders of magnitude brighter, the quasar morphologies would be indistinguishable
from the standard core dominated quasars (see e.g., Browne et al 1982, for maps).
We now consider, in a quantitative sense the radio properties of the six high
redshift quasars in the light of the canonical quasar radio structure, proposed by
Orr & Browne (1982). Our calculations refer to the 5 GHz (observed frequency) maps,
and are therefore rather conservative.
For 2222+051 and 2338+042 the ratio of emission on both sides of the core is
not more than roughly 5 : 1 . Assuming that core and kpc-scale jet emission are both
Doppler beamed with Lorentz factor y = (i_p2 )—1/2
' = 5 the constraint on the expected
flux density ratio ((1 - pcos9)/(l + pcose))""" in case of continuous jets (Scheuer
& Readhead 1979) with a. + = 1 converts to 8 > 78° .
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This calculation suggests that the sources are less than 12° degrees from the plane
of the sky if bulk relativistic motion is operative, and that magnification of
intrinsic bending cannot be important. We therefore have to accept that the observed
large bend angles are source intrinsic.
For the other four sources the ratio of the kpc-scale emission flux densities
at the two sides of the core is more than about hundred to one; for 1629+120 even
several hundred to one. Under the above mentioned assumptions this converts to 0 <
50°. On the unified model, the flat-spectrum core emission contributes a fraction
Rm = 7 % to the total source flux density when viewed at transverse alignment
(calculated at 5 GHz observed frequency and z ~ 2, using Rp = 0.024 v/5 (1+z) - Qrr
& Browne 1982), leading in our four sources to a flat-spectrum core contribution
R(0) of more than 25 %. Since this is not found, except possibly for 0051+291, one
can only assume that the observed one-sidedness and curvature are intrinsic source
parameters, or that our initial assumption of bulk relativistic velocities is wrong.
As there is compelling observational evidence (from superluminal motion) for
relativistic outflow in the cores of quasars, we regard the first possibility as the
most likely one. Consequently, the cause of these intrinsic source properties has to
be sought in intrinsic astrophysical mechanisms and not in line-of-sight effects, as
far as these high-redshift quasars are concerned. Dispersion in the source
parameters could weaken somewhat the constraints derived above. However, we stress
that these high redshift quasars were chosen for detailed study only because of
their steep-spectrum brightness and arcsec-scale morphology, yet none of the six
readily fit within the proposed unified scheme.
As Heekman (1983) already demonstrated that also the optical properties in
quasars are inconsistent with the unified scheme, we propose that more free
parameters than just the orientation of a standard radio source are required to
unify the radio properties of quasars, if this is at all possible.
Browne et al (1982) have argued that the apparent absence of isolated,
disembodied jets argues for relativistic bulk velocities in the kpc - scale jets. We
argue on the contrary that these disembodied jets have to be sought among fewarcsec, steep-spectrum (not core dominated) radio sources.
It is possible to account for the observed morphologies in a modified unified
scheme, proposed by Schilizzi & De Bruyn (1983), in which the core axis is allowed
to swing out of the line of sight, thereby, in the unified picture lowering the
flat-spectrum core contribution to the overall source flux density. However, in the
following Section we will argue that interaction of the synchrotron plasma flows
originating in the weak radio core, with the galactic environment in these six
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distant radio sources provides a natural explanation for the observed morphology of
their radio structures.

IV.2 INTERACTION WITH THE GALACTIC ENVIRONMENT

We have shown in Chapter III.3 that the radio morphology in quasars is very
likely to be epoch dependent. An increase in curvature and asymmetry in quasar radio
morphologies is found beyond z = 1.5. In the present study we have obtained the
first detailed morphological information on the steep-spectrum radio emission in
these small, distant quasars. Our kpc-scale linear resolution is comparable to that
attainable a decade ago on low redshift (z < 0.5) quasars and radio galaxies with
then existing large synthesis telescopes.
In Chapter 11.3 we already investigated the dynamics and the curvature in one
of the six high redshift quasars, namely the very powerful (P408

=

1 0 2 9 ' 1 WHz"1)

source 4C04.81, associated with 2338+042. We then proposed that a dense galactic
environment is responsible for both ram pressure confinement of its compact hotspot
and lateral ram pressure bending of the kinetic - energy - carrying jet. Our present
observations provide support for this picture in general. First, the remaining five
quasars also show considerable bending, with bending angles up to ~ 90° (0051+291).
This bending occurs fairly gradually with increasing distance from the nuclei,
except for 0843+136, where the hotspot may be the site of a sudden flow redirection
(see Chapter 11.5) through an angle of approximately 80°. Second, the hotspots in
0445+097, 0843+136 and 1629+120 have high values for their minimum
internal
-6
-2
pressure ( ~ 10
dyne cm ) . In order to ram pressure balance such hotspots,
—1
—3
densities of ~ 10
cm
are required. We finally note that since H o is known to
within a factor of two, even a very low value of q o will increase the linear sizes
of the radio structures to values which are still comparable to typical galactic
dimensions. In summary, interaction with a dense interstellar environment provides a
natural explanation for the observed morphologies.
We now investigate the dynamics of this interaction in some more detail.
In 0843+136, balancing the momentun flow in a jet with the (equipartition) pressure
in the ~ 100 pc size hotspot (cf. Chapter 11.3), leads to minimum values for the
energy conversion efficiency and jet flow speed of ~ 10 % and 0.2c, in order to
power the hotspot and its

surrounding lobe emission,

with total radio luminosity

*we assumed energy equipartition, unity filling factor,
random pitch angle distribution and a radio window from 1 0 7
- 1 0 1 0 Hz
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3 x 1 0 4 4 erg s" 1 ). Also, rara pressure confinement of the hot spot by an external
medium requires n ~ 10" 1 cm"3, for a typical hot spot advance velocity of 0.1c.
Furthermore, the momentum exchange on a deflecting external medium exceeds (optimum
efficiency) 10 2 MQ*100 km s" 1 per year.
In 2222+051, the gradually bent emission south-east of the nucleus is
responsible for about 70 % of the total quasar radio luminosity, that is, Ls OU th =
1 * 1 0 4 5 erg s"1. A rough estimate of the lateral pressure required to explain the
bending follows from balancing the external transverse momentum flux with the
(minimum) jet momentum flux:
^c ~ V e s t v ext 2

d

/,

where Lj is the jet power, dj the jet diameter, n e x t and v e x t the density and
velocity of the external medium. Lj is given by L sou th/ E where e is the energy
conversion efficiency. Inserting the known values this condition becomes n e x ^
v + 2 ~ 2 * 10 e d~. . Assuming d^ = 100 pc at a few kpc from the nacleus we
find n . v . ~ 2 * 1 0 1 8 cm" 1 s~ 2 for e = 10 %, and with typical inner galactic
ext ext
_
__
rotation velocities of 10 km s the required densities of about 10 cm are a
factor 10" higher than derived for the average density in the central region of our
Galaxy (Liszt & Burton 1978). However, giant molecular clouds having this intercloud
density are known to exist near the center of our Galaxy (e.g., Oort 1977).
Of particular interest is the NE radio lobe in 2222+051, the morphology of
which (Fig. 5b) resembles that of the NE lobe in the well known Seyfert galaxy NGC
1068 (Pedlar et al 1983, Wilson & Ulvestad 1983). For NGC 1068 Wilson & Ulvestad
(1983) compared the morphology and polarization of the radio emission, with the
overall optical morphology and the morphology of optical line emitting clouds, and
showed that the conically shaped morphology may well be related to the interaction
of a radio jet propagating through the galactic interstellar medium. In order to
investigate the possibility of interaction as the cause of the observed distortion
in the powerful distant quasars with my ~ 18 - 20, ultra deep OCD images could prove
useful.
In summary, we have attempted to show that the observed radio morphologies in
these distant radio sources can be explained by invoking a dense, probably rotating
and clumpy environment. Although the actual composition of this environment is not
clear as yet, we conclude that dense early epoch galactic environments explain our
observations most naturally, and we suggest that observations like those presented
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above provide indirect evidence for the identification of high redshift quasars with
active galactic nuclei.

OOOUSIOB
Six distant quasars having curved and in several cases one-sided radio morphologies
lack a dominant flat spectrum core, and therefore 60 not readily fit into the
proposed unified scheme for the radio properties of quasars. A powerful interaction
between radio jets and a dense, probably rotating and clumpy galactic environment is
proposed.
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PAKT IV
THE LARGE AND SMALL SCALE RADIO STRUCTURE OF 3C236

Waarom is een hond
Toch zoo gezond ?
Die er niet op gevat is
Zegt: 'omdat zijn neus zo nat is.'
Doch iemand, die logica leert
Zegt terstond: 't is juist omgekeerd.'
De Schoolmeester
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CHAPTER IV
THE LARGE AND SMALL SCALE RADIO STRUCTURE OF 3C236*
ABSTRACT

The radio emission of the largest known object in the universe, the radio
galaxy 3C236, has been studied in detail with resolutions of 23 arcsec to 1
milliarcsec. The 40 arcmin overall structure has been observed with 4000 : 1 dynamic
range using the Westerbork array, and the subarcsecond nuclear structure has been
mapped with transatlantic VLBI arrays, in combination with MERLIN. Striking
similarities between the large and small scale structures are found. Assuming a
physical origin for these similarities, we argue that a long-lasting asymmetric and
inefficient energy flow, emanating from the nucleus and interacting with the inner
galactic environment is responsible for the overall morphology in 3C236. The
evolution of the radio galaxy is also discussed, and a scenario-dependent age of
10 - yr is proposed.
I. INTRODUCTION
The radio galaxy 3C236 is of considerable astrophysical interest. Its radio
structure constitutes the largest known object in the universe ( ~ 4 Mpc - using H Q
= 75 km s~ Mpc~ ) and contains a bright steep-spectrum core of about 2 kpc overall
size. This large range in scale size suggests that we are simultaneously observing
both relatively young and relatively old radio emission in this source and that
comparison of the morphology of the steep-spectrum radio structure in the core with
the overall morphology of the source may give important information on the evolution
of extended radio sources, and on the mechanisms of radio source formation in
general. We report here on three sets of measurements which delineate the nuclear
structure in relation to the large scale overall structure in 3C236:
(i) observations with the 3 km Westerbork Synthesis Radio Telescope (WSRT) in its
redundant configuration at 1.4 GHz to obtain a dynamic range of more than 35dB
at about 15 arcsec ( 25 kpc ) resolution, (ii) eight - station transatlantic VLBI
*preliminary version of a paper coauthored by R.T. Schilizzi, G.K. Miley,
W.J. Jagers and R.G. Strom
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observations combined with five-station MERLIN data at 18 cm wavelength, to give a
relatively uniform spatial frequency coverage and resolution of 25 milliarcsecond
( 43 pc ) for the ~ 1 arcsec nuclear structure, and (iii) four-station transatlantic
VLBI observations at 5 GHz to obtain about 1.5 milliarcsecond ( 2.5 pc ) resolution.
The structure of the paper is as follows. In Section II we review earlier
observations, in order to set the scene for the present work on 3C236. Our
observational procedures will be described in Section III, and the various results
will be presented in Section IV. These results contain information on completely
different size scales, and in Section V.I of the Discussion attention will be drawn
to several striking similarities in the large and small scale radio structure.
Sections V.2, V.3 and V.4 are concerned with the implications of our results for the
formation, evolution and age of the radio galaxy.
II. THE SOURCE STRUCTURE SO FAR
The giant radio source 3C236 has a narrow double morphology, with an overall
angular size of 40 arcmin (Willis, Strom and Wilson 1974, Strom and Willis 1980, S&W
hereafter), and is identified (Wyndham 1966) with an elliptical galaxy at redshift
z = 0.0988 (Sandage 1967). At this redshift the total linear size of the source is 4
Mpc; 3C236 is the largest radio source known.
The dominant compact radio core of 3C236 has a steep radio spectrum
(a = -0.7, S <* v ) and has been the subject of several studies. Single-baseline
interferotnetric observations by Wilkinson (1972) showed that the radio core could be
modelled by a 1" double in position angle 119 . Fomalont and Miley (1975) confirmed
and refined this model with a higher resolution interferometric study. Moreover,
they were able to show that the radio core structure represents a relatively recent
event in the nucleus of 3C236, implying directional stability over at least 107 ^
years. They also deduced that off-axis fine structure existed in the core, and drew
attention to some similarities between the structure of the core and that of the
overall source.
From 1975 onwards, several VLBI experiments studying the radio core of 3C236
were carried out (Preuss et al 1977, Schilizzi et al 1979, 1981). At X 18 cm
Schilizzi et al (1981) showed that the south eastern component of the double was
composed of a triple structure with separations of 120 and 340 pc, well aligned with
the position angle of the large scale structure. The components were labelled A, Bl,
B2 and C (west to east), of which Bl and B2 were unresolved at ~ 40 mas resolution.
They were regarded as the best candidates for the true radio nucleus of 3C236.
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Meanwhile, the core was also the subject of same high resolution observations
with the Very Large Array in order to study spectral and polarization
characteristics of the radio morphology (Fomalont et al 1979, 1982). The maps, at
2,7, 5, 15 and 22,5 GHz, are in good agreement with the VLBI observations, and the
0.15
(Bl + B2) complex is found to be opaque at high frequencies: S <* v * "" .
III. OBSERVATIONAL PROCEDURES
Ilia 1412 MHz WRST OBSERVATIONS
We observed 3C236 with the 3 km 14 antenna Westerbork Synthesis Radio Telescope
(WSRT) in two observing sessions of 12 hours each (36™1 and 72"1 were the shortest
spacings), during the latter half of 1982. The observing frequency was 1412 MHz
(21.2 cm wavelength) with a bandwidth of 10 MHz. In order to map the low surface
brightness lobe emission as reliably as possible, we used the redundancy mode of the
WSRT (Noordam and De Bruyn 1982). In this mode, optimum use is made of the large
number of redundant interferometer spacings that are present in the array to
suppress gain and phase errors, thereby improving the dynamic range. The "optimized"
data were Fourier transformed and the resulting map was cleaned using standard
algorithms.
I lib 1.6 GHz VLBI AND MERLIN OBSERVATIONS
18 cm VLBI observations of the nucleus of 3C236 ( «(1950) = 10 03m50^40,
6(1950) = 35 08'47".7 ) were made with an eight station global network on 12 October
1982, using standard MkllC equipment (Clark, 1973). Table 1 gives the relevant
telescope parameters. The observing frequency was 1660 MHz, the polarization LCP.
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Correlation of the data was carried out on the CIT/JPL correlator at the California
Institute of Technology, Pasadena, USA. The correlation coefficients were integrated
for 2 minutes and calibrated following the precepts outlined by Cohen et al (1975).
Consistency checks on closure phase and closure amplitude were made separately for
the European and US subsets of telescopes using 0235+164, 00208 and DA193.
An important addition to the u-v coverage was made by adding five-station
MERLIN (Davies et al., 1980) data at 1660 MHz to the data set. The epoch of
observation was 20 August 1980, and the U-V data were made available by Dr. T.J.
Cornwell. The fringe amplitudes of the MERLIN data were reduced by 8% to force
agreement between the maximum visibility on the shortest baseline and the total flux
density in the nucleus (2.86 Jy) obtained from interpolation of the spectrum given
by Fomalont et al. (1979). In combining the VLBI and MERLIN data sets we have
assumed that the structure did not vary between the epochs of observation, and that
the small scaling errors caused by combination of data at slightly different
frequencies will not be troublesome. We used the self-calibration mapping algorithms
in both the CIT/VLBI and AIPS packages, en route to the final radio map.
I H e 5GHz VLBI OBSERVATIONS
We observed the radio core of 3C236 with a four station transAtlantic VLBI
network for 16 hours on April 9/10, 1981, using the standard Mk IIC equipment
(Clark, 1973). Table 2 gives the relevant telescope parameters. The observing
frequency was 4990 MHz, the polarization LCP. The lobe spacings for the interferometers range from about 20 to 1.5 milliarcseconds. Correlation of the data was
carried out at the Max-Planck-Institut für Radioastronomie, Bonn, FRG. After
determining coherence losses we integrated the correlation coefficients for 6
minutes, and calibrated them according to Cohen et al. (1975), using 0235+164 as
calibration source. The hybrid mapping technique developed by Cornwell and Wilkinson
(1981) yielded the final radio map.
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IV. RESULTS

In this Section we show the maps obtained in the observations described above.
Physical source (component) parameters derived from the various observations using
standard assumptions, are listed in Table 3 at the end of this Section.

IVa 1412 MHz WSRT

The final map, after restoration with a 13" x 23" beam is reproduced in Figure
1, and the lobes are shown in more detail in Figs. 2 and 3. These figures show the
radiation of the combined Stokes parameters (I-Q), which is the single quantity
measured by the WSRT in its redundancy «"ode. The point source in the nucleus of
3C236 has a 1412 MHz flux density of 331 •- z 30mJy, and the noise level in the maps
is ;< 0.8 mjy per beam: the dynamic range obtained is about 4100 : 1.
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Fig. 1 3C236 at 1.4 GHz; restoring beam is 13 x 23 araseo
and is shown in lower fight corner; contour levels are -1,
1, 1.5, 23 33 4, S3 7, 93 11, 13, 15, 19, 23, 27, 31, 35,
43, 51, 59, 67, 75, 91, 107, 123, 139, 155, 187, 219, 251,
283, 315 mJy/beam; the point source in the nucleus has been
subtracted.

I I
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Fig. 2 SE lobe in more detail; oontour levels ave 0.75,
2.5, 2.25, 3.0, 3.75, 4.5, 5.25, 6.0, 6.75, 7.5, 9 mJy/beam.

Fig. 3 NW lobe in move detail; aontouv levels ave 0.75,
1.5, 2.25, 3.0, 4.5, 6.0, 7.5, 10.5, 13.5, 16.5, 22.5, 28.5
mJy/beam.
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Note that the highest contour level (excluding point sources) in Figures 2 and 3
corresponds to 0.2 and 0.3 %, respectively of the peak brightness in the field.
Comparison with previous 21 cm WSRT maps of 3C236 (S&W) clearly shows the effects of
higher resolution (3 km vs 1,5 kn array), smaller beam area, and higher dynamic
range.
The most notable results of our new observations are:
1. The megaparsec - scale gaps
Inspection of Fig. 1 shows that there is no detectable radio emission, to a
level of 0.5 mjy per beam ( ~ 10 WHz ) within about 6 arcmin (600 kpc) of the
assiociated giant elliptical galaxy to the NW, and within about 18 arcmin (1,8 Mpc)
to the SE.
2. The SE (double) hot spot
The SE lobe (Fig. 2) extends about 600 kpc and has a double hot spot at its
leading edge, which is about 2.5 Mpc f ran the galaxy. The trailing radio emission
towards the galaxy has a somewhat curved trajectory and low surface brightness of
about 1-3 mjy per synthesized beam (13 x 23 arcsec FWHM). We find no significant
trailing emission from the secondary (northern) hot spot towards the galaxy, apart
from a weak grating ring response. According to S&W, the primary hot spot is found
to be strongly polarized (P/I = 57 + 10 %) at 5 GHz with the magnetic field in p.a.
16° + 4°, i.e., directed towards the secondary hotspot. Faraday rotation at 5 GHz
will have a negligible effect on the derived position angle.
3. The wiggles in the NW lobe
The NW lobe (Fig. 3) with overall linear size of about 1 Mpc does not show a
compact hot spot at its leading edge, but rather a broad relaxed plateau. This
plateau lies at a distance of about 1.5 Mpc from the associated galaxy. A dominant
inner ridge is visible, which does show a pronounced compact hot spot. The diffuse
trailing radio emission has a low surface brightness of a few mjy per synthesized
beam. A large scale wiggle can be seen in the NW lobe. Careful inspection of the
previous 21 cm and 50 cm maps (S&W) reveals the same effect. In order to represent
this large-scale wiggle as well as possible we show rotated and slightly convolved
maps of the lobe structures in Fig. 4, indicating the wiggle by broken lines.
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Fig. 4 3C236 lobes; source has beer, rotated and 5 x convolved in
horizontal direction; contour levels ave 0.75, 1.5, 2, 6, 12, 24
mJy/beam; three background sources are indicated.

The inner ridge in the NW lobe is probably a much younger event in the history of
3C236 (see following) with its emission superimposed on the lower brightness radio
emission. By plotting only low level contours in Fig. 4 we have restricted ourselves
to the low brightness emission. The wavelength of the wiggle is about 300 kpc. The
same wiggle may be present in the SE lobe (see Fig. 4 ) . We finally note that the
inner ridge in the NW lobe also shows curvature (see Fig. 3).
4. Background sources
Many background sources are seen in the vast 3C236 field. The radio source
south of the SE hot spot is resolved into a 28 arcsec double in p.a. 83°; it has no
optical identification (S&W - their background source R). Near the NW lobe two
unresolved features are seen, labeled A and F. 'A' has been discussed by S&W, who
did not find an optical counterpart for this (assumed) background source. The same
authors did not resolve component F for which we measure a (1950) position RA
10 O ^ O ^ O , Dec 35°12'o5"; we have identified F with an 18 m -19 m galaxy on the
Palomar Sky Survey E plate.
IVb 1.6 GHz VLBI & MERLIN
The final map, after restoration with a 24 x 25 mas beam in p.a. 90°, is shown
in Fig. 5. In obtaining that map we restricted the u-v coverage to a maximum spatial
frequency of 15 MX to ensure a relatively uniform and circular coverage for this
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complicated structure. Even so, the fit to the shortest VLBI baseline is not
perfect, indicating difficulties in recovering the broad structure in the West with
a 25 mas beam. When no restriction was placed on the u-v coverage, it was not
possible to obtain a good fit to the data, presumably because the u-v coverage is
too patchy at large spatial frequencies to allow a proper recovery of a structure
that is about 80 beams long and 35 beams wide, The various components already
mentioned in Section II are indicated.

600 -

-300 -300
Fig. 5
3C236 core at 1.67 GHz; restoring beam is 25
nAlliarasec; contour levels are 1, 2.5, 5, _V, 253 20, 25,
30, 35, 40, 45 % of peak brightness, which is 277 mJy/beam;
scale is in milliarcsea.
The most striking features of these observations are:
l.The (Bl + B2) core complex
Component B2 is the most compact component in the 2 kpc radio core, since Bl
shows resolution effects. A halo of low surface brightness emission is centered on
B2.
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2. The jetlike structure to the east
Component C (actually a chain of components), eastward from B2 appears to be a
250 mas ( ~ 400 pc) jet, which oscillates about a direction which is some 10°
different t'"om the overall source elongation*. Going eastward in C there is a sudden
frightening, inmediately followed by a change in position angle. At that point, the
:'et passes through a transverse structure, as is evident from a higher-resolution
map (excluding the MERLIN data). This argues for identification with an internal,
oblique

shock,

amplification

as

giving
well

rise

to

as beam

particle
deflection

acceleration
(compare

Rees

and/or
1979).

magnetic
The

field

structure

resembles the jet structure in M87, albeit on smaller scale (Owen et al 1980,
Biretta et al 1983).

3. The diffuse structure to the west
About 1.5 kpc westward from B2 an extended low surface brightness region is
found, the peak of which has been labeled A in earlier work. This peak A is located
definitely north of the source axis, in p.a. - 50°. Fomalont et al (1982), reported
that A is the peak of a broad relaxed component with a fairlv high thermal matter
density and steep radio spectrum (S

a v ~ 0 * 7 5 ) . The nature of A is unclear, but it

could be the remnant of an earlier shock deflection as in component C.

IVc 5 GHz VLBI

The final map,

restored with a 2.3 x 1.0 mas beam (p.a. 140°), is shown in

Fig. 6.

Fig. 6
3C236 core at 5 GHz;
restoring beam is 2.3 x 1.0 mas, in
p.a. 140°; contour levels are 15,
30, 45, 60, 75, 90 % of peak
brightness, which is 84 mJy/beam;
tick interval is 2 milliarcsec.

* the overall p.a. of 3C236 is taken to be 122°.5 (-57°.5), as determined
from the 610 MHz observations (Willis, Strom & Wilson 1974)
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Due to station failure during the observations pronounced gaps arose in the aperture
plane coverage which have resulted in a fairly high sidelobe level. From examination
of the residual noise level, we are confident about the correctness of this map to
the fifteen percent level.
In addition to the 320 + 30 mjy component shown, we also detected (on the short VLAOVRO baseline) f 50 + 10 mJy component at 75 mas in p.a. -58°. We identify the
former with B2 and the latter with Bl (compare Fig. 5 ) . The following conclusions
can then be drawn from these observations:
1. Identification of the "true" nucleus
Several arguments strongly suggest that component B2 should be identified with
the actual nucleus in 3C236: (i) iu both 6 and 18 cm VLBI observations, component Bl
shows resolution effects; B2 however is unresolved on the 18 cm map; (ii) combining
the 5 GHz total flux density and the 1,6 GHz peak flux density in B2 we obtain a
flat or slightly inverted radio spectrum for this component; since the (Bl + B2)
complex was found to be opaque at high frequencies (Section II), the (resolved) Bl
component must have a steep radio spectrum; (iii) a halo of low surface brightness
emission is centered on B2, as deduced from the 1.6 GHz observations (Section
IVb.l).
Subsequently identifying B2 with the true nucleus we note with particular
interest that the kpc radio structure in the core of 3C236 is highly asymmetric with
respect to its actual center, both in length and in morphology.
2. Morphology of the nucleus
Although asymmetric with its main extension to the west, the B2 component is
two-sided. Its overall angular size of 10 mas converts to a linear size of about 16
parcsec.
3. Orientation of the nucleus
The main axis defined by B2 (from its peak to the west) has ,,.a. 110°, which is
12° different from the overall p.a. of 3C236 - see previous footnote. This offset
had been suggested earlier by Schilizzi et al (1981) from lower resolution
observations.
IV.4 SOURCE AND SOURCE COMPONENT PARAMETERS
Table 3 lists some measured and derived parameters for the various components
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of 3C236. In the calculations the radio window has been taken from 10 7 - 1 0 1 0 Hz,
and we assumed cylindrical geometry, unity filling factor, energy equipartition and
random pitch angle distribution.
Table 3
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V. DISCUSSION
The discussion will concentrate on the implications of the currently available
observational material. The large amount of data enables us to study the relation
between the large and the snail scale radio structure in 3C236. In subsection V.I we
draw attention to striking similarities between the large and small scale structure
and, assuming a physical origin for these, in subsections V.2 and V.3, we argue that
long-lasting asymmetric behaviour of an inefficient energy flow interacting with the
surrounding medium in the nucleus is responsible for the overall appearance of
3C236. Finally, subsection V.4 of the discussion is concerned with the age of the
radio galaxy.
V.I SIMILARITIES IN THE LARGE AND SMALL SCALE MORPHOLOGIES
Identifying component B2 with the actual nucleus in 3C236, several striking
similarities are seen between the morphologies of the megaparsec-scale structure
(Pig. 1) and the kiloparsec-scale core (Fig. 5 ) :
1. Asymmetric extensions
The 2 kpc radio structure in the ^.ore is not of equal length east and west of
the actual center: the extension to the west is about three times longer than that
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to the east. The 4 Mpc overall radio structure in 3C236 is similarly asynmetric, but
in the other direction; here the extension to the west is about one and a half times
smaller than the eastern one.
2. Asymmetric collimation
Gore and overall structure are also asymnetric in morphology. The core
structure is jetlike to the east and diffuse to the west. Regarding the overall
radio structure a prominent leading hot spot is found in the SE lobe, whereas such a
hot spot is not present in the NW lobe. Seen from B2 the various large and small
scale emission regions define opening angles which are larger to the west than to
the east, but similar for the small and large scale structures.
The angle subtended by the SE lobe is ~ 4°, by the nuclear jet C ~ 6°
(deconvolved with the VLBI beam). We also note that both angles are offset to the
north from the overall source p.a. (122°5). The angle subtended by the NW lobe
is ~ 14°, symmetrically with respect to the overall source axis. Although difficult
to determine, the angle subtended by the diffuse western core emission is about 18°,
again symmetrically with respect to the overall source axis. This opening angle
asymmetry from east to west had been noted previously by Fomalont & Miley (1975),
from much less detailed data.
3. Wiggles and off-axis structure
In Section IV.1.3 we have seen that the large scale structure exhibits wiggles
on a scale of about 300 kpc. From Section IV.2.2 the nuclear jet (component C) also
has structure which is off axis and shows bends on a scale of about 100 pc. Finally,
the 10 parsec western extension in the nucleus B2 (Fig. 6) defines a direction which
is some 10° different to the overall source axis. All these offsets are in rough
agreement with the above mentioned large scale opening angles.
V.2 INTERPRETATION OF WIGGLES AND OFF-AXIS STRUCTURE
In Section V.I. we drew attention to the existence of off-axis, bending or
wiggling structure in both the large scale emission and the small scale nucleus. It
is possible that this similarity is coincidental, but it is intriguing enough to
warrant consideration of possible common origins for the wiggles in some detail.
Interpreting the latter as being left behind by a beam advancing with a
velocity of about 0,1c (see V.4) the wavelength of the large scale (300 kpc) and
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3

small scale wiggle (0.1 kpc) implies a period of the order of 10' yr and 10 irrespectively.
Possible explanations for wiggles in radio sources include (see e.g. Trussoni
et^aT-1983):^.^^cïbitaT"motionfaroundT"a TcompaniönT^galaxy; 27r~flüW~dynamicaT
^bending r tand > 3 ^
separately.
1. Orbital motion Jet curvature caused by gravitational interaction (Blandford
& Icke 1978) Implies low flow speeds ( ~ 10 2 - 10 3 km sec" 1 ), which seems to be in
contradiction with the observations (see following), and furthermore would imply an
age for 3C236 in excess of 1 0 1 0 yr. Besides, no neighbour galaxies are seen (S&W).
2. Hydrodynamic instabilities Fluid-dynamical twisting, caused by helical
Kelvin-Helmholtz instability modes with long wavelengths, can be characterized in
the linear regime and for high Mach numbers by
\ h /R = M (a + bin p)
(Ferrari et al 1983), where \ h is the helical mode wavelength, R the flow radius, M
the flow Mach number and p the density ratio of material inside and outside the jet
(= P flow/ P igm'" Tne c o n s t a n t s a and b are listed by Ferrari et al (1983), and
using R < 3 kpc (radius of the hot spot in SE lobe) we obtain for an MHD flow:
in p < 6.5 - 500/ M
2
This .would indicate that all jets, except those with M :> 10 should be
extrsnely light. However, neither p nor M is known so the model of fluid dynamical
twisting cannot be tested properly here. The occurence of such flow instabilities
might nevertheless disrupt the efficient energy flow, give rise to particle
acceleration and make the flow visible.
3. Wobbling of ejection axis Another possible explanation for wiggles is
wobbling or precession of the ejection axis in the nucleus of the active galaxy.
Begelman, Blandford and Rees (1980) have shown that in a massive black hole binary,
the spin axis of the more massive hole may precess about the total angular momentum
of the binary with a period
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Ppree ~ 600 rr'"(M/m)
M oQ ' yr,
ID
where r 1 6 is the binary separation in units of 1 0 1 6 cm, Mg the mass of the larger
hole in units of 1 0 8 M Q , and M/m the mass ratio. For r l g ~ 25, M/m ~ 10 and M g ~ 1
a precession period of the order of the one inferred for the large scale structure
will result. The of f-axis bends of the nuclear jet may be the result of a powerful
interaction between the radio jets and the dense, inner galactic environment (see
Section V.3).
V.3 PRODUCTION OF OBSERVED RADIATION
One of the most topical questions in radio astrophysics at present concerns the
relation of the observed emission in extended radio sources to the energy
transported by jets from their nuclei. How is the energy converted to radio emission
and do invisible jets exist? Our 3C236 results contain information which is relevant
to this problem. We need to account for the exceptionally bright nucleus, for the
Mpc gaps between the nuclear structure and the outer lobes, and for the asymmetry in
appearance, and distance from the nucleus of the two outer lobes.
There are three general mechanisms which may bear on the strength of the
nucleus: relativistic beaming, accumulation of plasmons ejected from the nucleus,
and interaction of a beam with the interstellar medium in the nucleus. The high
surface brightness in isolated compact radio sources and the apparent asymmetry in
(nuclear) jets in otherwise symnetric extended extragalactic radio sources has been
explained as being caused by relativistic beaming close to the line of sight
(Blandford and Konlgl 1979, Readhead 1980). The discovery of very extended
structures surrounding the superluminal sources by Schilizzi and De Bruyn (1983)
prompted the suggestion that the axis of the emission in these sources has precessed
from near the plane of the sky into the line of sight. That this could be the case
in 3C236 seems unlikely for the following reasons: (i) the nuclear structure appears
two-sided even on scales of a few milli-arcsec which could not be so if Doppler
boosting was important; (ii) as Saikia (1981) has pointed out, highly relativistic
velocities (v/c > 0.9) are not compatible with the observed relationship between
spectral index and luminosity for steep spectrum nuclei in extended extragalactic
radio gi a -ies (Bridle & Fomalont 1978, Fomalont et al 1980), a relationship
satisfied ..•;/ 3C236. We contend that the high core brightness and the asymmetric
nuclear structure reported here for 3C236 argue strongly for intrinsically bright
and intrinsically asymmetric emission in the core, since the source (a) satisfies
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the a -P relationship, and (b) very probably lies in the plane of the sky because
its projected linear size is already very large. By inference, high core brightness
without relativistic beaming, and intrinsic asymmetry could also occur in other
sources.
The high core brightness could be generated by emission in the form of
independent plasmons. The idea that 3C236 is powered and has been built up by
subsequent ejection of (numerous) plasmons from its core was proposed by S&W (1980).
This idea was partly based on their observation of the inner ridge in the NW lobe,
the lower-resolution observation of a simple double morphology in the core (Fomalont
& Miley 1975), and subsequent identification of these components with independent
plasmons. However, the present observations, described in Section III have revealed
a more complicated nuclear structure, making this scenario less likely. Also the
origin of the large scale wiggles in the lobes is difficult to envisage in this
scenario. Moreover, we regard the age of £ 10 y deduced by S&W on the basis of
their model as improbably large (see Section V.4). We therefore prefer the third
mechanism, that the high core brightness could be due to inefficiency in the energy
flow in the inner part of the associated galaxy.
Regarding this possibility, it is appropriate to stress that a radio feature
locates a place of inefficient energy transport and not necessarily more than that.
The features A, Bl and C need not preferentially be identified with independent
plasmons being ejected by the core B2. There are several facts supporting the idea
that the core emission in 3C236 indeed arises from an interaction between the energy
flow and the hot and dense inner galactic environment. First, the size of the 3C236
radio core is roughly the same as that of a typical optical narrow (emission) line
region (NLR) (e.g., Osterbrock 1984). Second, there is no detectable radio emission
(to the level of 0.5 mjy/beam, corresponding to 1022 WHz —1 ), in the region between
~1 kpc and many hundreds of kpc from the core. Third, for active galaxies the
[OIII] line widths are correlated with the luminosities of associated kiloparsecscale radio emission, indicating that the forbidden line region plays an important
role in the production of this radio emission (Heekman et al. 1981). For X236 the
[OIII] line width (1000 kms" 1 FWHM, Miley & Osterbrock 1979) is extremely wide,
consistent with the observed bright kiloparsec radio emission. Fourth, from
-3 -3
depolarization a thermal density of ~ 3*10 cm
in component A is derived
(Fomalont et al 1982), which is unusually high, and suggests that a relatively dense
thermal medium coexists with the radio emission. Fifth, the minxmtm pressure in the
core
components
(see
Table
3)
exceeds
typical
NLR
parameters
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( n

~ 103~4cra~3, T ~ 10 K ) . Sixth, with a size of 2 kpc and radio spectral index of

0.7, the core satisfies the definition of an SSC (Steep Spectrum Core), as recently
discussed by Van Breugel et al., (1984). There is considerable evidence (see Van
Breugel et al., 1984 and references therein for the various arguments) that such
SSC's are being produced by the interaction of an outward moving beam with the
optical NLR. Before discussing this interaction in more detail, we draw attention to
the fact, that most of the core emission in 3C236 originates from of f-axis regions
and components. Although speculative, this may even indicate that the brightness of
the core in 3C236 (and other steep-spectrum-core radio galaxies?) is caused by the
interaction with the inner galactic environment of off-axis (precessing?) beams in
an extended radio source with an otherwise well-defined axis. We also note that the
core in 3C236, although bright, does not contain an excessive amount of energy:
55
5*3 ers
~ 10
erg , compared to ~ 10
for the radio lobes.
Adopting the scenario that the high core brightness in 3C236 is indeed produced by
violent interactions with hot and dense gas in the NLR, two important conclusions
can be drawn from our data. First, the apparent asymmetry, both in extension and in
collimation in the core would indicate asymmetric interaction with respect to the
actual nucleus B2. Although this asymmetry is defined in a region having a radius of
about 1 kpc, the interaction radius to the SE appears to be three times shorter than
that to the NW. Second, not only the core but also the large scale structure in
3C236 is asymmetric in extension and morphology. This large scale asynmetry could be
a natural consequence of the asymmetric interaction in the core: the eastern, well
collimated jet in the core would give rise to the compact SE hot spot, whereas the
diffuse, badly collimated core emission to the west would explain the diffuse NW
lobe. The well collimated outflow to the south-east might also explain the fact that
the SE lobe extends a megaparsec further in the IGM than the NW lobe. On the
assumption then, that asymmetric core interaction is indeed the physical origin for
the overall asymmetric appearance of 3C236, this interaction must be long-lasting. A
lower limit to the relevant time scale is of course the light travel time to the SE
hot spot, which is 10 *
scale over which

y. With a more probable hot spot advance velocity the time

asymmetric interaction must take place would be an order of

magnitude larger.
Trying to explain this intriguing property of the long-lasting asymmetric core
interaction would be premature since not much is known about morphology and spectral
properties in, particularly, the optical domain.
Finally we draw attention to the peculiar emission at the leading edge of the
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SE radio lobe. The SE lobe was already discussed in Section IV.1 where attention was
drawn to the presence of a double hot spot at the leading edge of the lobe, the
curved trailing emission, and the magnetic field structure in the double hot spot.
The equipartition magnetic field strength in the diffuse lobe emission is about
1 pG. Thermal pressure balance of the relativistic lobe plasma is therefore likely,
as this requires

B

~

10"

10 7

with values n ~ 1O~
O~ cm" and T ~ 10 K being normally found in the IGM (Begelman et
al 1984). The primary hot spot might be identified as the place where particle
acceleration and magnetic field amplification are taking place. Deflection of the
beam can be produced by an oblique shock in the beam generated by a non-axisymmetric
disturbance on its working surface. The morphology as well as the magnetic field
structure suggests that this is taking place in the SE lobe of 3C23fi (see also
Chapter II.5). (Partial) ram pressure balance of the deflecting working surface is
possible as this requires
B

e

10~

0.2c

and the observed value of B

in the hot spot is ~ 1 x 10~ 5 gauss.

V.4 PGE OF 3C236
One of the most interesting questions regarding 3C236 concerns its age, T.
There are two firm limits: (a) T must be larger than the light travel time from the
nucleus to the SE lobe; (b) T must be smaller than the age of the universe. Thus we
can set 10 6 " 9 < T < 10 10#3 y. On this basis we reject the age of ~ 1 0 U y deduced by
S&W from their multiple plasmon model as improbable. The critical parameter in
considering the age of 3C236 is the velocity at which the edges of the radio source
advance outwards, v a d v . Statistics of radio sources in general suggest that 0.03c <
8 2
v
adv < °' lc (Bege1018-11 et al 1984). Taking vadv ~ 0.05c gives T ~ 10 * y. Further
information about the age of 3C236 is contained in the spectral index distribution
along the very extended NW radio lobe.
The spectral behaviour of this NW lobe has been studied by Strom et al (1981)
and Saunders (1982). According to Strom et al (1981) the spectral index
4825
to
a
from -0.6 at the leading edge to -1.2 at its trailing end
610
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where the 4825 MHz emission disappears in the noise. The spectral index may
therefore steepen further in the direction of the galaxy. We here consider two
possible evolutionary sequences for the NW lobe. First, the spectral behaviour
described above is consistent with spectral aging, if we adopt the scenario that the
diffuse lobe emission has been left behind in ~ 10 8 years by a beam, advancing with
velocity ~ 0.1c. Particle reacceleration may increase this time somewhat. The
smooth appearance of the lobe is an argument in favour of its relaxed state, and
identification as a radiotrail. As Bgq ~ 1 yG for the low brightness emission,
static thermal pressure balance with the IGM is likely. In this scenario the large
scale wiggle can be explained by either a hydrodynamic instability or precession of
the advancing plasma flow. The inner ridge in the NW lobe (which shows a hotspot)
could be regarded as a more recent event in the history of the radio galaxy: a new
beam is entering the relaxed radio lobe. The presence of the ridge hot spot, NW of
the associated galaxy, is not necessary in contradiction with the collimation
similarities discussed earlier, since this inner ridge is not confined by the
tenuous IGM, but instead by previously deposited NW lobe plasma.
Q

A major problem with the first scenario however is the rather small age ( ~ 10
yr), inferred for the NW lobe, considering its high internal mass; :> 1 0 1 0 M Q (S&W).
9

1

~

A mass flow rate of ~ 10 M Q y
would be required, which seems rather high
according to the current picture of radio source fuelling (Begelman et al 1984).
This mass problem would be overcome if the (marginal) depolarization as reported by
S&W were to prove to be incorrect; the inferred thermal matter density, and
consequently the total mass in the NW lobe would then be reduced.
The second scenario, which was proposed by S&W, is that the entire NW lobe
emission has been built up by the energy deposit of many successive plasmons, like
the inner ridge. Particle (re)accelaration throughout the lobe is required in this
scenario, since the particle diffusion speeds are far too low to explain the
spectral behaviour of the lobe (Strom et al 1981). This scenario was discussed
already in Section V.3 and was considered less likely. We note further that in the
case of a lower mass density (see above), the demand for particle (re)acceleration
for the evolution of the NW lobe in this second scenario would be less strong.
In any case, determination of the thermal mass density in the NW lobe will be
essential for discriminating between the two scenarios, and this requires low
frequency polarization mapping at high dynamic range with sufficient resolution.
In summary, the estimation of the age of 3C236 depends on which evolutionary
sequence one adopts as the most probable and what interpretation is put on the
spectral steepening which has been observed. The lower limit is set at 10 yr from
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consideration of the spectral steepening, assuming no additional particle injection,
and component formation from a single event; the upper limit is the age of the
universe, 10
yr. Other evolutionary sequences leading to intermediate ages can
also be imagined. We suggest adopting an age of 10 - y for 3C236.
In conclusion we emphasize that because of (a) its large size, and (b) the
opportunity afforded to study the relation of structures on such a large range of
scales, 3C236 is worthy of further investigation. Of particular interest will be
high resolution optical images of the nucleus from the Space Telescope,
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EPILOGUE
The recognition that interaction of plasma flows with their surroundings
is important in establishing the radio morphology is a key feature of the
several parts of this dissertation.
The high resolution observations of the quasar cores, described in Part I
led to the realisation that a partly source-intrinsic origin has to be invoked
for the observed morphology and core brightness. The detailed study of 3C236,
described in Part IV shed more light on this source-intrinsic origin; since
the overall source structure is reflected in the core structure a long-lasting
clrcumnuclear effect in the elliptical galaxy is thought to be responsible
for the overall appearance of the radio galaxy. Given that the radio power in
steep-spectrum cores correlates with the core radio spectrun (which is, in
part determined by energy losses) and with the optical emission line
strength, we propose that the core radio emission in extended extragalactic
radio sources partly reflects the interaction between radio jets and the inner
regions of their galaxies.
Our study of hotspots as described in Part II led to the detection of
very energetic examples. Some of these are located inside dense interstellar
regions, others far out on the periphery of the radio lobes. Interaction with
the intergalactic medium was proposed to explain the small scale morphology in
the dominant hotspot of 3C205. The subsequent discovery of several conmon
characteristics in double hotspots led us to propose beam redirection in such
hotspot pairs, due to interaction with the intergalactic medium.
Finally, our data for high redshift quasars, described in Part III
suggest that the observed variety of
interaction phenomena
occur more
frequently and are more pronounced at high redshift.
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ALGEMENE SAMENVATTING
Ons melkwegstelsel is in feite een grote verzameling van zo'n honderd
miljard sterren, waarvan de zon er een is. Het licht dat ons inelkwegstelsel en
vele andere melkwegstelsels (of beter: sterrenstelsels) uitzenden is niets
anders dan het licht van al die sterren bij elkaar. Dergelijke sterrenstelsels
worden niet-aktief genoemd. Mits geen drastische invloeden van buitenaf
optreden zal de struktuur van een niet-aktief sterrenstelsel in zo'n honderd
miljoen jaar weinig veranderen.
In het eind van de jaren vijftig wordt het echter duidelijk dat een
aantal sterrenstelsels zich niet zo rustig gedraagt. Men detecteert enorm
zware gaswolken van heet geioniseerd gas, die zich met grote snelheden uit het
centrum van sommige sterrenstelsels bewegen. Gebruik makend van - in de jaren
vijtig tot ontwikkeling gekomen - radiotelescopen ontdekt men dat er door of
nabij sommige sterrenstelsels veel radiostraling ( - ruis) uitgezonden wordt.
Weer andere sterrenstelsels blijken extreem heldere kernen te bezitten. In het
begin van de jaren zestig ontdekt men dat tevens sommige sterachtige objecten
veel radiostraling uitzenden. Deze raadselachtige objecten, waarvan de
struktuur niet bestudeerd kon worden omdat ze zich nog steeds als puntjes in
de tele^lopen voordeden werden quasi-stellaire radiobronnen genoemd, of
kortweg quasars. In 1963 wordt de uiterst belangrijke ontdekking gepubliceerd,
dat quasars zich zo klein aan ons voordoen omdat ze op enorm grote afstanden
staan: miljarden lichtjaren. Ter vergelijking: ons eigen Melkwegstelsel meet
ongeveer honderd duizend lichtjaar. Dat de quasars zich zo ver van ons af
bevinden, impliceert ook dat het licht en de radiostraling die we nu van deze
objecten ontvangen al miljarden jaren onderweg is geweest: we zien de quasars
zoals ze ver in het verleden waren.
Verschillende eigenschappen van de aktieve sterrenstelsels zoals
hierboven beschreven, vindt men ook bij de quasars, en een en ander leidde tot
het besef dat quasars ook aktieve sterrenstelsels zijn, maar dan met zoveel
energie-uitstraling in hun kernen, dat we het bijbehorende melkwegstelsel niet
zien: dat wordt overstraald. Dankzij die enorm grote energie-uitstraling
kunnen we de quasars tot op vele miljarden lichtjaren afstand zien.
De radiostraling van quasars, en wel een studie van de struktuur daarvan
is het onderwerp van dit proefschrift.
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De radiostruktuur van een doorsnee quasar, zoals die bijvoorbeeld met de
synthese-telescoop in Westerbork in kaart kan worden gebracht, bestaat ruwweg
uit drie delen: een zwakke radiopunt (de kern), samenvallend met het
sterachtige object dat we in de telescoop of op foto's zien, en twee
gigantisch grote radiowolken (met heldere gebieden aan de buitenkant) aan
weerszijden daarvan. Voor het bestuderen van de fijnstruktuur binnen deze
radiogebieden, zijn zeer grote en gevoelige radiotelescopen vereist, of een
combinatie van een aantal radiotelescopen in verschillende landen of op
verschillende continenten. Hoe groter namelijk de telescoop, hoe scherper we
kunnen zien. Met behulp van dergelijke telescopen en technieken is het in dit
proefschrift beschreven onderzoek uitgevoerd.
De radiokernen, de heldere gebieden (hotspots) in de radiowolken, en de
grote schaal struktuur van quasars op extreem grote afstand vormen het
onderwerp van respectievelijk deel I, II en III.
Een voorbeeld van de resultaten verkregen in deel I staat op pagina 35:
de figuren rechts zijn een uitvergroting van ongeveer tienduizend keer van de
kernen van de twee quasars waarvan de struktuur in totaliteit links staat
afgebeeld.
Een voorbeeld van de resultaten verkregen in deel II staat op pagina 56:
van de quasar links (3C205) is de struktuur in de hotspot (Al) tot in steeds
meer detail in kaart gebracht.
De figuren op pagina 93 t/m 106 laten zien dat de quasars op extreem
grote afstand er - door de bank genomen - anders uitzien dan hun meer
dichterbij gelegen soortgenoten.
In deel IV wordt tevens de radiostruktuur van het aktieve sterrenstelsel
3C236 aan een nauwkeurig onderzoek onderworpen. Omdat dit object weinig
verschilt van een quasar, maar wel veel dichterbij staat kunnen we de
samenhang tussen de verschillende strukturen tot in detail bestuderen.
De rode draad die er door dit onderzoek loopt is de ontdekking dat dw
wisselwerking met de omgeving van wezenlijk belang is voor de uiteindelijke
verschijningsvorm van de radiostraling in quasars, en in aktieve
ster_anstelsels in het algemeen.
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STEIUNGEN

behorende tij het proefschrift
RADIO STRUCTURE IN QUASARS

1, De hoge resolutie waarnemingen van zeer ver verwijderde quasars zoals
beschreven in dit proefschrift bewijzen indirect dat we hier met active
sterrenstelsels van doen hebben.

2. Gedetailleerde waarnemingen van steil-spectrum kernen in uitgebreide
extragalactische radiobronnen werpen nieuw licht op de vorming van deze
objecten.

3. De wisselwerking met een interstellair en/of circumgalactisch medium als
mogelijke oorzaak van de vervorming in de radiostructuur van zeer ver
verwijderde quasars dient zo spoedig mogelijk in andere golflengtegebieden
onderzocht te worden.

4. De behandeling van de radio K-correctie door Sandage is onjuist.
A. Sandage, 1975, Stars & Stellar Systems Vol. IX, Ch. 9,
and 1972, Aatrophys. J. 178, 25

5. Het als 'probable background source' opnemen van de reeds in 1965 met de
quasar 1258+404 geïdentificeerde radiobron 3C280.1 is tekenend voor de
Amerikaanse publicatiedwang.
Bums, J.O., White, R.A., Hough, D.H.: 1981, Aatron. J. 86_f 1

6. In de discussie over vrede en veiligheid wordt te weinig aandacht
geschonken tuin do ideeën van Albert Einstein aangaande dit onderwerp.
A. Einsteir , 'Ideas and Opinions', Crown Publishers, New York, 1954

7. De behandeling van de kinematica in het VWO natuurkunde-onderwijs zou zeer
gebaat zijn bij de invoering van vectorvergelijkingen.

8. Popularisering van de sterrenkunde is belangrijk; het in de handel brengen
van horloges en electronica onder de namen 'Pulsar' en 'Quasar' draagt
daar evenwel weinig aan bij.

9. In het licht van de gedachte dat veel muziek een transcriptie van een
abstract idee is, is het van ondergeschikt belang of bijv. barokmuziek op
'authentieke' instrumenten wordt uitgevoerd.
F. Bu8oni: 'Sntwurf einer neuen Aeathetik der Tonkunst', Sohirmer, 1911

10. Een discussie in de geest van die van Jastrow kan de verhouding tussen
fundamentalistische en niet-fundamentalistische christenen ten goede
komen.
R. Jaatrow: 'God and the Aatronomeva', Warmer Books, 1978

11. De klavierleeuw dreigt uit te sterven.

12. Astronomen zien op tegen hun werk.

Leiden, 13 september 1984

Feter Barthel

